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A high-content colocalization RNA interference screen based on automatic three-color confocal
fluorescence microscopy was developed to analyze the alternative lengthening of telomeres (ALT)
pathway. Via this pathway telomerase-negative cancer cells can maintain their telomeres and with
it their unlimited proliferative potential. A hallmark of ALT cells is the colocalization of promyelocytic leukemia (PML) nuclear bodies with telomeres to form ALT-associated PML nuclear bodies
(APBs). In our screen, the presence of APBs was used as a marker to identify proteins required for
the ALT mechanism. A cell-based assay and an automatic confocal image acquisition procedure
were established. Using automatic image analysis based on 3D parametric intensity models to
identify APBs, we conducted an unbiased and quantitative analysis of nine different candidate
genes. A comparison with the literature and manual analysis of the gene knockdown demonstrates
the reliability of our approach. It extends the available repertoire of high-content screening to studies of cellular colocalizations and allows the identification of candidate genes for the ALT mechanism that represent possible targets for cancer therapy.
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1 Introduction
Microscopy-based high-content screening (HCS) is
the automated analysis of spatial and temporal
changes in cells using mostly fluorescence signals
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as readout [1]. RNA interference (RNAi) has become the method of choice to systematically knockdown genes in mammalian tissue culture cells for
HCS [2]. Using solid-phase reverse transfection on
cell microarrays, hundreds or even thousands of
small interfering RNAs (siRNAs) complexed with a
transfection reagent can be printed at defined locations on glass slides [3, 4]. Cells are plated on the
dried slides to yield cell clusters with a specific
gene perturbation in a lawn of non-transfected
cells. Depending on the desired readout, proteins
and cellular structures are labeled using fluorescent proteins, immunofluorescence procedures or
membrane- and DNA-specific synthetic fluorophores. The response of the cells, living or fixed, to
the treatment is then imaged to identify phenotypic changes [5]. To this end, large amounts of widefield microscopy images are stored and processed
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in order to extract the desired information.Typically, the analysis workflow involves segmentationbased cell identification, feature-based phenotype
classification and a quantification of the effect of a
certain siRNA by computing the phenotype penetrance under the respective treatment [6]. This approach has already provided valuable systemic
data of biological processes such as the cell cycle or
virus infection that are relevant in basic research
as well as for drug discovery [7, 8]. Technical advancements with respect to image acquisition offer
great potential for the spatially resolved characterization of nuclear subcompartments on the submicrometer scale.
Here, we report on the development of a fully
automated high-resolution confocal screening
platform for 3D colocalization studies to elucidate
the mechanism responsible for alternative lengthening of telomeres (ALT). Telomere length maintenance is essential for the unlimited proliferation of
cells due to the 3’-end erosion intrinsic to replication of linear chromosomes. Progressive telomere
shortening in somatic cells can lead to the induction of senescence or apoptosis, thus acting as a
barrier to unlimited proliferation and tumorigenesis. Accordingly, inhibition of telomere length
maintenance is considered an important goal in tumor therapy. Most cancer cells reactivate the reverse transcriptase telomerase to maintain their
telomeres [9]. However, 10–15% of cancer cells, in
particular sarcomas of mesenchymal origin, use instead the recombination-based ALT pathway [10,
11]. Furthermore, treatment of telomerase-positive
tumors with telomerase inhibitors could select for
those cells within the cancer cell population that
are capable to survive via the ALT mechanism [12].
The ALT pathway is characterized by (i) a highly
heterogeneous telomere length, (ii) the presence of
extrachromosomal telomeric repeats, and (iii) the
occurrence of ALT-associated promyelocytic
leukemia (PML) nuclear bodies (APBs). APBs are
nuclear subcompartments of 0.1–1 μm in size, in
which the PML protein assembles in a cap-like
structure around the telomeres [13]. Telomere
shortening after knockdown of genes involved in
the ALT pathway is accompanied by a reduction of
APBs [14, 15].Therefore,APBs were used as a marker for ALT activity to identify genes involved in the
ALT mechanism by RNAi [16]. Previous manual
widefield image acquisition and evaluation only allowed studying the general effect of a limited number of genes on the formation of the relatively large
APBs detected in these experiments. To systematically identify proteins that are required for the formation of APBs in a more reliable and quantitative
manner, we report here on the development of an
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automated high-resolution confocal RNAi screening platform in conjunction with advanced 3D image
analysis.With this approach we were able to reliably
detect the occurrence of APBs as colocalizations of
PML and the telomere repeat binding factor 2
(TRF2) and to evaluate the effect of RNAi-mediated
protein knockdown of nine different genes on their
formation. The proteins identified in this manner
represent potential targets for the development of
drugs against tumors employing the ALT pathway.

2
2.1

Materials and methods
Cell culture

Human U2OS and HeLa cells (both ATCC) were
cultured in DMEM and RPMI medium (GIBCO), respectively, containing 10% FBS (PAA) and 2 mM
L-Glutamine (PAA). For the screening application,
100 000 cells were seeded per slide on Lab-Tek
chambered coverglasses (Thermo Scientific) and
incubated for 72 h to ensure an optimal cell density of 4–8 cells per acquired image. Transient transfection and generation of the stable cell line was
performed as previously described [17]. The constructs for GFP-PML-III and TagRFP-TRF2 have
been previously described [17]. The GFP-PML-IV,
GFP-PML-V, and GFP-PML-VI constructs were
kindly provided by Peter Hemmerich [18]. For immunofluorescence analysis, cells were fixed with
4% paraformaldehyde in PBS for 12 min and permeabilized for 5 min with 0.1% Triton X-100 in PBS.
Immunostaining of fixed cells was conducted with
a mouse anti-TRF2 antibody (1 h, 1:100, 4A794,
Calbiochem) and a rabbit anti-PML antibody
(30 min, 1:50, #sc-5621, Santa Cruz Biotechnology)
in 10% goat serum in PBS. Visualization was conducted with an Alexa488-conjugated goat anti-rabbit antibody (1:300, Molecular Probes) and an
Alexa568-conjugated goat anti-mouse antibody
(1:300, Molecular Probes) for 1 h in 10% goat serum
in PBS. Cells were mounted with ProLong Gold
(Invitrogen) containing 4’,6-diamidino-2’-phenylindole (DAPI). For fluorescence activated cell sorting (FACS) analysis, U2OS cells were fixed with
70% Ethanol and kept on ice for 2 h. After washing
with PBS, cells were suspended in PBS containing
0.25 μM TO-PRO3 and 50 μg/mL RNase I. DNA
content of 50 000 cells was measured using a
FACSCalibur instrument.

