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Abstract 

Three-dimensional (3D) tissue culture provides a physiologically relevant 

microenvironment for distinguishing malignant from non-malignant breast cell 

phenotypes. 3D culture assays can also be used to test novel cancer therapies and predict 

a differential response to radiation between normal and malignant cells in vivo. However, 

biological measurements in such complex models are difficult to quantify and current 

approaches do not allow for in-depth multifaceted assessment of individual colonies or 

unique sub-populations within the entire culture. This is in part due to the limitations of 

imaging at a range of depths in 3D culture resulting from optical aberrations and intensity 

attenuation. Here, we address these limitations by combining sample smearing techniques 

with high-throughput 2D imaging algorithms to accurately and rapidly quantify imaging 

features acquired from 3D cultures. Multiple high resolution imaging features especially 

designed to characterize 3D cultures show that non-malignant human breast cells 

surviving large doses of ionizing radiation acquire a ‘‘swelled acinar’’ phenotype with 

fewer and larger nuclei, loss of cell connectivity and diffused basement membrane. When 

integrating these imaging features into hierarchical clustering classification, we could 

also identify subpopulations of phenotypes from individual human tumor colonies treated 

with ionizing radiation or/and integrin inhibitors. Such tools have therefore the potential 

to further characterize cell culture populations after cancer treatment and identify novel 

phenotypes of resistance. 

Introduction 

Histologically, heterogeneity within individual cancers has long been recognized, 

however its relevance is just beginning to be addressed. The advent of 3D cell cultures 

which facilitates recapitulation of morphogenesis that occurs in vivo has allowed us to 

observe a larger range of this heterogeneity in the laboratory. It is well accepted that 3D 

tissue culture emulates the normal physiologic microenvironment more closely than 

traditional 2-dimensional techniques, and can more readily replicate morphologies 

observed in vivo[1]. In 3D laminin-rich extracellular matrix culture (lrECM), non-

malignant human mammary epithelial cells (HMEC) form organotypic ‘acinar’ structures 
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that resemble the secretory alveoli observed in the mammary gland in vivo[2], while 

malignant cells form highly disorganized colonies with disrupted cell-ECM interactions 

[3, 4]. In particular, we have previously shown that 3D lrECM culture assay rapidly 

distinguishes response of normal and malignant colonies to ionizing radiation (IR) and 

therapeutic inhibition of β1 integrins. We also showed in this study that response in 3D 

lrECM is highly predictive of responses seen in vivo [5]. Therefore, the use of 3D lrECM 

is both relevant and necessary for improved modeling of normal and malignant cells, and 

to quantify the heterogeneity in these populations following treatment.  

Comprehensive high-throughput analysis of multiple features of single colonies in a 

complete 3D lrECM population has not been feasible to date. We have relied on time-

consuming manual counting techniques to analyze a single fluorophore at a time. In 

addition, images taken at high magnification views to highlight a specific feature may not 

capture representative populations present in the culture. In this work, we present a 

solution for allowing rapid and accurate quantification of multiple morphologic and 

immunofluorescence-detected features in 3D cell cultures simultaneously. We combined 

a technique of simple culture preparation to optimize signal and reduce background 

across ~100 µm thick specimens, allowing use of conventional 2D microscopy [1]. Low 

magnification objectives were then used with high numerical aperture to reduce imaging 

to one focal plane without affecting spatial resolution, while also permitting the sampling 

of an entire culture. The integration of these methods with novel and existing imaging 

algorithms resulted in high content analysis of large numbers of individual acini that were 

characterized for simple morphologic features (size, shape) and biologic endpoints 

(apoptosis, proliferation). In addition, spatial distribution of molecules such as β1 and α6 

integrins that critically signal between cells and extracellular matrix could be evaluated in 

individual colonies in depth. By applying these advanced imaging and image processing 

techniques to classical biological endpoints we created a 14-feature profile. We applied 

this profile to tumor colonies treated with IR or integrin inhibitors, identifying 

phenotypes unique to each of these treatments. The ability to characterize and quantify 

previously indistinguishable subpopulations that survive radiation indicates that 

heterogeneity is a critical factor to consider in modeling treatment response, and can lead 

to identification of novel mechanisms of resistance. 

Materials and Methods 

Cell culture: Human mammary epithelial (HMECs) cells MCF10A and malignant breast 

cells, HMT-3522 T4-2, were maintained according to the published protocols[6]. 

MCF10A cells were grown in DMEM-F12 supplemented with 5% horse serum, 

0.02ug/ml of EGF, 10ug/ml of insulin, 0.5ug/ml of hydrocortisone, 0.1ug/ml of cholera 

toxin, and 1X penicillin/streptomycin. T4-2 cells were grown in DMEM-F12 medium 

with 0.25ug/ml of insulin, 10ug/ml of transferrin, 2.6ng/ml of sodium selenite, 1.4x10
-6

M 

of hydrocortisone, 10
-10

M of estradiol and 5µg/ml of prolactin. Cells were maintained at 

37ºC and 5% CO2. The culture medium was replaced every 3 days.  

