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Liquid-phase electron microscopy of molecular 
drug response in breast cancer cells reveals 
irresponsive cell subpopulations related to lack 
of HER2 homodimers

ABSTRACT The development of drug resistance in cancer poses a major clinical problem. An 
example is human epidermal growth factor receptor 2 (HER2) overexpressing breast cancer 
often treated with anti-HER2 antibody therapies, such as trastuzumab. Because drug resis-
tance is rooted mainly in tumor cell heterogeneity, we examined the drug effect in different 
subpopulations of SKBR3 breast cancer cells and compared the results with those of a drug-
resistant cell line, HCC1954. Correlative light microscopy and liquid-phase scanning transmis-
sion electron microscopy were used to quantitatively analyze HER2 responses upon drug 
binding, whereby many tens of whole cells were imaged. Trastuzumab was found to selec-
tively cross-link and down-regulate HER2 homodimers from the plasma membranes of bulk 
cancer cells. In contrast, HER2 resided mainly as monomers in rare subpopulations of resting 
and cancer stem cells (CSCs), and these monomers were not internalized after drug binding. 
The HER2 distribution was hardly influenced by trastuzumab for the HCC1954 cells. These 
findings show that resting cells and CSCs are irresponsive to the drug and thus point toward 
a molecular explanation behind the origin of drug resistance. This analytical method is broad-
ly applicable to study membrane protein interactions in the intact plasma membrane, while 
accounting for cell heterogeneity.

INTRODUCTION
Human epidermal growth factor receptor 2 (HER2), a member of 
the ErbB family of growth factor receptors, is overexpressed in the 
particularly aggressive HER2+ subtype of breast cancer (Yarden and 
Sliwkowski, 2001) diagnosed in ∼20% of breast cancer patients 
(Vu and Claret, 2012). The protein resides in the plasma membrane 
in a constitutive open conformation, ready to form active homo- or 

heterodimers and stimulate cellular growth signaling. As a conse-
quence, intracellular signaling and cell growth is dysregulated in 
HER2-overexpressing cells (Muthuswamy et al., 1999). This is in 
contrast to the other HER family members that require binding of 
respective ligands to obtain an active conformation. State-of-the-
art antibody-based therapeutics such as trastuzumab block signal-
ing by HER2 homodimers (Ghosh et al., 2011). In early and meta-
static stages of the disease, this treatment strategy significantly 
improves survival. However, the majority of patients develop drug 
resistance about a year after initially successful treatment (Vu et al., 
2014) against which remedies are mostly lacking (Meacham and 
Morrison, 2013). Resistance development is associated with can-
cer cell heterogeneity enabling subpopulations of tumor cells to 
survive (Aguirre-Ghiso, 2007; Bedard et al., 2013). Heterogeneity 
of cancer cells within single tumors can arise from both genetic 
variations (Yates and Campbell, 2012) and epigenetic factors 
(Feinberg et al., 2006). The potential of tumor cells to interconvert 
between different cancer cell phenotypes complicates matters 
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and Dey, 2009; Henjes et al., 2012). The cells were not sorted before 
analysis to preserve the undisturbed cellular diversity within the 
population (Fillmore and Kuperwasser, 2008), and, moreover, the 
cells were examined in an adhered state, avoiding altered receptor 
signaling due to detachment (Nagy et al., 1998). With the purpose 
of enhanced reproducibility of the experiments, the cells were se-
rum starved before the experiments (Pirkmajer and Chibalin, 2011). 
Serum starvation leads to cell cycle arrest at the G0/G1 phase, with 
the consequence of an overall reduction in the proliferation rate. 
Because the cell cycle time under our experimental conditions was 
more than 48 h, our experiments were thus performed with cells in 
different cell cycle states but with a preference for the G0 and G1 
phases. In SKBR3 cells, the expression level of membrane-bound 
HER2 does not significantly differ between cells cultured with and 
without serum starvation (Bjorkelund et al., 2011a), and so we 
deemed serum starvation an acceptable procedure.

Membrane-bound HER2 in live cells was specifically labeled with 
an Affibody peptide (Eigenbrot et al., 2010). After fixation, quan-
tum dot (QD) nanoparticles were coupled in a 1:1 stoichiometry to 
the Affibody peptides for detection with correlative fluorescence- 
and electron microscopy (Peckys et al., 2015). The membrane sur-
face density of HER2 largely differed between cells, and the cells 
also exhibited a large degree of morphological heterogeneity 
(Figure 1). By far the most cells displayed a plasma membrane with 
membrane ruffles (e.g., cell #1 in Figure 2 and cell #1 in Figure 3, A 
and B). Membrane ruffles, also known as invadopodia, are highly 
dynamic structures involved in migration and metastasis (Weaver, 
2006). In addition, some cells were identified that did not contain 
membrane ruffles in the peripheral plasma membrane areas (cell #2 
in Figure 2). These flat cells were characterized as resting cancer 
cells (Sosa et al., 2014) (Supplemental Movie 1). Breast cancer stem 

cells (CSCs), also referred to as cancer 
stem-like cells (Mimeault et al., 2007; 
Al-Ejeh et al., 2011), were identified by the 
expression state of two characteristic 
plasma membrane proteins, namely the 
presence of CD44 (CD44+) combined with 
the absence or a low-level expression of 
CD24 (CD24−) (e.g., cell #2 in Figure 3). The 
surface marker signature CD44+/CD24– 
has been successfully applied in breast can-
cer cells for the identification of CSCs 
(Mimeault et al., 2007; Al-Ejeh et al., 2011), 
and additional proof of “stemness” for the 
SKBR3 cell line CD44+/CD24− is not be re-
quired (Gastl et al., 2000; Fillmore and 
Kuperwasser, 2008). SKBR3 cells were thus 
classified into three distinct phenotypic 
subpopulations: 1) a large fraction of ruffled 
bulk cells and 2) sparse flat and 3) CSCs. 
The ratios of these three subpopulations 
were determined from a total of 3367 ana-
lyzed cells (Figure 1, inset). The ruffled bulk 
cells formed the majority by far, while the 
other two subpopulations represented only 
11% in total.