2.2

RNA interference

The following siRNAs (silencer select siRNAs, Ambion) were used: 5’-AAGCCAGGTTCTAGAGGATG
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ATT-3’ (53BP1, [19]), 5’-CTCTGGTATGGACACAG
CT-3’ (MMS21, [15]), 5’-CGACAGCCCAGAAGAGG
AA-3’ (PML, [20]); for 5’-CCATGGAATCCAAATTA
AT-3’ (Sp100, [16]), 5’-GAATATTTGGTGATCCAA
A-3’ (TRF1, [21]), 5’-GCAATTGTCATAAAACCAA-3’
(ATM), 5’-GGAAGAGTGTTCTATCTCA-3’ (Rad17),
5’-CAAGAAACTCAAAGAATCA-3’ (SUMO1), 5’CATCCTGACTACTACCGTA-3’ (SUMO2), 5’-AGG
CAGGGCTTGTCAATGA-3’ (SUMO3), and 5’CCACCATTATTTCACCCGA-3’ (Ubc9). For all
siRNAs used here, knockdown of protein expression was confirmed with western blots. Non-targeting controls were purchased from Ambion (silencer
select negative control #1 and #2). Transfected cell
microarrays were produced as previously described [4]. Repetitions of a 4 × 4 array were printed on each Lab-Tek resulting in 384 spots with 24
replicates for each siRNA. For manual RNAi studies, U2OS cells were seeded 1 day before transfecting them with 100 nM siRNA using Lipofectamine
2000 according to the manufacturer’s instructions
(Invitrogen). After 48 or 72 h, cells were either immunostained or harvested for western blotting.

2.3

Western blotting

Cells were lysed with RIPA buffer (150 mM NaCl,
1% NP40, 0.5% Na-Desoxycholate, 0.1% SDS, 50 mM
Tris pH = 8.0, complete protease inhibitor cocktail
(Roche Applied Science)) for 30 min at –80 °C. Cell
lysates were electrophoretically separated on SDSPAGE gels and electrotransferred to a nitrocellulose membrane. Proteins were detected with the
following antibodies: mouse anti-Actin (1:1000,
#ab8226, Abcam); rabbit anti-MMS21 (1:2000,
#PAB1071, Abnova); rabbit anti-PML (1:200,
#sc-5621), rabbit anti-Rad17 (1:200, #sc-5613) both
Santa Cruz Biotechnology. Secondary antibodies:
HRP-linked anti-mouse IgG (1:2000), HRP-linked
anti-rabbit IgG (1:2000) (Cell Signaling). Blots were
imaged using the INTAS ChemoCam Imager with a
16 bit camera.

2.4

Fluorescence microscopy

Confocal fluorescence images were acquired with a
Leica TCS SP5 DMI6000 confocal laser scanning
microscope (oil immersion objective lens, 63 ×,
1.4 NA). Three laser sources were used for excitation with wavelengths of 405 nm (DAPI), 488 nm
(Alexa488), and 561 nm (Alexa568) at laser intensities in the range of 1–15 mW and corresponding acquisition of fluorescence with photomultipliers at
420–460, 500–540, and 580–650 nm. Parameters
were chosen to avoid signal saturation. For the
screening application the Matrix Screener software
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(Leica Microsystems) was used. Focus maps were
created prior to screening with a noise-based autofocus method implemented in the Matrix Screener
software to determine the z-position of the cells.
For autofocusing, images of the DAPI channel were
acquired 50 μm along the z-axis with a step size of
1 μm, a sampling rate of 600 Hz and a resolution of
64 × 64 pixels. During screening, images were taken in a sequential mode with a sampling rate of
500 Hz, a resolution of 512 × 512 pixel, a 3× zoom, a
bit depth of 8 and a pinhole size of 1 Airy disk. Optical sections had a spacing of 250 nm and were
recorded for 10 μm along the z-axis. These parameters ensured that the entire cell was covered at a
resolution sufficient for reliably detecting the relatively small telomeres and colocalizations in 3D.
The pixel dwell time was ~4 μs, yielding 2 image
frames per second and a whole 3D three-color image stack in about 70 s. After every 16th 3D threecolor image stack, the focus map was adapted with
the autofocus procedure to compensate for stage
drifts. For widefield microscopy an inverted Olympus IX81 microscope with a 60×/1.3 NA oil immersion objective was used. The Huygens software
from Scientific Volume Imaging was employed for
deconvolution. Chromatic aberrations were measured with “TetraSpeck” fluorescent beads (Invitrogen). The manual analysis of microscopy images
was done with the ImageJ software (http://
rsbweb.nih.gov/ij).

2.5

Automated image analysis

The automated image analysis was performed using a 3D model-based segmentation approach [22].
Performance of the software was tested by comparing the results of the automated image analysis
with manual analysis and different intensity correlation-based schemes (Pearson’s correlation coefficient and Manders colocalization coefficients)
[22]. Here, the results of the automatic image evaluation were always checked by visual inspection of
random samples. For segmenting telomeres and
PML nuclear bodies, we used a SD of σ = 1.1 for
Gaussian smoothing and a size of 5 × 5 × 5 voxel for
local maxima search. For segmenting cell nuclei,
we used a SD of σ = 1.2 for Gaussian smoothing,
Otsu thresholding with two thresholds, and a radius
of 2 voxel for morphological opening. Analysis was
performed on a Hewlett-Packard scalable visualization array computer system consisting of
10 nodes with 128 cores. Cells were excluded from
the analysis if (i) not the entire cell was recorded,
i.e. >300 voxel were at the border of the image in xydirection (43.2% of the cells), (ii) the cell volume exceeded 370 000 voxel as compared to normal cells
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with 50 000 to 120 000 voxel (0.2%), or (iii) less than
15 telomeres were detected (8.8%). For the cell cycle analysis, a histogram of the background-corrected integrated DAPI intensity was fitted with
two Gaussians for the G1 and the G2 peaks. The intensity in the middle between the means was used
as a threshold to separate the cell cycle phases.The
image analysis software is available from the authors on a collaborative basis.