For on-top 3-dimensional lrECM cell culture, a 12mm diameter round coverslip overlaid 

with ~1 mm (125µL) of lrECM was placed at the bottom of each well of 24-well plates. 

Cells were then plated at a density of 3x10
4
 cells/cm

2
 in growth medium supplemented 
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with 5% v/v laminin-rich extra-cellular matrix (lrECM) (BD Biosciences, San Jose, 

California). The culture was maintained at 37ºC and 5% CO2.  

Radiation: Ionizing radiation was delivered using a CP160 Faxitron (160 KV) X-ray 

irradiator at a dose-rate of 1 Gy/min for a total dose of 8 Gy, or sham-irradiated. 

Immunofluorescence: At the appropriate time point, coverslips were fixed by washing 

with PBS followed by incubation at -10ºC for 1 hr immersed in cold methanol:acetone 

(1:1). The coverslips were subsequently washed with PBS, and immersed in blocking 

solution composed of 10% v/v goat serum, 8 µg/mL goat anti-mouse IgG (Caltag 

#435000) and IF buffer (0.5 g/L NaN3, 0.1% BSA, 0.2% Triton X-100, 0.05% Tween-

20) and incubated at 4ºC overnight. Coverslips were then inverted onto 20 µL of primary 

antibodies in 10% goat serum in IF buffer and incubated at 4ºC overnight. Primary 

antibodies used were (i) rabbit anti-β1-integrin (Abcam #16667) (at 1:50 dilution) and (ii) 

rat anti-α6-integrin (Millipore #MAB 1378) (at 1:300 dilution). Coverslips were washed 

with IF buffer (3x 20min) and incubated with secondary antibody at 4ºC overnight. 

Secondary antibodies used were (i) donkey anti-rabbit IgG Alexa 594 (Invitrogen) (at 

1:200 dilution) and (ii) goat anti-rat IgG Alexa 488 (Invitrogen) (at 1:200 dilution). Acini 

were subsequently washed with IF buffer (3x 1hr) and coated with vectashield (Vector 

labs) prior to being mounted onto glass slides, sealed with nail polish and then stored at 

4ºC until imaging.  

Image acquisition, processing and analysis: Cells were viewed and imaged using a Zeiss 

Axio Observer Z1 automated microscope (Carl Zeiss, Jena, Germany). In order to acquire 

a large amount of specimen, maximizing acquisition time and simplifying analysis, a full 

scan of a slide was first done with a low magnification objective (5X) using DAPI and 

the "Mosaix" module of Axiovision. A full 2 cm x 4 cm slide is typically scanned within 

5 min. For the low magnification scan, no autofocus function was used. Instead, Z 

positions were entered manually for the corner and center positions of the slide. "Mosaix" 

uses interpolation schemes to determine Z positions for the rest of the slide. If too many 

positions are out of focus, more Z positions are entered in the module and the slide is 

scanned one more time. The resulting image montage was analyzed automatically by an 

external Java routine to identify where colonies are present. Then, the routine generates a 

list of positions fed back to the "Mark and Find" module of Axiovision. High resolution 

images were acquired for each of these positions using a high NA Zeiss plan-apochromat 

20X (NA of 0.8), a sensitive scientific-grade EM-CCD camera (Axiocam) with autofocus 

"on" for Z position refinement. Imaging each position takes about 5 sec and no more than 

a thousand images are taken per slide. Images are saved on a server and a fully automated 

script generates acinus segmentation and individual acini measurements described in this 

manuscript. For comparison to confocal images, Z-stacks were taken with a 5 µm step 

width and a 40X (NA of 0.95). Each treatment considered in the manuscript led to 100 to 

1000 acini in 3 to 4 individual experiments. Image processing was performed using 

Matlab (MathWorks Inc, Natick, MA) and DIPimage (image processing toolbox for 

Matlab, Delft University of Technology, The Netherlands). Statistical analysis: To 

compute the various statistical tests described in the text, as well as hierarchical 

clustering and radial intensity interpolation we used the statistic toolbox in Matlab and 

the R statistical computing environment (http://www.r-project.org). 
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Results 

Rapid 2D image screening reveals accurate 3D properties of acini in a high-

throughput manner. 

We previously developed a simple technique to sample an entire 3D culture in a 2D 

format [1]. As depicted in Supplemental Figure S1, the 3D cell culture contents are gently 

smeared across a standard glass slide, allowing optimal immunofluorescence imaging.  