The HCC1954 cells were analyzed in a 
similar manner, but distinct subpopulations 
were not identified. Supplemental Figure 
S1 shows that almost all HCC1954 cells be-
long to the CD44+/CD24− phenotype, and 
are thus CSCs.

(Jordan et al., 2016). However, studying molecular responses upon 
drug binding while accounting for cell heterogeneity has suffered 
from the limitations of the available analytical methods (Kolch and 
Pitt, 2010; Burrell and Swanton, 2014; Peckys et al., 2015). For 
example, biochemical methods generally used to monitor the cel-
lular responses to drugs do not examine individual cells but pro-
vide information about ensemble averages from pooled cellular 
material of many thousands of cells where, in addition, protein 
complexes are investigated devoid of their native environment. 
Innovations in single-cell methods, especially at the protein level, 
are thus needed (Chen et al., 2016).

We examined the differences in response to trastuzumab be-
tween the bulk population and rare subpopulations of the HER2-
overexpressing breast cancer cell line SKBR3 and in a drug-resistant 
cell line, HCC1954, at the single-molecule level using liquid-phase 
electron microscopy (de Jonge et al., 2009; de Jonge and Ross, 
2011; Peckys et al., 2015; Ross, 2015) combined with quantitative 
light microscopy. The influence trastuzumab exerts on HER2 com-
plex formation was directly visualized from the positions of individ-
ual receptors while they remained in their native environment of the 
intact plasma membrane of whole cells. More than a thousand cells 
were examined via light microscopy and several tens of selected 
cells at high spatial resolution with electron microscopy. Significant 
differences in drug response were found between the bulk cancer 
cells and rare subpopulations.

RESULTS
Identifying subpopulations of breast cancer cells
SKBR3 breast cancer cells were first classified using light micros-
copy. This well-established cell line has previously served as a model 
system of HER2+ breast cancer in numerous in vitro studies (Hynes 

FIGURE 1: Fluorescence microscopy image of adherent SKBR3 breast cancer cells. QD labels 
coupled to HER2 membrane proteins appear in red. Membrane-bound CD44 protein is shown in 
green and CD24 in blue. (Inset) Distribution into three different phenotypic subpopulations, 
ruffled bulk, flat, and CSCs as determined from a total of 3367 cells.
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used high-resolution microscopy techniques 
(Shivanandan et al., 2014). This image con-
tains a total of 6902 detected QD labels. 
Many labels are positioned in close proxim-
ity, and many labels pairs are visible that are 
at such close distance that they were possi-
bly bound to a HER2 homodimer.

A complication in the analysis of the 
functional state of the receptor is that one 
does not know whether observed pairs of 
labels belong to an activated HER2 ho-
modimer or are rather positioned in close 
proximity by random chance, which in-
creases the higher the density of proteins 
becomes. Second, the labeling efficiency 
may not be 100%. Therefore the spatial dis-
tribution of the receptors was statistically 
analyzed using the pair correlation function 
g(r), with r the interlabel distance. For a ran-
dom distribution g(r) = 1. Larger values indi-

cate a higher than random probability of a certain distance to occur. 
The data for 86,003 labels, analyzed for 11 ruffled bulk cancer cells, 
show a sharp peak in g(r) at r = 20 nm (Figure 4A and Table 1). The 
fact that this interlabel distance was found with an above-random 
probability indicates an underlying molecular mechanism for the 
positioning of HER2, that is, dimerization (Peckys et al., 2015). In the 
absence of an x-ray structure for the HER2 homodimer, a schematic 
model was constructed using the dimensions of the monomeric 
HER2 protein (Figure 4B) to illustrate the origin of the measured 20 
nm. The observed maximum of g(r) is thus explained by the pres-
ence of QD labels coupled to HER2 homodimers.

The peak around 20 nm is not a sharp peak at 20 nm but exists 
only from 15 to 25 nm, after which it flattens out. This width reflects 
a variation in the distances between the labels. This distance is 
explained by factors including 1) the flexibility of the peptides link-
ing the QD to the HER2 protein, 2) QD size differences, and 
3) different orientations of the QDs, which have an effect because 

Analyzing the spatial distribution of HER2
To examine the functional state of the HER2 receptors, that is, their 
stoichiometric orientation in either monomers or signaling active ho-
modimers, the spatial distribution of HER2 was studied at the single-
molecule level in thin areas of the plasma membrane of selected 
cells. Note that heterodimers were not detected in this study, but 
this would be possible in principle using a multiple of labels of differ-
ent size, shape, or composition. Cells classified using light micros-
copy were relocated in the corresponding liquid-phase scanning 
transmission electron microscopy (STEM) overview image (Figure 
3C). The spatial distribution of HER2 was then determined based on 
the locations of individual HER2 proteins. Series of images from the 
cells at their peripheral regions were recorded at high magnification 
so that the dense cores of the individual nanoparticle labels bound 
to HER2 became visible (Figure 3D). Individual HER2 proteins 
were localized despite the high surface density of endogenously 
expressed HER2, which would hamper application of commonly 

FIGURE 2: Examples of SKBR3 breast cancer cells adhered at the bottom of a cell culture dish. 
(A) DIC image recorded with a 40× objective showing several adhered cells. Most cells exhibit 
membrane ruffles characterized as elongated membrane structures protruding from the plane 
of the membrane and often appearing at the cell periphery (e.g., at the arrows over cell 1). One 
cell does not contain membrane ruffles in its peripheral plasma membrane region and is 
identified as a flat cell (cell 2). (B) Fluorescence image of the same position as in A. The red 
fluorescence originates from the HER2-Affibody QD label.