2.6

Statistical analysis

The statistical analysis was carried out with the R
software (http://www.r-project.org/). The following
routines were used: for the two-sample t-test, t.test
(package: stats); for the rate ratio test, rateratio.test
(package: rateratio.test); for the Wilcoxon test,
wilcox.test (package: stats). For the KolmogorovSmirnov (KS) test the maximum of the difference
between the two empirical distribution functions is
Dn,n' = sup | F1,n( x) − F2,n'( x) | , where n and n’ are the
x

number of observations of the first and the second
sample, respectively. The null hypothesis was rejected at level α if Lx < Kα, where Lx is the limiting
cumulative distribution function of

nn'
D .
n + n' n,n'

The values of Kα were chosen according to ref. [23].

3 Results and discussion
To identify proteins that are required for the formation of APBs, we developed a high-resolution
confocal RNAi screen in conjunction with an advanced image analysis approach. We configured a
Leica TCS SP5 microscope with an integrated matrix screener for automated high-content confocal
screening based on the setup described previously
[8]. With this approach we were able to acquire 3D
image stacks at high-throughput to reliably resolve
APB structures in their nuclear context.

3.1 Visualization of proteins for colocalization
studies
Different labeling techniques to identify APBs by
the colocalization of PML and the telomere binding
protein TRF2 were evaluated according to the following criteria: (i) a high labeling efficiency, (ii)
suitability for high-throughput experiments, and
(iii) a homogenous fluorescence signal with low
background. Transient transfection of U2OS cells
with plasmids expressing GFP/RFP fusion proteins of PML or TRF2 resulted in a low number of
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co-transfected cells (Fig. 1A). In addition, overexpression led to heterogeneous expression levels of
TRF2 and the formation of PML aggregates due to
PML’s self-assembly properties. To overcome the
problem of low transfection efficiency, a stable cell
line overexpressing the GFP-PML-III splice variant was generated. Transient transfection of this
cell line with a plasmid expressing TagRFP-TRF2
yielded more cells suitable for colocalization analysis (Fig. 1B). However, additional siRNA transfection as well as stable overexpression of TagRFPTRF2 resulted in increased apoptosis (data not
shown). Furthermore, transfection with different
PML isoforms was found to perturb the equilibrium of endogenous proteins as inferred from a comparison with immunostaining (Fig. 1D). Overexpression of PML isoforms III,V, and VI yielded a reduced number of APBs, whereas PML IV overexpression resulted in an increase. This could be
related to the direct interaction of PML IV with the
telomere repeat binding factor TRF1 supposedly
promoting APB formation [24]. We suspect that
overexpression of other PML isoforms downregulates expression of endogenous PML protein, thus
reducing the amount of the telomere-binding PML
IV isoform. Hence, introduction of exogenous PML
protein is clearly inappropriate in our system, since
this changes the number of APB complexes, which
is the central experimental observable of our
screen. Accordingly, immunofluorescence labeling
was tested. This resulted in an even labeling of all
cells without additional cell stress (Fig. 1C). Furthermore, the fluorescent probes used were less
sensitive to photobleaching and allowed a better
spectral separation of the fluorescence emission
signals than the autofluorescent GFP and RFP domains. Therefore, immunofluorescence was used
for protein visualization in the confocal RNAi
screen.

3.2 Manual assessment of controls as quality
reference for the setup of the RNAi screen
To be able to assess the quality of the confocal
RNAi screen, different references were established
by manual knockdown experiments (Fig. 2, Supporting information, Fig. S1).The goal was to assure
that the automatic RNAi screen would yield similar
results with respect to the knockdown effects as
those obtained from visual inspection of the cells.
We investigated proteins known to be involved in
APB formation (PML [16, 24], TRF1 [16], and
MMS21 [15], a E3 SUMO ligase) as well as proteins
that have been shown to have no significant effect
on APB formation (Sp100 [16], 53BP1 [16], ATM
[25]). Additionally, a protein that co-localizes with
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Figure 1. Comparison of various techniques for the visualization of telomeres
and PML-NBs. (A) The U2OS cell line
was transiently co-transfected with GFPPML-III and TagRFP-TRF2 expression vectors. (B) Transient transfection of a U2OS
cell line stably expressing GFP-PML-III
with a TagRFP-TRF2 expression vector.
(C) U2OS cells were immunostained with
antibodies directed against PML and
TRF2. (D) Changes in the average number of APBs per cell compared to the nontransfected immunostained control as a
result of transient overexpression of different PML isoforms. Stable expression of
PML-III (marked by *) suppressed the
formation of APBs. Cells were analyzed
63 h post transfection. Error bars show
SEM.

APBs (Rad17 [25]) and other proteins potentially
involved in APB formation were tested (isoforms 1,
2, and 3 of the small ubiquitin-like modifier
(SUMO) and Ubc9, the E2 SUMO ligase). The efficiency of gene knockdown was evaluated by western blotting and the effect on APB formation was
analyzed by manually counting colocalizations between telomeres and PML nuclear bodies (PMLNBs). As an example for a strong positive control,
knockdown of PML is shown in Fig. 2A. MMS21
represents a protein with a significant effect on
APB formation (Fig. 2B). As an assay-specific negative control, the knockdown of Rad17 is presented
in Fig. 2C. Rad17 is colocalizing with APBs [25] but
has no apparent effect on APB formation (Fig. 2C).
To test for sequence-independent off-target effects
of the siRNA transfection procedure, e.g., due to interferon response, we analyzed the influence of a
non-targeting negative control (scrambled siRNA)
on APB formation (Fig. 2D). A significant decrease
in the number of APBs was observed when transfecting the control #1. Reduction of the concentration of the siRNA to 10 nM gave the same result
suggesting a sequence-specific effect.This could be
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confirmed by transfecting another non-targeting
control #2, where no significant change was detected.