Here, we developed a series of computer scripts to increase the throughput of 3D cell 

analysis, based on automated 2D image acquisition of comprehensive fields of view from 

slides prepared with the smearing technique. To automatically identify individual acini in 

each field of view, isodata local thresholding [7] of integrin immunostaining followed by 

a watershed algorithm was used. Touching acini could also be separated manually by a 

semi-automated tool (Fig. S1). All intensity measurements described below assume 

background subtraction. Background was computed as the mean intensity in areas where 

no acini were detected. To establish a quantitative algorithm for assessing the number of 

nuclei per acinus, we applied an intensity-based signal separation algorithm we 

developed previously [8, 9]. Briefly, total DAPI intensity within a single acinus is divided 

by the mean total intensity measured for individual nuclei (colored nuclei in Fig. 1A - 

identified automatically based on shape and size). The approach is summarized in 

equation 1:   

∑

∑
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where num_nuc is the number of nuclei for a given acinus, Inuc(i,j) is the intensity for 

pixel (i,j) in the nuclear channel DAPI and the brackets < > indicate average over all 

isolated nuclei identified in a field of view. In order to validate the quantification 

performed on 2D images, we compared nuclear counts for 150 acini acquired either by 

confocal microscope or by 2D conventional microscopy. Normal acini have more densely 

packed cells, making quantification more difficult. Therefore, we used normal acini to 

validate the approach as the worst-case scenario. Acini were selected from different 

culture wells after various times in culture to sample over a large size variation. Smearing 

the cultures led to very similar imaging conditions across various acini sizes, with 

essentially two layers of cells packed against each other (Fig. 1C and 1E).  Confocal 3D 

stacks were used to manually count each individual nuclei. 2D images were used to 

estimate the number of nuclei semi-automatically after identifying isolated nuclei in each 

field of view (information necessary to compute denominator in equation 1). Fig. 1D 

displays two panels showing the log of the ratio between both counts and the 2D 

estimated counts as a function of 3D manual counts (i.e.true values).The overall results 

show high correlation between the 2D and true counts (R2=0.93) with 95% of the counts 

being within 50% of the manual count values (red dotted lines - Fig. 1D) 

High-content analysis of acinar properties reveals quantifiable morphologic features 

after exposure to IR 
Manual counting of nuclei and acinar size has previously demonstrated that targeted 

treatment and radiation lead to emergence of distinct subpopulations within the culture 

[10, 11]. However, the ability to perform in-depth analysis of these subpopulations 
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manually has been limited and 3D quantification in general is challenging [12]. We 

performed high-content automated analysis of multiple parameters to characterize a 

population of HMEC's that survived 8 Gy of IR versus IR sham (representative images in 

Fig. 2A). Fully-grown acini were first exposed to IR or IR sham treatment, before acini 

were disaggregated and expanded as monolayer to simulate long period of time following 

exposure in vivo. After one full passage, surviving cells were grown back into 3D for 10 

days and colonies were scored with our imaging approach. 

To characterize morphologic features of individual acini in a population, we first plotted 

the number of nuclei per acinus as a function of individual acinar size (Fig. 2B). The 

acinar area was estimated by the number of pixels comprised in the acinus mask, defined 

automatically by isodata thresholding [7] of alpha-6 integrin immunofluorescence signal. 

This distribution revealed a difference between the irradiated and sham-treated 

populations showing distinct scatterplot for both treatments. There were significantly 

more small acini in the irradiated group and fewer nuclei per acinus. Individual 

distributions were compared with the Kolmogorov-Smirnov statistical test (KS-test) 

leading to highly significant P-values. Interestingly, as clearly observable in Fig. 2A, one 

reason for so fewer nuclei per acinus in the irradiated group was the fact that individual 

nuclei were much larger. 

To further characterize the difference between both treatments, the nuclear density 

(number of nuclei per unit acini area - nuclei/µm
2
) was assessed for each acinus and 

plotted according to frequency (Fig 2C). The distribution strikingly revealed a much 

higher nuclear density for normal acini peaking at 6.4x10
-3

 nuclei/µm
2
 against 3.8x10

-3
 

nuclei/µm
2
 after IR (Pks<0.001). In order to determine whether radiation had a global 

effect on the ability of exposed cells to form normal polarized structures, we also 

measured how spherical these structures were. This was done by computing the 

normalized compactness (C) also called spherical index [9]. Briefly, C is defined for a 2D 

object as: 

    

A

P
C

π4

2

=       (2) 

where A is the area of the object and P is its perimeter. According to the isoperimetric 

inequality, the numerator of this ratio is greater than the denominator except in the case 

of a circle where the two values are equal. Therefore, C is equal to 1 for a perfectly 

circular acinus and it increases as the acinus becomes more deformed. As we previously 

reported [9], normal acini have a narrow distribution for their compactness with a peak 

centered around 1.15 (Fig. 2D). In contrast, the irradiated population showed a much 

broader distribution with 45% of the acini having a C value above 1.85. The difference 

between the two distributions was highly significant as well. 