FIGURE 3: Light- and electron microscopy images of whole SKBR3 cells in liquid. (A) DIC image of cells mostly with 
membrane ruffles (e.g., at the arrows) with dominating red fluorescence (e.g., cell 1) and two CSCs with green 
fluorescence signals (e.g., cell 2). (B) Fluorescence microscopy image showing bulk cancer cells. Red, QDs bound to 
HER2; green, CD44; blue, CD24. (C) Liquid-phase STEM image of the same cells. (D) STEM image recorded at the 
position of the rectangle in C displaying the individual HER2-QD labels. The brighter background shapes reflect 
membrane ruffles. The magnification was 50,000×. Label outlines are marked in yellow.
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between individual measurements originat-
ing from linker flexibility and differences in 
QD size and orientation.

In contrast to the bulk cells, flat cancer 
cells did not exhibit such a peak at 20 nm 
suggesting that HER2 homodimers were 
not present (Peckys et al., 2015) and instead 
HER2 preferentially existed in its inactive 
monomer conformation. A minor fraction of 
HER2 might have formed heterodimers with 
HER1 or HER3, expressed in SKBR3 cells 
but at two orders of magnitude lower levels 
(Bjorkelund et al., 2011b) than HER2; how-
ever, no ligands were present that might 
have activated HER1 or HER3 heterodimer-
ization. The g(r) curve of the CSCs appears 
to be dominated by statistical fluctuations. 
No peak at 20 nm was visible above the 
noise level, while the broad flank reached 
an average value of 1.4 at around 30 nm 
(Figure 4A). This finding indicates that the 
ratio of HER2 homodimers versus mono-
mers is similar to that of flat cells.

Visualizing the effect of trastuzumab 
binding on the HER2 distribution
The spatial rearrangement of HER2 initiated 
by trastuzumab binding to HER2 was di-
rectly examined by incubating live cells first 
with anti-HER2 Affibody, followed by expo-
sure to the standard clinical dose of trastu-
zumab (10 ng/µl) for 3 min at 37°C. The 
Affibody and trastuzumab do not interfere 
in binding to HER2 because they bind dif-
ferent epitopes and functional domains 
(Eigenbrot et al., 2010). After trastuzumab 
incubation, the cells were fixed, QDs and 
fluorescent CSC markers were added, and 
31 cells were imaged with correlative light- 
and electron microscopy. The observed de-
crease of the dimer peak at g(r = 20 nm) for 
the bulk cancer cells (Figure 4C) reflects a 
reduction of the relative number of HER2 

homodimers in the plasma membrane, while the peak shift to 23 nm 
and the appearance of a 35-nm shoulder indicates the formation of 
other types of HER2 protein clusters. A model for this behavior is the 
binding of trastuzumab to the HER2 homodimer followed by the 
cross-linking of neighboring HER2 homodimers into chains (Figure 
4E). This is consistent with previous work describing antibody-
induced endocytosis of HER2 (Hurwitz et al., 1995; Ram et al., 2014) 
and stronger effects of trastuzumab on cells with higher levels of 
HER2 homodimers (Ghosh et al., 2011). Because the formation of 
cross-linked membrane proteins may lead to endocytosis (Drebin 
et al., 1985; Daeron, 1997), uptake of cross-linked HER2-homodi-
mers was likely induced.

Different drug response in flat cancer cells and CSCs
Flat cells responded in a manner opposite that of bulk cells to trastu-
zumab incubation (Figure 4C). Whereas the HER2 homodimer peak 
at 20 nm decreased for the ruffled bulk cells, a new peak arose for 
the flat cells, but its shape was different from the typical dimer peak; 
it was broader and had its maximum at 23 nm. A similar effect as for 

the nanoparticles are elongated objects with a length of 14 nm and 
a width 6 nm (Peckys et al., 2015). The broad flank of the peak ex-
tending out to 1 µm indicates HER2 clustering within the membrane 
ruffles. It should be noted that the role of signaling active HER2 
homo- and heterodimers has been a matter of lively scientific de-
bate (Arkhipov et al., 2013; Hu et al., 2015) and that the dimerization 
properties of HER2 are still incompletely understood (Arkhipov 
et al., 2013). This lack of knowledge was presumably the conse-
quence of a lack of analytical methods. The presence of homodi-
mers in a cell population can be identified in principle with bio-
chemical methods using pooled cellular material. However, this has 
been practically difficult for the HER2 homodimer because its extra-
cellular domain does not homodimerize in solution (Badache and 
Hynes, 2004; Arkhipov et al., 2013). Direct visualizing of labeled 
HER2 proteins while they remained in the intact plasma membrane 
has shed light on this matter recently (Peckys et al., 2015). Note that 
it was possible to observe this difference between bulk and flat cells 
despite that fact that the QD labels were actually larger than the 
HER2 proteins themselves, and despite experimental variations 