3.3

Microscope setup for 3D colocalization studies

For the 3D colocalization studies of telomeres and
PML-NBs different imaging systems were compared in order to optimize the identification of colocalizations. Widefield microscopy is commonly
used for high-throughput RNAi screens [5]. Therefore, images were acquired with a widefield fluorescence microscope to assess whether the image
quality was sufficient for 3D colocalization studies.
The resulting images showed a high amount of outof-focus light and a low contrast that decreased detection efficiency especially for small telomeres
(Fig. 3, first row). Due to the lack of z-resolution,
PML-NB and telomeres were detected as falsepositive colocalizations even if they were separated
in z-direction. The images were deconvolved to
suppress out-of-focus light and to enhance the
contrast (Fig. 3, third row). This significantly improved the image quality. However, deconvolution
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Figure 2. Manual assessment of the effect of various siRNAs on APB
appearance. (A) PML as a strong positive control to inhibit APB formation. The knockdown efficiency of the transfection with PML siRNA was
analyzed by western blotting. (B) Transfection with an siRNA targeting
MMS21 resulted in a reduction of MMS21 protein level and the average
number of APBs per cell. (C) Assay-specific negative control: RNAi-mediated knockdown of Rad17. (D) Transfection with a non-targeting control
siRNA (scrambled #1) led to a significant decrease in the number of APBs
per cell. A similar behavior was seen after the transfection with a lower
concentration of the siRNA (10 nM). The transfection of another non-targeting siRNA (scr. #2) showed that the reduction caused by scr. #1 was
likely due to sequence-dependent targeting. Error bars show SEM.

represents an additional computational-intensive
image-processing step and cannot substitute for
true optical sectioning along the optical axis. In addition, it can introduce artifacts. Best results were
obtained when images were acquired with a confocal microscope where no further image processing
was required (Fig. 3, second row).The overall image
quality was similar to the deconvolved widefield
images. However, the better contrast in the raw confocal images in conjunction with the improved optical sectioning led to a more sensitive detection of
small telomeres, which were partially removed by
deconvolution due to background suppression. Image acquisition times for widefield and confocal microscopy were found to be similar when adapting
parameters like scan speed and resolution to the
demands of automatic image analysis (see Materials and methods). Considering the additional deconvolution step required for the widefield analysis
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Figure 3. Evaluation of different image acquisition systems. Image acquisition with a widefield microscope resulted in out-of-focus light and a low
contrast that led to false identification of colocalizations of telomeres and
PML-NBs (first row). The original confocal image (second row) show
significantly less blurring and out-of-focus light and improved the detection of colocalizations. The deconvolved widefield image (third row) is
comparable in terms of quality to the original confocal image but, depending on the image and the deconvolution settings, artifacts may be introduced. All images are average intensity projections.

and the improved 3D resolution, the confocal image
acquisition was found to be advantageous. Accordingly, the screen was performed with a confocal
laser scanning microscope. For this system the
chromatic shift between the two channels used for
colocalization analysis was measured with 100 nm
beads stained with four different fluorescent dyes.
The chromatic shift was smaller than 50 nm in all
directions for emission at 500–540 and 580–650 nm.
The shift could be neglected for the analysis since
it was well below the optical resolution of the microscope. However, when using red labels with
emission in the far red the chromatic shift between
the green and red channel became significant and
a value of 100 nm in xy-direction and 200 nm in
z-direction was measured at 645–700 nm detection.
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3.4 Detection of colocalizations via automated
image analysis
To automatically quantify the number and volume
of telomeres, PML-NBs and APBs of individual cell
nuclei in three-channel 3D image stacks, we developed a 3D model-based segmentation approach
(Fig. 4, 5A). To segment the cell nuclei in the DAPI
channel, we applied a 3D Gaussian filter for noise
reduction with subsequent Otsu thresholding and
morphological operations (hole filling and opening) (Fig. 4F). Since cell nuclei often touch each
other, a 3D labeling approach was developed to
split touching nuclei. This approach exploits concavities of the contour and is based on morphological operations (e.g., erosion). A three-step procedure was used for the telomere and PML-NB chan-
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nels: First, different 3D image analysis operations
were applied to the image stacks to obtain coarse
center positions for the different spots [22, 26, 27].
These operations include 3D Gaussian smoothing
for noise reduction, intensity clipping with automatically computed threshold values for background suppression, and local maxima search
within cubic 3D regions-of-interest (ROIs) for spot
detection (Fig. 4D, E). In the second step, each detected spot candidate obtained in the first step was
quantified using 3D model fitting [22]. For telomeres and PML-NBs the 3D intensity profile can be
well represented by a 3D Gaussian function (Fig.
4G, H). Therefore, we modeled these structures using a parametric 3D Gaussian intensity model. The
image structures were quantified using leastsquares fitting of the model to the image intensities

Figure 4. Automatic image analysis using a 3D
model-based approach. (A, B) Colocalization
candidates were detected in the telomere and
PML-NB channels and were subsequently
quantified using 3D model fitting with parametric
intensity models. The results of both channels
were combined for 3D geometry-based colocalization analysis. A region-of-interest (ROI) of
one cell is indicated. (C) In the DAPI channel, the
cell nuclei were segmented and labeled in 3D. The
cell cycle state for single nuclei was determined
based on the integrated intensity. (D, E) Local
intensity maxima represent colocalization
candidates (marked by crosses) within the ROI of
telomere and PML-NB channel, respectively.
(F) Segmented and labeled cell nuclei in the DAPI
channel. (G, H) 3D intensity plots for telomeres
and PML-NBs, respectively, identified within the
ROI. (I) Overlay of telomere, PML-NB and DAPI
channels with contours of the segmented cell
nuclei. (J, K) 3D visualization of colocalizations
indicated by bounding boxes and arrows. (L)
Overlay of telomere and PML-NB channels with
contours of segmented cell nuclei and bounding
boxes marking colocalizations. All CLSM images
are maximum intensity projections.

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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center of a telomere spot lies within a PML-NB
spot, and class 2 is a colocalization where a telomere spot partly overlaps with a PML-NB spot. Large
APBs, where PML-NBs appear as hollow spheres,
were classified as class 3 and 4 (equivalent to class
1 and 2 for large APBs). For the statistical evaluation four different parameters were quantified: (i)
Colocalizations of PML-NBs and telomeres as given by the sum of complexes in class 1 and 3. Based
on our previous structural analysis of the APB
structure, we consider these as unambiguously
identified APBs. In these APBs the PML protein
forms a cap-like structure that surrounds the
telomere repeat [13]. (ii) The number of all PMLNB and telomere colocalizations per cell (sum of
class 1–4) yielding a less stringently defined group
of APBs. This also includes complexes that display
only a partial overlap of the PML and telomere signal according to the classification scheme in Fig.
5B. (iii) The total number of telomeres, and (iv) the
total number of PML-NBs.