Together, these measurements provide a quantitative analysis of morphologic features of 

the cells that have survived 8 Gy irradiation. This more in-depth characterization revealed 

a phenotype that has increased numbers of smaller colonies, decreased nuclear density 

and more deformed structures. 

Average concentric radial intensity (ACRI) profiles reveal altered patterns of integrin 

expression in HMEC colonies surviving 8 Gy IR 

The presence of extracellular matrix dramatically alters cell response to IR [13-16]. The 
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use of 3D lrECM culture allows us to interrogate the role of ECM in IR response in more 

depth. We have previously seen evidence for altered redistribution of basement 

membrane proteins in irradiated HMEC’s [17], or in mammary glands of mice exposed to 

high LET IR [18]. However, it is not clear how global this phenomenon in the progeny of 

irradiated cells, or whether there is a distinctive pattern after IR. In addition, the presence 

of a lumen, which is another characteristic of a normal acinus, is not an easy feature to 

quantify [9]. In order to address these challenges in quantification, we used a very simple 

yet elegant imaging method to determine a one-dimensional (1D) radial intensity profile 

of the integrin staining. As previously described, once the binary mask of the acinus is 

obtained, one can manipulate such a mask to derive other information. To obtain the 

radial distribution of the intensity profile for any staining located inside an acinus, one 

can first compute the distance-transform of the mask [19] which can then be rounded to 

obtain a series of isocontours of equal radial distance from the geometric center. These 

isocontours  can then be used to compute the mean intensity of any signal such as  the 

integrin α6 (Fig. 3A). Analogous to "peeling an onion", the result is a 1D radial intensity 

profile that measures the integrin distribution throughout the acinus. The radial intensity 

profile can be used to identify the acinar edge where the basal cells contact the 

extracellular matrix. The method is further described in supplemental figure Fig. S2. 

Briefly, one can notice from the DAPI profile that DNA density is highest in the center of 

the acinus and fairly flat inside the acinus (Fig. S2D). The acinus boundary is defined by 

the full width half max of DAPI signal on the edge of the mask and coincides well with 

the peak observed in the radial profile of α6 integrin (Fig. S2E), which is slightly outside 

the nuclear boundary of basal cells as one would expect for a normal acinus. 

This method was applied to determine the average radial intensity profile of DAPI and 

α6 integrin across multiple acini in a population (representative images shown in Fig. 3B 

and 3C, respectively). We interpolated the radial profiles of thousands of acini for three 

different experiments to an average radius of 50 pixels (30 µm radius). Average profiles 

for three different experiments are plotted after normalizing intensities to the maximum 

intensity for the stain (Fig. 3D,E). By scaling intensities this way, one can better visualize 

the spatial integrin redistribution that takes place in HMEC surviving 8 Gy of IR. For α6 

integrin we observed an increase in the overall intensity levels coupled to a flattening of 

the intensity profile for the irradiated acini when compared with non-irradiated controls. 

These changes reflect the loss of polarization and disorganization that occurs in the 

irradiated acini. We also observed a decrease in the DAPI intensity levels for the 

irradiated acini, which reflects the decreased number of cells present in irradiated acini 

(Fig. 2C). The DAPI intensity profile is again flattened when compared to control acini 

reflecting a decrease in organization in the irradiated acini. In order to reflect spatial 

distribution independently of acinar size, we proposed a simpler metric: the ratio of the 

mean intensity of the signal for two concentric regions (i.e. ring_ratio). The mean 

intensity of the inside of the acinus (inner disk) is divided by mean intensity of the outer 

ring (Fig. S2 C-E). A value greater than 1 indicates a distribution of fluorophore 

predominantly inside the acinus (e.g. DAPI ratio is 2.2 in Fig. S2D) whereas a value less 

than 1 indicates a distribution of the fluorophore predominantly on the periphery of the 

acinus (e.g. α6 ratio is 0.5 in Fig. S2E). 
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Skeletonization reveals redistribution of integrins at cell-cell junctions within acini 

following IR exposure 

We have previously shown that redistribution of integrins may occur following exposure 

to IR[17]. However, much of these data remain qualitative in nature. The ACRI algorithm 

can be used to detect changes in radial distribution of integrins, however, other critical 

aspects of integrin biology, such as its role in cell-cell interactions can also be further 

quantitated (Fig. 4A). The linear distribution of integrins between cells could be 

identified using isodata thresholding as previously introduced. However, thresholding 

alone leads to segments of various thicknesses. In order to reduce this mask into single 

pixel lines, we used a classic morphological image processing method, skeletonization 

[20], which can identify the path of maximum intensity in a grayscale image within a 

given mask. Location of sharp boundaries at the cell-cell interfaces delimited by β1 

integrin immunostaining is well detected with such approach in the non-irradiated group 

(Fig. 4A). On the other hand, the 8 Gy IR treatment group showed the majority of the 

skeletonization limited to the periphery of the acinus (Fig. 4B). Resulting boundaries 

(skeletons) were then used to compute the total intensity of β1 integrin signal (i.e. 

intensity integrated along path). Note that even though total β1 integrin levels remain 

similar in the 8 Gy IR treated acini by Western (Fig. 4C,D), the amount located at the 

intercellular boundary is 50% lower. These results reflect a delocalization of the integrin 

from a clear linear pattern to a diffuse pattern. Such changes could not be detected by 

simple western quantification or overall intensity measurement across the acinus, 

highlighting the power of this technique.  