FIGURE 4: Statistical analysis of the influence of trastuzumab on the HER2 positions for different 
phenotypic subpopulations of SKBR 3 breast cancer cells and HCC1954 drug-resistant breast 
cancer cells. (A) Pair correlation function g(r) for three subpopulations of cells. (B) Top view of a 
schematic molecular model of two QDs coupled to a HER2 homodimer via streptavidin and 
Affibody. Protein Data Base structures used were 3MZW and 1STP. (C) g(r) after 3-min incubation 
with trastuzumab compared with the control. (D) g(r) with and without 3-min trastuzumab 
incubation for CSCs. (E) Model of the binding of trastuzumab to HER2 homodimers leading to 
chain (dashed line) formation. (F) Trastuzumab binding to two HER2 monomers. (G) Analysis of 
HCC1954 drug-resistant cells control (solid line) and with 3-min trastuzumab (dashed line).
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while uptake does not seem to be pronounced for flat cells and 
CSCs. This was examined by determining the amount of mem-
brane-bound HER2 for the three subpopulations of SKBR3 breast 
cancer cells, ruffled bulk, ruffled flat, and CSCs. The HER2 label was 
added after 1 h of trastuzumab incubation in order to measure the 
remaining HER2 in the plasma membrane. The total amount of 
HER2-bound QD fluorescence per cell was calculated by selecting 
the area in QD-fluorescence images within the boundary of a cell 
and summing all pixel intensities (Supplemental Figure S2). Be-
cause the total fluorescence signal in a cell can be assumed to be 
proportional to the number of QD labels, the intensity measures 
the relative amount of membrane-bound HER2 receptors. Figure 5 
shows that the amount of HER2 remaining in the plasma membrane 
after 1 h of drug incubation was reduced in the bulk (ruffled) cancer 
cells by a factor of 2.7 of the median compared with the control. 
The observed cellular uptake of HER2 for bulk cells is consistent 
with the known association of trastuzumab binding with HER2 en-
docytosis (Ram et al., 2014). At least a fraction of HER2 was local-
ized in vesicles, presumably early endosomes (Supplemental 
Figures S3 and S4). In addition, trastuzumab binding led to a disap-
pearance of membrane ruffles (Supplemental Figure S5). One 
prominent molecular mechanism of trastuzumab in bulk cells is thus 
to down-regulate HER2 signaling via clearance of HER2 homodi-
mers from the plasma membrane, fulfilled by their crosslinking into 
chains.

Flat cells responded very differently to trastuzumab incubation 
compared with the bulk cells, and only a small and nonsignificant 
uptake compared with that of the control was measured (Figure 5). 
The response of the CSCs was again different, although the median 
amount of HER2 decreased significantly by a factor of 1.7 compared 
with the control CSCs; this reduction indicates a much smaller up-
take than was found in the ruffled bulk cells. The average amount of 
membrane-bound HER2 in HCC1954 cells was lower than in any of 
the SKBR3 subpopulations, the median being only 26%; the 
trastuzumab-induced effect was significant but in a similar small 
range as the reduction found in the flat SKBR3 cells (Figure 5), 
presumably because these cells contain fewer membrane ruffles, 
compared with SKBR3 bulk cells (Sero et al., 2015).

Trastuzumab-induced HER2 uptake was thus observed for both 
cell lines, and except for the SKBR3 flat cells, SKBR3 CSCs and the 
HCC1954 cells showed much less uptake than bulk cells.

DISCUSSION
These data show that flat cells lack the desired response to the anti-
body-based prescription drug trastuzumab and CSCs exhibit a re-
duced response, contrasting the effect observed in the ruffled bulk 
cells. The difference is explained at the individual receptor level by 
differences in HER2 dimerization status between these cellular sub-
populations. For bulk cancer cells in which HER2 homodimers are 
present, trastuzumab binding effectively clears HER2 from the 
plasma membrane via cross-linking of the dimers into chains. HER2 
homodimers preferentially reside in membrane ruffles (Peckys et al., 
2015), and the amount of membrane ruffles, both in cultured cancer 
cell lines and in patient biopsies, positively correlates with the HER2 
density (Chung et al., 2016). Incubation with trastuzumab led to the 
disappearance of membrane ruffles (see Supplemental Figure S5) 
and down-regulation of HER2 (Figure 5). The intracellular fate of 
trastuzumab-bound HER2 is a topic of scientific debate (Ram et al., 
2014), and several models exist for trastuzumab-induced HER2 
uptake, involving clathrin-dependent or -independent routes of 
endocytosis; others claim that HER2 is internalization resistant 
(Bertelsen and Stang, 2014).

the flat cells was observed for the CSCs (Figure 4D) for which a 
broad peak with a maximum at 23 nm appeared. The shape of the 
peak at r = 23 nm is different from the peak at r = 20 nm for the bulk 
cells reflecting HER2 homodimers and indicates a different underly-
ing molecular structure. The cross-linking of HER2 into chains is as-
sumed to be negligible in these cells because HER2 homodimers 
are mostly lacking. Instead, trastuzumab can complex only two 
HER2 monomers (Figure 4F) or heterodimers.