3.5 Characterization of the ALT-positive U2OS
cell line

Figure 5. Automatic detection of APBs. (A) Workflow of the automatic image analysis using a 3D model-based segmentation approach. (B) Illustration of the different classes of colocalizations of telomeres (light gray) and
PML-NBs (dark gray): class 1, center of the telomere lies within the volume of the PML-NB; class 2, telomere and PML-NB partially overlap. Class
3 and 4 are equivalent to class 1 and 2 for large PML-NBs, respectively,
which appear as hollow spheres. The number of unambiguous APBs is
computed from the sum of class 1 and 3, while the total number of PMLNB colocalizations with telomeres is the sum of all classes (1 to 4).

within 3D ROIs. Based on the model fitting results,
we obtained a 3D geometric representation for
each spot. In the last step, colocalizations between
telomeres and PML-NBs were determined (Fig.
4J–L). Here, the geometry of the subcellular structures based on the fitting results of the second step
was exploited.The geometry of the spots is given by
their 3D position, orientation and shape (specified
by the standard deviation of the 3D Gaussian),
which were determined with subvoxel resolution.
Here, we defined four different types of colocalizations (Fig. 5B): class 1 is a colocalization where the
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Previous studies reported contradictory results
concerning the number and size of APBs [25,
28–30]. Accordingly, an unbiased analysis of U2OS
cells using our automatic image analysis approach
was performed. The telomerase-positive and ALTnegative HeLa cell line was used as a control for
assessing the occurrence of false-positive colocalizations because these cells do not contain APBs.
The number and size of APBs, PML-NBs, and
telomeres in U2OS cells were evaluated as described above (Fig. 6C, D). One or more APBs (class
1–4) could be detected in over 90% of the U2OS
cells with an average of 4.4 ± 0.1 APBs per cell (Fig.
6A). In contrast, the ALT-negative HeLa cell line
displayed an average of 0.5 ± 0.1 colocalizations
per cell and only 34 ± 5% cells with colocalizations
(Fig. 6B). Thus, the apparent upper limit for the error rate can be estimated to be around 10% when
comparing the average number of APBs of 4.4 ± 0.1
in U2OS cells to that of 0.5 ± 0.1 in the HeLa cell
line. The latter value reflects random superposition of the two signals, the limits in resolution of
the microscope as well as background noise of the
immunofluorescence. Additionally, a transient
telomere association of PML-NBs occurs also in
non-ALT cell lines after PML-NB disassembly in
mitosis so that some genuine complexes of PML
and telomeres are likely to be present also in HeLa
cells [31, 32]. In U2OS cells the PML volume within APBs (class 1 + 3) was larger than that of free
PML-NBs, most likely because of the additional
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space occupied by the telomeric repeats (Fig. 6E).
Interestingly, telomeric sequences located within
APBs were found to occupy a larger volume compared to free telomeres (0.0202 ± 2·10–4 μm3 vs.
0.0150 ± 1 × 10–4 μm3) (Fig. 6F). This could reflect
the induction of telomere extension by the APB
complex, an increased probability of PML to associate with long telomeres, or the clustering of two
or more telomeres inside an APB, which has been
proposed to facilitate recombination [33].

3.6 Analysis of cell cycle dependency
of APB appearance
Cell cycle studies of APBs suggest that they accumulate in late S/G2 phase [34, 35]. However, a recent study indicates that APB formation could be
induced by cell cycle blocking agents [36]. To analyze the cell cycle dependencies of APB appearance
without a potentially perturbing synchronization,
the cell cycle state was determined by measuring
the DAPI signal of the cells to obtain their DNA content. The histogram of the background-corrected
integrated DAPI intensity of the cells was compared
with the FACS cell cycle analysis of equally treated
cells (Fig. 7A). A good correlation of the DNA content of the cells analyzed by microscopy and FACS
was obtained. Analysis of the appearance of APBs
(class 1–4) revealed that cells in S/G2 phase seem to
contain slightly more APBs than cells in G1 phase
(G1: 4.0 ± 0.1 APBs per cell, S/G2: 5.5 ± 0.3 APBs per
cell) (Fig. 7B).This could simply reflect the increase
of the number of PML-NBs after disassembly in mitosis [31] (Fig. 7C) and the replication of telomeres
during the S phase. Indeed, the histograms of APBs
in G1 and S/G2 phase normalized to the number of
PML-NBs and telomeres per cell showed the opposite trend, i.e. cells in G1 phase contained slightly
more APBs than in S/G2 (data not shown).Thus, we
conclude that there is no or only a very weak correlation of APB appearance with the cell cycle.

3.7

Statistical analysis of the RNAi screen

For the automated confocal screen cells were
transfected by seeding them on microarrays with
384 siRNA spots. Cells were immunostained after
48 or 72 h incubation and four images of every spot
with a diameter of 400 μm were automatically
acquired. This resulted in 1 500 high-resolution 3D
image stacks containing 260 000 images per slide
and around 2.1 million images in total for the study
presented here. For the 72 h time point four biological replicates were automatically analyzed (i.e.,
separate biological samples that were treated using
the same protocol) and two replicates for the 48 h

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 6. Analysis of the ALT-positive U2OS cell line and the telomerasepositive HeLa cell line. (A) Histogram of the number of colocalizations in
the ALT-positive U2OS cell line (n = 1351 cells). (B) Analysis of the ALTnegative and telomerase-positive HeLa cell line. (C) Histogram of the
number of PML-NBs per U2OS cell yielded an average number of
15.1 ± 0.2 PML-NBs. (D) Histogram of the number of telomeres in U2OS
cells. An average of 44.1 ± 0.4 telomeres per cell were detected.
(E) Comparison of the size distribution of all PML-NBs in U2OS cells
(left y-axis) with PML-NBs that colocalize with telomeres (PML-NBs in
APBs, right y-axis). PML-NBs-containing telomeres have an average
volume of 0.0266 ± 3 × 10–4 μm3 compared to normal PML-NBs with
0.0198 ± 1 × 10–4 μm3. (F) Volume of telomeres in APBs (right y-axis) and
normal telomeres (left y-axis).

time point. The replicates were analyzed separately (Supporting information, Table S2) and combined (Supporting information, Table S1).
The effect of gene knockdown was evaluated in
terms of (i) unambiguously identified APBs (class
1 + 3, Fig. 5B), (ii) the number of all APB-like colocalizations of PML-NBs and telomeres (sum of
class 1–4), (iii) the total number of telomeres, and
(iv) the total number of PML-NBs. Different statistical significance tests were applied to account
for deviations from the normal distribution (Fig.
6A, C). In these cases non-parametric statistical
tests should be used, e.g., rank-based tests as the
Wilcoxon or Mann–Whitney U-test. However, due
to the presence of ties in the data (i.e., repetitions
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Figure 7. Analysis of the cell cycle dependency of APBs. (A) Histogram of the integrated background-corrected DAPI intensities together with the FACS cell
cycle analysis of similar treated cells (solid line). (B) Histogram of the number of APBs in G1 or S/G2 phase. The value of 8.3 × 106 for the integrated DAPI
intensity (equivalent to 1.5 genomes) was used to separate between G1 and S/G2 phase. 1351 cells were analyzed. (C) Maximum intensity projection of a
metaphase cell stained with antibodies against PML and TRF2.