Hierarchical clustering of multiple imaging features identify specific treatment 

phenotypes  

We wished to integrate several individual imaging features to determine whether specific 

profiles could distinguish different therapies for each acinus or colony. We compared 

imaging features from four different treatments that are of interest in our laboratories (4 

Gy IR, with or without β1 integrin inhibitory antibody, AIIB2). Acini after treatment 

were labeled simultaneously for integrins (α6 and β1), cell death (caspase-3) and nuclear 

stain (DAPI). Imaging features introduced in the previous sections (e.g. colony size, 

compactness, nuclear density, apoptosis, β1 integrin skeletonization, α6 integrin ring 

ratio) were used to compute 14 features, which defined the imaging profile for each 

acinus. We normalized each feature across all acini so that the mean for each feature is 0 

and the standard deviation is 1. This is a standard procedure necessary to avoid having 

one feature carrying more weight than others. This resulted in a unique profile for each 

acinus (Fig. S3). However, when looking across profiles for individual acini (rows), no 

clear difference could be observed between the four treatments. Therefore, to identify 

phenotypes with specific combinations of features, we applied hierarchical clustering 

across all 1034 acini independently of treatment (Fig. 5). Hierarchical clustering was 

performed with the bioinformatics toolbox of Matlab (Mathworks) and was based on the 

Euclidean distance between different row profiles, grouping together acini with similar 

profile (small distance). Using the "furthest neighbor" algorithm to link each row into 

clusters one can identify distinct clusters distributed among the different treatments. To 
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avoid having too many small clusters, we used the following approach to determine the 

distance threshold used for clustering. The minimum distance between clusters was 

reduced stepwise until any of the resulting clusters were comprised of less than 1% of all 

the acini (i.e. ~10 acini). This resulted in only nine clusters. Each cluster characterizes a 

specific phenotype with all acini in this cluster sharing common imaging features referred 

as "signature". Chi-square test led to significant dependence between the four treatment 

groups and the nine identified phenotypes  (P<0.001).  

To identify which phenotypes were strongly correlated to specific treatments, we 

compared the proportion of all phenotypes among each treatment with that expected from 

random distribution (Fig. 6A). We found that phenotype 4 is poorly correlated to any 

specific treatment, but rather represented a similar proportion, ~45% of all acini in each 

treatment. Remaining phenotypes highly specific to one treatment were identifiedwith a 

proportion greater than 2 standard deviations above the average proportion across all 

treatments. This led to the identification of five phenotypes representing 10% of the 

original 1034 acini (Fig. 6B - underscored phenotypes 2, 3, 7, 8, 9). The signatures for 

these five phenotypes are plotted in Fig. 6C. Interestingly, IR alone showed a strong 

enrichment for many of these phenotypes (phenotype 2,7 and 9). All of these phenotypes 

were already present in the control as minorities whereas phenotype 3 remains strong 

across both control and IR. AIIB2 treatment was highly enriched with Phenotype 8, 

whereas combined treatment of IR and AIIB2 did not reveal any distinct phenotypes, 

suggesting additive properties of radiation and AIIB2.  

 

Discussion  

Three-dimensional culture models have now superseded the use of traditional 2D tissue 

culture plastic as a more physiologically relevant representative of the in vivo milieu. In 

addition, as a large body of work has demonstrated, 3D human cell culture better predicts 

the in vivo human response to various treatments than classic monolayer cultures [2, 3, 6, 

21-24]. Furthermore, 3D culture models allow for investigation of complex cell-cell and 

cell-extracellular matrix interactions, morphogenesis, and the context of tissue-like 

microenvironment. These features are ever more important to quantify and understand as 

pathologists have been recognizing for decades that human tumors are complex and often 

comprised of a heterogeneous populations of cells.  However, morphologic features and 

biologic and biochemical measurements are much more challenging to quantify in the 3D 

culture format due to several limiting factors.  

Two main issues are centered around  imaging modalities. 1. One needs to 

comprehensively and rapidly sample the culture; 2. images must have resolutions high 

enough to quantitate detailed features with biological relevance. Addressing the first 

issue, recent work used scanning phase images of acini of various breast cell lines and 

correlated basic morphological features to their gene expression profiles [25]. This 

approach led to the identification of too few phenotypes as colony characteristics only 

included gross morphological classification and did not use any protein markers,.  We 
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had previously introduced imaging algorithms that characterize lumen formation and 

acinar shape [9] but left unexplored the challenges of measuring a array of diverse acinar 

properties over large populations of acini. Another limiting factor for such exploration 

was the need of time consuming and storage limited confocal microscopy or light 

tomography [26]. 