Quantification of membrane-bound HER2 in HCC1954 cells 
and the effect of trastuzumab
To test whether the findings from the CSC subpopulation of SKBR3 
cells are specific for this cell line, we conducted experiments with the 
HCC1954 cell line (Table 1). This HER2-overexpressing cancer cell 
line is known to be trastuzumab resistant (von der Heyde et al., 2015) 
due to constitutive activation of the PI3K pathway, as a consequence 
of mutations in the PIK3CA gene. The g(r) analysis of control 
HCC1954 cells revealed a smaller occurrence of the 20-nm homodi-
mer distance, and a peak value around 25 nm, with additional pre-
ferred distances up to 35 nm (Figure 4G), compared with the SKBR3 
bulk cell populations. This broadening of the homodimer peak might 
be explained by a wider gap between the two HER2 molecules in a 
homodimer due to the interaction of HER2 and CD44 (Ghatak et al., 
2005). In line with this hypothesis is the resemblance of the general 
shape of the HCC1954 g(r) curve with that of the SKBR3 CSC sub-
population under control conditions. This resemblance was also 
found after 3 min incubation with trastuzumab, whereby HCC1954 
cells showed almost no change in the peak maximum being shifted 
toward 23 nm, an effect found in all g(r) subpopulation curves after 3 
min drug exposure. We therefore conclude that the blunted drug 
responses of SKBR3 cells with a CSC phenotype are not cell line 
specific but relate to their stem-like phenotype, as they can also be 
found in the other HER2-overexpressing cell with this phenotype.

Trastuzumab-induced HER2 uptake in cancer cells
The reduction of the peak at g(r) = 20 nm for bulk cells indicates a 
possible cellular uptake of HER2 initiated by trastuzumab binding, 

Phenotype
Number 
of cells

Number 
of labels

Label surface 
density/μm2

Analyzed 
area/μm2

Ruffled  
bulk cells

11 86,003 93 ± 58 792

Flat cells 3 9084 61 ± 27 139

Stem-like cells 12 27,785 47 ± 23 779

HCC1954 7 44,879 84 ± 33 534

After 3-min exposure to trastuzumab:

Ruffled  
bulk cells

19 112,014 72 ± 38 1713

Flat cells 5 21,000 45 ± 23 410

Stem-like cells 7 34,825 52 ± 23 721

HCC1954 7 28,238 53 ± 27 530

SKBR3 cells were divided into three phenotype groups. One group was found 
for HCC1954 cells. QD labels attached to membrane-bound HER2 receptors 
were imaged with STEM. The cumulative number of labels reflects the amount 
of data used for calculating g(r) of a group. The label surface density including 
SD represents the average value of the surface densities of individual cells.

TABLE 1: Breast cancer cells analyzed without drug and after 
trastuzumab exposure.
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Seo et al., 2016). Moreover, dormant resid-
ual tumor cells have been found to survive 
in trastuzumab-treated patients (Abravanel 
et al., 2015). The lack of response of the 
drug-resistant HCC1954 cell line to trastu-
zumab confirms this mechanistic model.

HER2-positive cells generally also ex-
press other members of the HER family 
and readily form heterodimers with HER2. 
Because HER2 is not cleared from the 
plasma membrane in the rare cell subpop-
ulations, HER2 heterodimerization would 
still drive signaling once the respective li-
gands are present. Because certain het-
erodimers, for example, HER2-HER3, will 
trigger dysregulated cell growth (Aceto 
et al., 2012), the uncontrolled proliferation 
of the identified rare subpopulations will 
consequently not be prevented by trastu-
zumab binding. Even if a few drug-resis-
tant cells exist, they may continue to prolif-
erate in a dysregulated manner and so 
predominate in the residual tumor popula-
tion after targeted drug therapy (Penault-
Llorca and Radosevic-Robin, 2016). Hence 
the presence of small breast cancer cell 
subpopulations in which HER2 homodi-
mers are absent is a possible indication for 
drug resistance development.

It is known that the problem of drug re-
sistance development should be tackled by 
taking cancer cell heterogeneity into ac-
count (Hanahan and Weinberg, 2011). 
However, this has been challenging until 
now due to limitations of the available ana-
lytical methods (de Jonge, 2017). Bio-
chemical methods and x-ray crystallogra-
phy generally used to study the cellular 

responses to drugs use pooled cellular material so that information 
is obtained from average responses across a cell population only. 
Such information is insufficient for studies including cell heteroge-
neity, which can manifest in large differences in the composition of 
membrane receptor expressions between cells of the same tumor 
(Malinowsky et al., 2012). Sorting via flow cytometry could lead to 
unpredicted results because the subtypes may change after sorting 
(Fillmore and Kuperwasser, 2008; Jordan et al., 2016). Despite the 
powerful capabilities of superresolution fluorescence microscopy, 
these techniques exhibit insufficient spatial resolution to directly 
view the stoichiometry of protein complexes to determine their 
functional state, although clustering can be examined at the single-
cell level (Sengupta et al., 2011; Shivanandan et al., 2014). Indirect 
optical techniques such as Förster resonance energy transfer may 
lead to artifacts, for example, detection of back-to-back neighbors 
rather than subunits in protein complexes (Piston and Kremers, 
2007) and would require unnatural low membrane protein densities 
(Peckys et al., 2015). Note also that the cells in our study were not 
genetically modified as would be required for methods using pro-
teins with genetically engineered fluorescent tags. Cryo scanning 
transmission electron microscopy (Wolf et al., 2014) can in principle 
be used to detect nanoparticle labels in thin regions of cells but the 
involved cryo procedures are practically incompatible with experi-
ments requiring the analysis of many cells. Finally, methods 

In contrast, trastuzumab binding can cross-link only two 
HER2 monomers or HER2-containing heterodimers in the flat 
subpopulation without measurable HER2 homodimers in the plasma 
membrane. This is apparently insufficient for triggering significant 
endocytosis of HER2, and, consequently, the proteins remain in the 
plasma membrane. These flat cells with a resting phenotype are 
presumably dormant cancer cells (Guo et al., 2017), a subpopula-
tion known to be important for acquired drug resistance and late 
metastasis (Sosa et al., 2014).