of the same value) these tests can only calculate
approximate p-values. Although the counting data
were expected to be Poisson-distributed, analysis
with Pearson’s chi-square test revealed a clear deviation from this type of distribution. This could
reflect heterogeneity of the samples, e.g., the superposition of different Poisson distributions. Four
statistical tests were compared: the t-test for a nor-

mal distribution, the rate ratio test for Poisson distributions, the Wilcoxon or Mann–Whitney U-test
as a non-parametric rank-based test and the KS
test as another non-parametric test without the
use of ranks (Supporting information,Table S1 and
S2). The results were evaluated with respect to the
conclusions drawn from the manual data analysis
for different siRNAs (Fig. 2 and 8, Table 1). The

Figure 8. The KS test was used to evaluate the effect of gene knockdown on different parameters. All error bars show the
counting error (√n). (A) Treatment with
PML siRNA vs. non-targeting scrambled
siRNA (scr). The knockdown of PML significantly reduced the number of APBs
per cell (p < 0.001). (B) Effect of knockdown of MMS21 on the number of APBs
per cell (p-value between 0.025 and 0.05).
(C) Effect of Rad17 knockdown on the
number of colocalizations per cell. (D)
Comparison of the non-treated control
with the control treated with non-targeting siRNA.

112

© 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Biotechnol. J. 2012, 7, 103–116

www.biotechnology-journal.com

Table 1. Changes of the number of APBs, telomeres, and PML-NBs observed in response to RNAi-mediated knockdown at different time points
(48 h/72 h)a)

siRNA

unambiguous APBs (class 1 + 3)

all APBs (class 1–4)

PML-NBs

telomeres

n.s./n.s.

n.s./n.s.

n.s./n.s.

n.s./n.s.

53BP1

n.s./n.s.

– –/–
–15 ± 2%

– –/– –
–24 ± 2%

n.s./n.s.

ATM

n.s./n.s.

–/n.s.
–14 ± 4%

–/–
–17 ± 2%

n.s./n.s.

MMS21

– –/– –
–37 ± 4%

– –/–
–7 ± 2%

n.s./n.s.

+/+
+8 ± 1%

PML

– –/– –
–81 ± 1%

– –/– –
–74 ± 2%

– –/– –
–67 ± 1%

n.s./n.s.

Rad17

n.s./n.s.

n.s./n.s.

n.s./n.s.

n.s./n.s.

Sp100

n.s./n.s.

n.s./n.s.

–/n.s.
–15 ± 2%

n.s./n.s.

SUMO 1/2/3

– –/– –
–41 ± 4%

– –/– –
–31 ± 2%

– –/– –
–35 ± 2%

n.s./n.s.

TRF1

n.s./++
+22 ± 5%

n.s./+
+13 ± 3%

n.s./n.s.

– –/– –
–21 ± 1%

Ubc9

– –/– –
–49 ± 2%

–/– –
–40 ± 2%

– –/– –
–26 ± 1%

n.s./n.s.

no siRNA

a) The effect of RNAi-mediated knockdown on the number of APBs, PML-NBs, and telomeres after 48 and 72 h was analyzed and evaluated with a two-sided KS test
as described in the text. The results were classified as ++, highly significant increase (p-value <0.005); +, significant increase (p-value <0.05); n.s., difference not
significant; –, significant decrease (p-value <0.05); – –, highly significant decrease (p-value <0.005). The results from the significance test are shown for both time
points (48 h/72 h). In addition, the percentage of the largest decrease/increase compared to treatment with scrambled siRNA is given. For the 72 h time point
four replicates (at least 668 cells per siRNA) were analyzed and two for the 48 h time point (at least 214 cells per siRNA).

best agreement was found for the self-implemented KS-test (see Materials and methods) with regard
to the change of the distributions upon gene
knockdown. The test is very robust and can be applied without any assumption of the underlying
distribution. Similar results were obtained by using the KS-test implemented in the R software
(ks.test) but with slightly deviating results for
APBs of class 1 and 3. To obtain a high stringency,
we choose the self-implemented KS-test that
yielded less false-positive hits.