The approach presented here allows rapid comprehensive quantitation of multiple 

features of individual colonies within an entire culture population. By smearing the 

culture contents onto a slide, the specimen depth varies between 20 and 30 µm. This 

allows the imaging of acini of clonal origins (colonies) without the difficulty of imaging 

acini located at different depths. In contrast, when imaging through thick Matrigel 

(~100 µm thickness), different depths lead to large variation in imaging quality due to 

optical aberrations and intensity attenuation. Based on the work we present here, 

conventional 2D images are clearly sufficient to measure three-dimensional microscopic 

information.  

Multi epitope ligand cell technology has been introduced in the past as a way to identify 

cells with a unique combination of cell markers [27]. Briefly, this technology consists of 

directly labeling and consecutively imaging tens to hundreds of proteins in the same field 

of view. This produces a vector consisting of the different protein levels measured in 

individual cells. Specific cell types are believed to have very distinct and unique 

combinations of protein levels and a combinatorial approach can then be applied to 

identify these various types. This approach was recently combined with hierarchical 

clustering to identify stem cells in human skin specimens[28]. In our work, we used a 

similar concept, but applied it to a set of imaging features from protein markers intensity. 

In addition, we modified the approach in two key ways that are more relevant to the 3D 

format: 1. we applied it at the acinar level instead of the cellular level. 2. to have more 

statistical power for separating acinar phenotypes, we also increased the size of the vector 

by adding imaging features important for describing acinar cultures such as cell-cell 

adhesion, basement membrane integrity, nuclear density, and acini morphology. 

Surprisingly, when applying this technology to breast cells in 3D lrECM [29], each 

acinus shows quite a unique imaging profile even within the same treatment. This 

heterogeneity dominates to the extent that no obvious combination of features clearly 

separates different treatments. However, applying hierarchical clustering across all acini, 

independently of treatment, shows that the response to β1 inhibitor or IR seems to be 

driven by a subgroup of acini (10% of all acini), responding very differently to each 

treatment. This is in stark contrast to the classical view and expectation of a homogenous 

population response. Such quantitative approaches increase our opportunity to accurately 

identify and investigate specific phenotypes observed after exposure to IR [30], or drug 

resistance observed after chemotherapeutic or kinase inhibitor treatments [31]. 

In terms of the biological response characterized in this work, our results indicate that 

non-malignant HMEC surviving large doses of IR have radically changed their 

morphology, acquiring a phenotype similar to breast cancer cells [32]. We are now able 

to quantitate this phenomenon with a higher degree of accuracy and reproducibility. This 

result is interesting in light of our previous findings that HMECs irradiated with 2 Gy IR 
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undergo epithelial-to-mesenchymal transition (EMT)[11]. We also previously showed by 

confocal microscopy that radiation alone could lead to disrupted cell-cell communication, 

aberrant cell-extracellular matrix interactions, and loss of tissue-specific architecture 

[17]. In the work presented here, however, our results take us further in characterizing 

this neoplastic progression by identifying precisely the morphological changes that are 

taking place. We show that the progeny of HMEC surviving 8 Gy of IR seem to have a 

"swelled morphological phenotype", with fewer and more dispersed nuclei inside the 

acinus. This change seems to be correlated with a loss of anchorage of basal proteins such 

as α6 integrins, which are redistributed, and diffusively filling the acinus. Such basal 

signal inside the acinus probably leads to the loss of polarization observed in the 8 Gy 

group, and basal cells lose their organization cues by receiving basal signal from all 

directions. Interestingly, α6 is only slightly increased in the basement membrane. Also, 

as previously observed for E-cadherin, cells have lost their self-adhesion properties, as β1 

integrin signals, even though overall amounts are unchanged, are now relocalized at the 

basement membrane.  

Finally, our work addresses the importance of recognizing heterogeneity of tumor 

response to treatment. It has long been recognized that tumors do not uniformly respond 

to therapy, and that as therapy is administered, the populations that remain and survive 

may have acquired properties of resistance. To date, it has been challenging to capture 

and quantify such treatment related heterogeneity, and it remains unclear what the 

significance of such heterogeneity is. However, a critical step in understanding the nature 

and relevance of the cells that survive treatment is to characterize and reproducibly 

quantify their features. Our work suggests that the majority of the cancer cell population 

responds uniformly to treatment, however, 10% of the population acquires characteristics 

that are limited to specific features. These heretofore unrecognized subpopulations may 

form the basis for understanding the emergence of resistance, and the heterogeneity of 

populations that may not respond similarly to the same therapy administered over time. 

This may have profound implications for the tailoring and paradigm of targeted therapy. 
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Fig. 1. Automated cell counting algorithm validated by 3-dimensional confocal microscopy. 