The third subpopulation consisting of CSCs represents a group 
exhibiting lower HER2 homodimer densities so that HER2 down-
regulation after trastuzumab binding is reduced compared with bulk 
cells. The similarity in response to trastuzumab of SKBR3 CSCs and 
the trastuzumab-resistant HCC19654 cell line suggests a correlation 
between a reduced trastuzumab sensitivity and the CD44+/CD24− 
phentotype, consistent with findings of others that CD44 and HER2 
interact (Ghatak et al., 2005; Palyi-Krekk et al., 2007; Zoller, 2011).

The aforementioned molecular model offers a new explanation 
for the observed poorer drug responses of in vitro CSC populations 
(Oliveras-Ferraros et al., 2012), the increased share of CSCs found in 
HER2-overexpressing cancer cells after long-term exposure to 
trastuzumab (Burnett et al., 2015), and the reported correlation be-
tween the frequency of the CSC phenotype and worse clinical out-
come in patients with HER2 overexpression (Auvinen et al., 2013; 

FIGURE 5: Effect of 1 h exposure to trastuzumab on the relative amount of membrane-bound 
HER2 per cell in three SKBR3 cell subpopulations, ruffled bulk cancer, CSCs, and flat breast 
cancer cells, and in HCC1954 drug-resistant breast cancer cells. The y-axis shows the measured 
HER2 amount per cell, normalized to the average amount of HER2 per cell in the control ruffled 
cancer cells (without trastuzumab). The box plot indicates the median and first and third 
quartiles (bottom and top of the box) and the maximum and minimum values in the data. The 
number of cells (N) in a group is given below the plot. One-hour exposure to trastuzumab 
reduced membrane-bound HER2 to very different extents in the three subpopulations of SKBR3 
cells. Ruffled cells showed the strongest reduction, CSCs less reduction, and flat cells remained 
almost unaffected, showing only a nonsignificant reduction (two-tailed Student’s t test data from 
two independent experiments). The HCC1954 cell line, which is trastuzumab resistant, showed 
an amount of reduction similar to that for the flat cell in the SKBR3 population, and it was a 
significant change. The stars indicate the probability (p) values for testing the statistical 
significance, with *** p < 0.001 (extremely significant), **** p < 0.0001 (extremely significant), 
and n.s., not significant.
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CO2 atmosphere at 37°C. At the time of the experiment the conflu-
ency reached 60–90%.

For correlative light microscopy and STEM, the microchips were 
each placed in 200 µl of FBS-supplemented cell medium in a well of 
a 96-well plate. SKBR3 cell suspension (20–50 µl volumes) was 
added to each well. After 5–10 min, 5–20 cells had adhered on the 
SiN window, and the microchips were transferred into new wells 
containing 200 µl of FBS-supplemented cell medium. The micro-
chips were then incubated for 2–4 h in a 5% CO2 atmosphere at 
37°C, placed into new wells filled with cell medium without FBS, 
and incubated again for 12–24 h. Also on microchips the cell conflu-
ency reached 60–90% at the time of the experiments.

Incubation with trastuzumab, labeling of HER2 and 
CD44/24, and fixation
Before an experiment, the biotin-conjugated anti-HER2 Affibody 
(HER2-AFF-B; Affibody AB, Bromma, Sweden) stock solution (20 
µM) was adjusted to a final concentration of 200 nM in phosphate-
buffered saline (PBS) supplemented with 1% normal goat serum 
(GS), 0.5% biotin-free Albumin Fraktion V (bovine serum albumin 
[BSA]), 0.1% gelatin from coldwater fish skin (GS-BSA-GEL-PBS). 
Streptavidin-QD stock solution (1 µM; Qdot 655; Life Technologies, 
Carlsbad, CA) was diluted 1:20 in 40 mM borate buffer (sodium tet-
raborate, boric acid, pH 8.3) and then diluted to a final concentra-
tion of 5 nM by adding PBS supplemented with 1% BSA (BSA-PBS). 
The CD44/CD24 antibody labeling solution was prepared by dilut-
ing the antibody stock solutions (Phycoerythrin-conjugated anti-
CD24 antibody, clone SN3 [ab77219] and AlexaFluor 488–conju-
gated anti-CD44 antibody, clone MEM85 [prediluted, ab187571]; 
Abcam, Cambridge, UK) in BSA-PBS so that the final dilutions were 
1:100 when mixed together. Trastuzumab stock solution (25 mg/ml) 
was diluted 1:2500 in cell culture medium without serum to yield a 
final concentration of 10 µg/ml.

For determination of the fractional sizes of the three cell sub-
populations, cells grown in dishes were rinsed once with GS-BSA-
GEL-PBS and then incubated for 10 min at room temperature (RT) in 
GS-BSA-GEL-PBS to block unspecific binding of HER2-AFF-B. Live 
cells were then incubated for 10 min at 37°C with the HER2-AFF-B 
labeling solution. After three rinses with PBS and once with 0.1 M 
cacodylate buffer supplemented with 0.1 M saccharose, pH 7.4 
(CB), cells were fixed with 3% formaldehyde in CB for 10 min at RT. 
This was followed by a rinse with CB, three rinses with PBS, incuba-
tion in 0.1 M glycine in PBS, pH 7.4 (GLY-PBS), for 2 min, and two 
rinses with PBS, before incubation in Strep-QD labeling solution for 
12 min at RT. This two-step labeling protocol ensured HER2 labeling 
in a 1:1 stoichiometry (Peckys et al., 2015) without artificial cluster-
ing. After three rinses with PBS, the cells were incubated in CD44/
CD24-AB for 20–30 min at RT in the dark, followed by three rinses 
with PBS and one rinse with BSA-PBS. This experiment was repeated 
three times, with cells at different cell passages.