3.8 Biological significance of results
from RNAi-mediated protein knockdown
Our screen included nine different proteins, which
have diverse functions in the cell. While this is only
a small number of proteins, the large number of
cells evaluated by a high-resolution 3D image
analysis in an unbiased manner provides valuable
insight into the mechanisms that control APB formation.As reported previously, PML sumoylation is
necessary for PML-NB formation [37, 38], and
many proteins in canonical PML-NBs and APBs
are sumoylated or contain a SUMO interaction motif. In addition, components of the shelterin com-
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plex such as TRF1,TRF2, and Rap1 become sumoylated through the MMS21 E3 SUMO ligase, which
is required for APB formation [15]. Therefore,
MMS21, three SUMO isoforms and Ubc9, the E2
SUMO ligase, were included in our study. Knockdown of these proteins resulted in a significant reduction of APBs with SUMO and Ubc9 being also
needed for PML-NB formation (Table 1). While the
role of SUMO and Ubc9 in PML-NB formation has
been described previously, we demonstrate here
for the first time directly that they are required also
for APB formation. For MMS21, the overall number
of APBs decreased only slightly upon knockdown,
while the decrease of the number of unambiguous
APBs (class 1 + 3) was four to five-fold more pronounced (Table 1). In comparison, all other siRNAs
showed only slight differences between the number of unambiguous and total APBs (between 1.2
and 1.8-fold).This strong decrease of unambiguous
APBs supports one of two previously proposed
models for the mode of action of MMS21 [15]: A yet
unknown factor recruits PML-NBs to the close
proximity of the telomeres, but MMS21-mediated
sumoylation of the shelterin proteins is necessary
for maintaining stable associations between PMLNBs and telomeres.
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Several other proteins were investigated previously using the methionine restriction method to
artificially increase the number of APBs: PML and
TRF1 knockdown significantly impaired APB formation, whereas knockdown of 53BP1 and Sp100
showed no effect [16]. The results of PML and
Sp100 knockdown could be confirmed with our
screen (Table 1). However, after knockdown of
TRF1 we detected a slight but significant induction
of APB formation after 72 h and a reduced number
of detectable telomeres. This suggests that the artificially introduced APBs might be different from
the normally present endogenous APBs. Indeed, a
recent report showed that after methionine restriction the majority of APBs lack the MUS81 endonuclease, which is present in normal APBs [39]. Furthermore, it was reported that transient siRNA-mediated knockdown of TRF2, another shelterin protein, yielded a slight increase of APBs [40].
However, the difference was not significant due to
the low number of analyzed cells. Our screen allowed the analysis of around thousand cells for
each siRNA with high spatial resolution so that relatively small differences could be reliably detected.
An inspection of the data of 53BP1 and ATM
knockdown shows a decrease of the total number
of APBs, whereas the number of unambiguous
APBs (class 1 + 3) remained unchanged (Table 1).
This suggests that the knockdown effect is indirect
and might reflect the decreased number of PMLNBs. It would argue for a previously unknown involvement of ATM and 53BP1 in PML-NB formation. However, ATM and 53BP1 seem to be not directly involved in APB formation because no
change in the number of unambiguous APBs could
be detected. This confirms results obtained with
caffeine inhibition of ATM [25] and conclusions
made by Jiang et al. [16] on the requirement of
53BP1 for APB formation. The knockdown of
Rad17, which has been previously described to
colocalize with APBs [25], had no significant effect
on APB formation (Table 1). This is in agreement
with experiments on the de novo formation of APBs
showing that Rad17 is not able to induce their formation but is recruited to existing APBs (I. Chung,
H. Leonhardt & K. Rippe, personal communication).
The results from the automatic image analysis
were in good agreement with the manually evaluated experiments (Table 1, Fig. 2, Supporting information, Fig. S1). In the latter, the effect of RNAimediated knockdown appeared to be more pronounced. This could be due to an increased siRNA
delivery via the liquid phase transfection used in
these experiments as compared to the solid phase
transfection used for the screening application.

114

Biotechnol. J. 2012, 7, 103–116

Furthermore, in the manual experiments less cells
were analyzed and a bias cannot be excluded.

4

Concluding remarks

Here, we have developed an automated three-color
confocal RNAi screening platform that allows us to
analyze the appearance of colocalizations between
telomeres and PML-NBs in three dimensions for
the investigation of the ALT mechanism. Our
screen provides a wealth of reliable and reproducible information about the effect of RNAi-mediated knockdown of specific genes on the number
and size of telomeres, PML-NBs, and APBs. These
data are obtained by an advanced 3D image analysis for each individual cell and are related to the
cell cycle state as determined by the DNA content.
This combination of detailed information is crucial
for dissecting the role of different proteins in the
ALT mechanism. The automation of the screen allows an unbiased analysis of the effect of different
gene knockdowns in a large number of cells without artificially increasing the number of APBs. To
obtain high-resolution spatial information, we automatically acquired and analyzed over 2 million
images for a relatively small number of proteins. In
contrast, a typical genome-wide widefield screen of
all human genes requires only about 0.5 million
widefield fluorescence microscopy images. In the
current study, extensive controls were used to establish the screening platform. These can be reduced to some extend for speed-up. From our study
we conclude that three replicates of each Lab-Tek
with 24 spots per siRNA are sufficient to ensure
good statistics. Therefore, the time to acquire the
images for one gene can be reduced from 34 h in
the current study to 17 h to acquire about 36 000 images (=900 3D stacks). Currently, our automated
setup for a confocal colocalization screen is extended to investigate several hundred siRNAs.
Thus, a pre-selection of candidate genes will still be
required in the near future, although higher
throughput is possible with further development of
a parallelized confocal image acquisition setup.
This could involve the use of a spinning disk or line
scanning microscope to speed up image acquisition
by a factor of ~10 and/or the use of multiple instruments in parallel. In return, the complete spatial
information of three different fluorescence signals
of interest is obtained. From the comparison with a
manual analysis and results in the literature, we
conclude that our screen provides a reliable novel
tool to identify ALT-related proteins that represent
possible targets for cancer therapy. The methodological advancements made in our study can be
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directly applied to investigations of other nuclear
sub-compartments such as the nucleolus, Cajal
bodies, or splicing speckles. Furthermore, the setup
can also be used in drug discovery studies for
small-molecule compound screens and to investigate complex spatial relations in 3D between different nuclear subcompartments. Thus, we anticipate that the automated confocal multi-color 3D
imaging and colocalization screening platform introduced here will provide a significant advancement for HCS approaches in a number of application areas.
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Supporting materials and methods
Western blotting
Proteins were detected on nitrocellulose membranes with the following antibodies:
mouse primary antibodies: anti-Ubc9 (1:1000, clone 50/Ubc9, BD Bioscience), anti53BP1 (1:500, clone 19/53BP1, BD Bioscience), anti-ATM (1:500, #82314, Thermo
Scientific), anti-TRF1 (1:500, clone TRF-78, GeneTex). Rabbit primary antibodies: antiSUMO1 (1:500, #sc-9060, Santa Cruz Biotechnology), anti-Sp100 (1:500, #ab43151,
Abcam), anti-SUMO2/3 (1:1000, #ab3742, Abcam).
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Figure S1. Manual assessment of controls as quality reference for the setup of the RNAi
screen
The knockdown efficiency of the siRNA transfections was analyzed by western blotting. (A)
Knockdown of Sp100 had no significant effect on the average number of APBs per cell. (B)
Transfection with a siRNA targeting TRF1 resulted in a slight but not significant increase of the
average number of APBs per cell. (C, D) RNAi-mediated knockdown of 53BP1 and ATM showed
no significant change in the number of APBs per cell. (E) Upon knockdown of the three SUMO
isoforms 1, 2 and 3 the average number of APBs per cell was reduced. (F) Transfection with Ubc9
siRNA led to a significant decrease in the number of APBs per cell. Error bars show the SEM.

siRNA

Experiment

# of
cells

# of APBs
per cell

PML

48h_1
48h_2
48h_all
72h_1_1
72h_1_2
72h_2_1
72h_2_2
72h_all
48h_1
48h_2
48h_all
72h_1_1
72h_1_2
72h_2_1
72h_2_2
72h_all
48h_1
48h_2
48h_all
72h_1_1
72h_1_2
72h_2_1
72h_2_2
72h_all
48h_1
48h_2
48h_all
72h_1_1
72h_1_2
72h_2_1
72h_2_2
72h_all