(A) Snapshot of acini analysis. In-house automated computer algorithms produce an image 

showing each normal acinar colony contour in red overlaid with a contour of nuclei stained by 

DAPI in blue. An identification number is assigned for each acinus (labeled at left-bottom of the 

acinus).  To count the number of nuclei in each colony, the total DAPI intensity of all nuclei (blue 

contour)  is divided by the average DAPI intensity of the single nucleus (see Eq. 1). Isolated 

nuclei are identified and labeled (here, shown in green and yellow, scale bars =15 µm). (B) A 

high-powered magnification view of acinus number 1 from panel A (inside green dash box in A) 

is shown. (C) The corresponding 3-dimensional image of the same acinus acquired by confocal 

microscopy (40 slices, with 0.75 µm interval, acquired in 5 min) is shown. (D) Differences of the 

logarithmic counts (dotted lines indicate means and 95% confidence interval) and linear 

regression analysis (based on 150 acini) comparing quantitation of nuclei using 2D images versus 

manual counts obtained from 3D confocal z-stacks. Results indicate 2D automatic counts may be 

substituted for 3D manual counts . (E) 3D confocal image of a larger acini, showing the smearing 

techniques flattens large structures enough to allow accurate quantification of nuclei number. 



 

 

 

Fig. 2. Multi-dimensional characterization using high
8Gy irradiated and non-irradiated populations in 3D lrECM. 

α6 integrin immunoflourescece are shown from a 

colonies +/- 8 Gy IR from 3D lrECM. Images were acquired with a 20X objective. 

number of nuclei per acinus is plotted against the acinar volume (log

treatment, 0 Gy=large green circles, 8 Gy=small red circles. Linear regression shows high 

correlation between these two measurements (linear regression indicated by solid lines, with 

corresponding R
2
 values for both fits). Histograms for each parame

nuclei/acinus on the left, Ks-test; P<

Distributions for nuclear density measured per acinus shows significantly higher nuclear density 

in the 0 Gy vs. 8 Gy exposed populations, Ks

shows that sham treated acini (green curve) 

to 1 (value for a perfect circle), compared to the 8 Gy

(red curve); Ks-test, Pks<0.001. 

 
dimensional characterization using high-content image analysis distinguishes 

irradiated populations in 3D lrECM. (A) Image of DAPI nuclei and 

integrin immunoflourescece are shown from a 400 µm x 300 µm montage of MCF10A 

8 Gy IR from 3D lrECM. Images were acquired with a 20X objective. 

number of nuclei per acinus is plotted against the acinar volume (log-log scale) N=1000 aci

treatment, 0 Gy=large green circles, 8 Gy=small red circles. Linear regression shows high 

correlation between these two measurements (linear regression indicated by solid lines, with 

values for both fits). Histograms for each parameter are plotted for 

test; P<0.001) and size of acini below, Ks-test; P <

Distributions for nuclear density measured per acinus shows significantly higher nuclear density 

in the 0 Gy vs. 8 Gy exposed populations, Ks-test showing Pks<0.001. (D) Compactness

acini (green curve) were more spherical with a narrow distribution close 

to 1 (value for a perfect circle), compared to the 8 Gy treated group showing more deformed acini 
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content image analysis distinguishes 
DAPI nuclei and 

m montage of MCF10A 

8 Gy IR from 3D lrECM. Images were acquired with a 20X objective. (B) The 

log scale) N=1000 acini per 

treatment, 0 Gy=large green circles, 8 Gy=small red circles. Linear regression shows high 

correlation between these two measurements (linear regression indicated by solid lines, with 

ter are plotted for 

test; P <0.001. (C) 

Distributions for nuclear density measured per acinus shows significantly higher nuclear density 

Compactness analysis 

re more spherical with a narrow distribution close 

group showing more deformed acini 
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Fig. 3. Average concentric radial intensity profiles reveal redistribution of  α α α α6 integrin and 

DAPI signals in irradiated compared to non-irradiated MCF10A populations in 3D lrECM. 

(A) A single non-malignant untreated MCF 10A acinus in 3D lrECM immunostained for α6 

integrin (green) and DAPI (blue) is shown. Automated acinus contour and concentric rings were 

determined to compute the average 1D radial intensity profile for each fluorochrome channel (B-