For experiments involving correlative light microscopy and 
STEM, microchips with adherently grown cells that had been se-
rum starved were divided into two groups, one control and one 
drug exposure group. HER2 labeling was done as described 
above. Microchip samples for the drug exposure group were 
rinsed twice with BSA-PBS directly after the HER2-AFF-B incuba-
tion, rinsed once with cell culture medium without serum, and then 
incubated with trastuzumab, 10 µg/ml, in cell culture medium with-
out FBS at 37°C for 2.5 min. Samples of the control group were 
rinsed three times with BSA-PBS after the HER2-AFF-B incubation 
and skipped the rinse in cell culture medium without serum and 
trastuzumab. All samples were further fixed, glycine quenched, 

detecting protein proximity suffer from artifacts because the mea-
sured signal depends on the density of proteins in the membrane 
(Leuchowius et al., 2013), and the distances between proteins are 
not measured as is done here.

An increasing awareness exists that single-cell methods are of 
key importance in cancer research (Heath et al., 2016). Drug devel-
opment research should not only be based on information about 
the response of the average cancer cell using biochemical methods 
but cancer cell heterogeneity should be taken into account and in 
particular the responses of rare subpopulations with exceptional 
responses should be examined. Moreover, addressing cell hetero-
geneity is important for designing personalized medicine (Schmitt 
et al., 2016). As we show here, liquid-phase STEM of whole cancer 
cells combined with light microscopy for the identification of cell 
phenotypes fulfills this need, as it is capable of examining the drug 
response at the molecular level and accounts for the heterogeneity 
between cells. We unraveled how the target molecule HER2 re-
sponds to the prescription drug trastuzumab in the bulk population 
of an HER2-overexpressing breast cancer cell line. Most impor-
tantly, we discovered why rare cancer cell subpopulations remained 
largely unresponsive to the drug, providing a possible molecular 
explanation for the development of drug resistance in this type of 
cancer. The quantitative liquid-phase STEM method is generally 
applicable to study membrane protein interactions and drug re-
sponses and provides unique information for research areas in 
which it is important to account for cell heterogeneity and to study 
the proteins within the native environment of the intact plasma 
membrane.

MATERIALS AND METHODS
Preparation of SiN membrane microchips and cell 
culture dishes
Sample support microchips (Ring et al., 2011; DENSsolutions B.V., 
Delft, The Netherlands) of dimensions 2.00 × 2.600 × 30 mm with a 
central silicon nitride (SiN) membrane window of dimensions 50 × 
400 µm or 150 × 400 µm and a membrane thickness of 50 nm were 
used for transmission electron microscopy. The preparation of sili-
con microchips with labeled calls silicon nitride windows (Peckys 
and de Jonge, 2015; Peckys et al., 2015). In addition, to those pro-
tocols, the microchips were incubated with Fibronectin-like Engi-
neered Protein Polymer-plus (Sigma-Aldrich Chemie Gmbh, Mu-
nich, Germany) to improve cell adherence. Preparation of the 
glass-bottom, four-compartment cell culture dishes (Ibidi, Munich, 
Germany) was the same as for the microchips.

Cell culture and cell seeding on microchips or cell culture 
dishes
Culturing of SKBR3 cells (human breast cancer cell line overexpress-
ing HER2) was done as previously described (Peckys et al., 2015). 
The SKBR3 cell line (HTB-30D) and the HCC1954 cell line were ob-
tained from the American Type Culture Collection and authenti-
cated by genotyping (Multiplexion, Heidelberg, Germany). Myco-
plasma testing was performed in our laboratory every 3 mo on all 
cell lines used. The cells were passaged twice a week at 60–80% 
confluency, and experiments were performed with cells between 
passages 6 and 18. Experiments in cell culture dishes were per-
formed for light microscopic determination of the relative shares of 
the three subpopulations. One-hundred-microliter volumes of cell 
suspension were added to each compartment of a four-compart-
ment dish and incubated 2–4 h in a 5% CO2 atmosphere at 37°C. 
The cells were then incubated with cell medium without fetal bovine 
serum (FBS; Life Technologies, Carlsbad, CA) for 12–24 h in a 5% 
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of the experiment. The time to examine one microchip was typically 
2 h, resulting in ∼100 images of several cells.

All experiments were reproduced at least twice from samples 
prepared and analyzed on different days.