256
178
434
310
213
196
273
992
135
148
301
291
198
232
216
937
169
124
293
218
220
263
260
961
196
166
362
350
189
195
235
969

0.96
0.85
0.92
1.04
1.59
0.80
1.32
1.17
3.64
3.57
3.27
4.89
4.04
2.36
3.94
3.80
3.43
3.66
3.49
4.14
4.4
2.83
4.61
3.99
3.29
3.99
3.50
4.46
4.58
3.33
3.93
4.07

MMS21

Rad17

scrambled

Stdev. (#
of APBs
per cell)
2.03
1.77
1.99
1.64
2.26
1.72
1.95
1.90
3.01
3.36
3.13
3.74
3.35
2.19
3.26
3.20
3.12
2.88
3.08
3.30
3.45
2.35
2.87
3.02
2.58
2.83
2.65
3.13
3.95
2.76
2.86
3.12

Dn,n' (KS
test)

Lx (KS
Test)

p-value
KS test

p-value
wilcox.test

p-value
rateratio.test

p-value
t.test

0.526
0.647
0.589
0.615
0.487
0.550
0.503
0.524
0.070
0.147
0.140
0.065
0.112
0.151
0.064
0.067
-0.085
0.110
0.079
0.080
0.065
0.061
-0.115
-0.035

5.55
5.99
8.27
7.88
4.88
5.43
5.65
11.61
0.62
1.30
1.79
0.81
1.10
1.55
0.68
1.46
0.81
0.92
1.01
0.93
0.66
0.64
1.28
0.78

< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
< 0.001
> 0.1
0.05-0.1
0.0025-0.005
> 0.1
> 0.1
0.01-0.025
> 0.1
0.025-0.05
> 0.1
> 0.1
> 0.1
> 0.1
> 0.1
> 0.1
0.05-0.1
> 0.1

4.0E-33
1.1E-34
3.5E-65
2.9E-59
1.5E-25
3.1E-31
1.0E-33
5.7E-143
0.42
0.056
0.047
0.31
0.10
0.00015
0.58
0.0078
0.82
0.27
0.43
0.12
0.54
0.10
0.0032
0.59

4.7E-68
5.4E-85
2.3E-139
1.7E-163
1.7E-68
9.6E-73
1.5E-77
0
0.096
0.064
0.19
0.012
0.011
3.1E-09
0.95
0.0029
0.46
0.17
0.92
0.076
0.40
0.0026
0.00028
0.27

3.0E-22
1.1E-27
3.0E-45
1.7E-56
8.0E-18
9.3E-24
5.8E-28
2.0E-115
0.27
0.24
0.33
0.12
0.15
8.4E-05
0.95
0.064
0.63
0.34
0.97
0.25
0.62
0.040
0.0086
0.56

Table S1. Comparison of replicates and different statistical tests for the
analysis of the number of APBs per cell (all classes)
The table contains the analysis of replicates of the three siRNAs shown in Fig. 8
with different statistical tests. The Kolmogorov-Smirnov and the Wilcoxon test were
used as non-parametric tests, the rate ratio test as a test based on Poisson
distribution and the student’s t-test as a parametric test. The Kolmogorov-Smirnov
was used for further statistical analysis because it reflects best the change in
histograms and means upon RNAi-mediated gene knockdown.

350
752
376
906
301
937
446
1157
434

# of APBs
per cell
2.99
3.48
3.01
3.66
3.27
3.80
3.69
4.18
0.92

Stdev. (# of
APBs per cell)
3.10
2.85
2.92
2.85
3.13
3.20
2.79
2.94
1.99

Dn,n' (KS
test)
0.156
0.078
0.120
0.051
0.140
0.067
0.067
-0.042
0.589

Lz (KS
Test)
2.08
1.60
1.63
1.10
1.79
1.46
0.95
0.96
8.27

p-value
KS test
< 0.001
0.01-0.025
0.005-0.01
> 0.1
0.0025-0.005
0.025-0.05
> 0.1
> 0.1
< 0.001

p-value
wilcox.test
8.0E-05
1.9E-05
0.0014
0.0030
0.047
0.0078
0.30
0.15
3.5E-65

p-value
rateratio.test
0.00022
4.1E-10
0.00021
7.4E-06
0.19
0.0029
0.12
0.22
2.3E-139

72h_all

992

1.17

1.90

0.524

11.61

< 0.001

5.7E-143

0

48h_all
72h_all
48h_all
72h_all
48h_all
72h_all
48h_all
72h_all
48h_all
72h_all
48h_all
72h_all

293
961
362
969
421
990
306
961
214
688
327
976

3.49
3.99
3.50
4.07
3.39
3.76
2.57
2.80
3.26
4.61
2.82
2.45

3.08
3.02
2.65
3.12
2.96
3.03
2.40
2.47
2.74
3.24
2.67
2.27

0.079
-0.035
0
0
0.076
0.055
0.155
0.206
0.078
-0.076
0.127
0.242

1.01
0.78
0
0
1.07
1.21
2.00
4.53
0.90
1.53
1.67
5.33

> 0.1
> 0.1
1
1
> 0.1
> 0.1
< 0.001
< 0.001
> 0.1
0.01-0.025
0.005-0.01
< 0.001

0.43
0.59
1
1
0.23
0.012
1.7E-06
7.0E-25
0.28
0.00015
7.6E-05
2.4E-39

0.92
0.27
1
1
0.51
0.00078
9.6E-12
2.3E-49
0.12
3.8E-07
5.9E-07
2.2E-84

siRNA

Experiment

# of cells

53BP1

48h_all
72h_all
48h_all
72h_all
48h_all
72h_all
48h_all
72h_all
48h_all

ATM
MMS21
no siRNA
PML
Rad17
Scrambled
Sp100
SUMO
1/2/3
TRF1
Ubc9

p-value
t.test
0.019
4.4E-05
0.019
0.0027
0.33
0.064
0.31
0.44
3.0E-45
2.0E115
0.97
0.56
1
1
0.60
0.024
2.7E-06
9.4E-23
0.31
0.00084
0.00088
1.5E-37

Table S2. Overview of the effect of gene knockdown on the number of APBs per cell (all classes) assessed by different statistical methods.
The average effect over all replicates at one time point was analyzed by different statistical tests as indicated in Table S2.