C). Acini of the same size were considered for both groups and representative images are shown 

for 0 Gy and 8 Gy group respectively.  (D) The lower nuclear density in the 8 Gy group can also 

be visualized easily with radial profiles showing a significant drop in the level of DAPI inside the 

acinus, compared to a much more dense nuclear occupation for 0 Gy. (N=3 experiments, 

hundreds of acini per experiment, K–S test)  (E) Composite radial profiles of α6 integrin intensity 

show that for control MCF10A acini, α6 immunofluorescence is predominantly located at the 

surface of the acini; in contrast, α6 immunofluorescence distribution is flatter across the full 

acinus and more intense in the 8 Gy treated group, indicating a loss of polarization (N=3 

experiments, hundreds of acini per experiment, K–S test).  
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Fig. 4.  Skeletonization of β1β1β1β1 integrin allows measurement of signal at cell-cell contact 

points. (A) Representative images of Sham treated MCF-10A acini, with intercellular β1 integrin 

intensity distribution. Middle panel shows the processed image, with skeletonization of β1 

integrin signal.  A region of interest is shown by green dashed lines and in high power in the right 

panel. (B) Similarly, representative images and processed images are shown for the 8 Gy 

treatment. (C) Skeletonization (magenta bars) indicates a 50% loss of β1 integrin at cell-cell 

interfaces in the 8 Gy population, (Wilcoxon rank-sum test. N=4 experiments, P<0.05). In 

contrast, western blots show a modest overall decrease (10% drop), bars in 

aquamarine=β1 integrin per β-actin.  (D) Western blot used for quantification in panel C. 
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Fig. 5. Hierarchical clustering of imaging features identify 9 main phenotypes  
Fourteen imaging features were used to characterize more than 1000 acini from four 

different treatments (T4, T4+IR, T4+A2B2, T4+A2B2+IR). Both features and acini 

profiles are classified using hierarchical clustering based on Pearson correlation. This 

approach reveals nine predominant phenotypes, which are present across all treatments. 
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Fig. 6. Identification of five phenotypes enriched in the four different treatment 

groups. (A). For each treatment (T4, T4+IR, T4+AIIB2, T4+AIIB2+IR), the proportion 

of acini having each of the nine phenotypes is reported. (B) Five phenotypes  with strong 

differential distribution between the four treatment groups were identified. (C) Signatures 

of the five phenotypes are illustrated by the average fold change for each feature over the 

mean across all acini. (D) Representative images are shown for each of the 5 specific 

phenotypes (blue:DAPI, green: β1-integrin, red: caspase). 
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Supplemental Fig. S1. Sample preparation. (A) To perform immunofluorescence on 

nonmalignant immortalized human breast cells MCF 10A grown in 3DlrECM, we gently smeared 

the Matrigel  onto treated glass slides. (B) Example of immunostaining of acini  (DAPI for 

nuclear staining (blue), β1 integrin staining in green). Note that this technique does not 

disaggregate  clustered acini. (C) Integrin immunofluorescence can be used to delimit the main 

contour of the acini using automatic thresholding. (D) Acini are separated manually by drawing 

internal contour lines. (E) Resulting labeled contours are shown (each color represents a separate 

acinus). (F) Individual acini are then delimited and nuclear counts are performed. 
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Supplemental Fig. S2. Expanding concentric and volumetric analysis (average concentric 

radial intensity (ACRI) profiles) characterizes spatial localization of integrins within 

each acinar structure. (A). Normal MCF 10A acinus in 3D lrECM immunostained for α6 

integrin (green) and DAPI (blue) is shown. (B) Automated acinus contour based on isodata 

thresholding, holes filling and binary dilation to have a contour ~10 µm larger than the acinus 

contour. We then compute the distance transform of this mask (C) and round it to obtain a series 

of  concentric layers (D) which are then used to compute the mean intensity of the protein in each 

layer (α6 integrin in this case, in green). This allows computation of a radial volumetric signal 

intensity profile from the geometric center of the acinus. (E) Radial profile of DAPI signal 

intensity for acinus shown in (A). For a simpler metric, one can define an outer ring as a ring 

centered on the acinus boundary (red solid vertical line) of thickness 6 µm (empiric value that 

typically include the basement membrane for a normal acinus). Outer ring as well as the inner 

disk inside the acinus are used to compute the ring_ratio as the mean intensity in the inner disk 

divided by the mean intensity in the outer ring. This leads to a value of 2.2 for DAPI, illustrating 

the fact that DAPI is predominantly inside the acinus. (F) Radial profile for α6 integrin for acinus 

shown in (A). The boundary of basement membrane is located at the peak of this profile (green 

dotted line). The ring_ratio for α6 is 0.5, illustrating the fact that the basement membrane lies 

within the outer ring. 
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Supplemental Fig. S3. Highly correlated imaging features. 14  imaging features were used to 

characterize more than 1000 acini from four different treatments (T4, T4+IR, T4+A2B2, 
T4+A2B2+IR). Hierarchical clustering was based on Pearson correlation and only applied to 

identify imaging features that are highly correlated across all specimens (features shown in red). 

We find that the size and the number of nuclei per acinus are within the same feature cluster. 

Both α6 and β1 integrin immunostaining also reveal highly correlated features. Finally, looking at 

cell death either by total amount of Caspase per acinus or by counting the number of positive 

cells with caspase leads to similar values. However, when looking across acini (rows), no clear 

difference can be observed between the four treatments. 
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