Examining trastuzumab-induced HER2 uptake
SKBR3 cells were grown in two 35-mm cell culture dishes with en-
graved 50 µm relocation grids. CO2 independent medium without 
FBS was used to rinse and incubate the cells during time-lapse im-
aging and for drug exposure. Areas of 1–2 mm2 were selected from 
the grid regions, and the cells in these areas were time-lapse im-
aged at 37°C, with DIC contrast using a 40× objective. Thirty adja-
cent and slightly overlapping images covering the complete area 
were recorded every 2 min for 16 min. This time-lapse imaging of 
the dynamic nature of membrane topographies of the individual 
cells was later used to identify membrane ruffles. Thereafter the 
cells were exposed to the drug (trastuzumab, 10 µg/ml, in CO2 in-
dependent medium without FBS) for 1 h at 37°C. The cells were 
then washed, blocked, labeled with HER2-AFF-B, washed, fixed, 
and labeled with Strep-QD and CD44/CD24-AB (see above). The 
same areas were then relocated and imaged with DIC contrast, and 
with the three fluorescence channels to capture HER2-QD, CD44, 
and CD24 signals. For the control group the experiment was run in 
parallel in a second dish, with the drug incubation being replaced 
by incubation in CO2 independent medium without FBS. For the 
subsequent analysis of membrane-bound HER2 in single cells, the 
recorded DIC and fluorescence image series were merged into 
large tiled images. A description of the analysis in light microscopy 
images can be found in the caption of Supplemental Figure S1. In 
both experimental groups all identified flat and CD44+/CD24− can-
cer stem-like cells were included in the analysis; for the main sub-
population of ruffled bulk cells similar numbers of cells were ran-
domly selected (using assigned numbers for every cell or random 
locations, i.e., lines diagonally crossing the grid). Cells of spherical 
shape and of a small adherence area size (<600 µm2) were excluded 
from the analysis. The experiment was repeated at another time 
with a different batch of SKBR3 cells.

Statistical analysis
An automated procedure programmed in ImageJ (National Insti-
tutes of Health) was used to detect the positions of the QD nanopar-
ticle protein labels (Peckys et al., 2015). The label positions were 
statistically analyzed in software of local design in c++ via calculat-
ing the pair correlation function g(r) (Stoyan and Stoyan, 1996):
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Here r is the statistical label distance, ρ the labeling density, and 
N the number of particles. The covariance function (Stoyan et al., 
1993) γ and the kernel (Fiksel, 1988) k are defined elsewhere (Peckys 
et al., 2015). The distance between the positions i and j are calcu-
lated from the modulus |xi–xj| of the position vector x. Distances 
smaller than 10 nm were expelled from the calculation so as to avoid 
counting overlapping nanoparticles. The calculation assumes the 
labels to be positioned approximately planar. The output of the anal-
ysis was a histogram of g(r) with a bin width in r of 2.5 nm. The band-
width in the calculation (Peckys et al., 2015) was set equal to the bin 
width. The data of a group of images from cells belonging to a sub-
population were averaged. Here the average was weighted by the 
particle density so that cells with a lower number of labels were less 
strongly weighted in the average than cells with more labels.

and Strep QD- and CD44/CD24-labeled as described above. The 
labeled cells on the microchip samples were imaged with light mi-
croscopy. To increase the stability of the cellular material under 
electron beam irradiation, the cells were further fixed with glutar-
aldehyde (GA). Therefore the cells were rinsed once with CB and 
fixed for 10 min at RT with 2% GA in CB. Cells were then rinsed 
once with CB and three times with BSA-PBS and stored in BSA-
PBS at 4°C until electron microscopy was performed, usually within 
the next few days.

Light microscopy
Labeled and formaldehyde-fixed cells on microchips were imaged 
in BSA-PBS in an inverted light microscope (DMI6000B; Leica, 
Germany) whereby the microchips were placed in a glass-bottom 
dish with the cells facing down. Four different images were re-
corded at each position. The first image taken from each group of 
cells was accomplished in bright field using direct interference 
contrast (DIC) to yield information about membrane borders and 
topography, such as membrane ruffles. Next three fluorescence 
images were recorded to detect CD44 and CD24 expression 
through fluorescein isothiocyanate, respectively phycoerythrin- 
filter cubes, and HER2-bound Strep-QDs through a filter cube with 
a 340–380 nm excitation and a >420 nm emission window.

Characterization and quantification of SKBR3 
subpopulations
To determine the fraction of cells for each subpopulation (SKBR3 
breast cancer ruffled bulk, flat, and CSCs), three identical labeling 
experiments were performed, at different days and for different cell 
passage numbers. DIC and fluorescence images were recorded 
with a 40× objective from formaldehyde-fixed cells. Images were 
stitched together from 25 individual frames recorded at adjacent 
locations on a relocation grid. All recorded cells were individually 
inspected using ImageJ (National Institutes of Health, Bethesda, 
MD). Cells of spherical shape and of exceptional small size (adher-
ence area <600 µm2) compared with the average cell adherence 
area (1348 ± 944 µm2) (representing cells shortly before either divi-
sion or death) and cells with a CD44+/CD24+ signature, as well as 
cells that were not fully captured within the image frame, were ex-
cluded from further analysis. All other cells were assigned to one of 
the three subpopulations.

Liquid-phase STEM
The labeled cells on the microchips were imaged in hydrated state 
in an environmental scanning electron microscope (Quanta 400 
FEG; FEI, USA) with STEM dark field contrast (Bogner et al., 2005) as 
described in detail elsewhere (Peckys et al., 2013, 2015). A thin film 
of water was maintained over the cells at a pressure of 720–740 Pa 
and a temperature of 3°C around the sample. The electron beam 
energy was 30 keV, the spot size 1 nm, the probe current 600 pA, 
and the working distance 6.2 mm. Images showing HER2-bound 
QDs typically had a magnification of 50,000×, a pixel-dwell time of 
50 µs, and an image size of 1024 × 884 pixels. The electron dose 
was below the limit of visible radiation damage (Hermannsdörfer 
et al., 2016).

Duration and reproduction of an experiment
A typical experiment included 4–10 microchip samples or 1–3 cell 
culture dishes. The total required experimental time amounted to 
3–4 h for seeding of cells on the microchips (not counting the incu-
bation period for initial adherence and serum starvation), the label-
ing, and light microscopy. STEM was the most time-consuming part 
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