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Introduction

The proto-oncogene c-Myc is one of most often dis-
regulated protein involved in cancers. It was also
the first characterized oncogene, more than thirty
years ago. Therefore, extensive literature describes
multiple functions of the c-Myc protein. Indeed, c-
Myc is involved in mechanisms as diverse as differ-
entiation (it is one of the four transcription factors
isolated by the Yamanaka lab to generate induced
pluripotent stem cells – iPSc [1]), chromatin re-
modelling or cell cycle and apoptosis.

Furthermore, no inclusive framework accounting
for these functions had been proposed until re-
cently. Indeed, the mechanisms by which c-Myc
promotes reprogramming either towards tumorige-
nesis or differentiation are a field of hectic activity,
but the mechanisms remain elusive.

Recently proposed mechanisms see c-Myc as a
"global genome amplifier" [2] that regulate with
little specificity as much as 15% of the genome,
modulates RNA polymerase II pausing at promot-
ers and localizes at euchromatin regions. Another
approach describes c-Myc as a "global chromatin
remodeller" [3], a factor able to trigger the cre-
ation of an open-chromatin environment suitable
for gene activation for instance through the recruit-
ment of the histone acetylase GCN5 [4]. Moreover,
c-Myc exhibits an in vitro affinity for the so-called
and almost ubiquituous "E-box" CACGTG DNA se-
quence.

All in all, traditional biochemistry and bioin-
formatics have not succeeded in proposing a rea-
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sonable model for c-Myc activity and interaction.
Indeed, these techniques have trouble to identify
preferential interactions and binding sites, suggest-
ing that some factors regulating these interactions
remain unknown. At the global nuclear scale, the
mechanisms by which c-Myc regulate the cell are
yet to be unveiled.

Although the nuclear protein landscape is well
studied, little is known about the influence of nu-
clear organization and architecture on transcrip-
tion factor activity [5]. The nucleus is indeed a
crowded bioreactor of complex geometry that can
catalyze the formation of local gradients and en-
richments amenable of interfering with protein in-
teractions [6]. Indeed, PolII labile clusters have
recently been described, and the functions of these
spatial regulations still await investigation [7].

Since growing evidence suggest a very disperse
but yet non homogeneous action mechanism of c-
Myc across the genome, it is of high interest to
map its positions and dynamics in the mammalian
nucleus. We used a combination of superresolution
imaging and biochemistry to first characterize c-
Myc nuclear patterns and to assay its biological
significance.

Overviews The MYC gene and c-Myc protein1:
The human MYC gene is located on chromosome
8 and cromprises 3 exons. Several splicing variants
have been reported (UCSC genome browser), but
notably, they almost always carry the 5’ final part
of the MYC gene.

c-Myc proteins are the translation products of
the MYC gene. c-Myc can be found in two main
isoforms of respective molecular masses of 50.6k
and 48.9k, the two differing by a mere 15 amino-
acids difference at the N-ter end. This truncation
(there is a non-canonical translation starting site
CUG 45 bp upstream the canonical AUG) has been
linked to several cancers. The usual numbering of

1. We limit our presentation to the relevant features for
our study, although extensive literature exist on the subject
(such as [8]).

the amino-acids of c-Myc starts at the canonical
translation starting site. Although we performed
our work using the full-length isoform of c-Myc, we
stick to this nomenclature, and designate the N-ter
15 aminoacids by -14 to 0. c-Myc is a transcription
factor member of the bHLH-LZ family (it harbors a
basic-Helix-Loop-Helix-Leucine-Zipper domain at
the C-ter end, Figure 1).

Several interacting domains have been charac-
terized (Figure 1). The main ones are:

• The MBI and MBII domains are part of the
transactivating domain. MBII is responsible
for the recruitment of the TRRAP protein and
subsequently for the recruitment of the GCN5
histone acetyltransferase.

• The bHLH domain is required for c-Myc to in-
teract with DNA. DNA-binding is conditioned
by dimerization with the MAX protein (or
other membrers of the bHLH family). Cristal
structure of the c-Myc/MAX heterodimer in
complex with DNA and site-directed mutage-
nesis show that the basic domain is involved in
the interaction with DNA. The HLH domain
is involved in dimerization.

• Another DNA binding domain (termed
MBIV ) has also been described [9].

Figure 1: Structure of the c-Myc protein and main doc-
umented interactions. Except from [10], Figure 1. NTD,
CTD: N-terminal domain and C-terminal domain, resp. (a).
linear organization of c-Myc and MAX. (b). c-Myc partners
and their interacting domains.

Both over- and underexpression of c-Myc have
been reported to cause dramatic effects to the cell.
Transfection of 500 ng of constructs expressing c-
Myc and Ras are used as a transformation assay
[9]. Conversely, underexpression of c-Myc triggers
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major changes in histone modifications (especially
acetylation) [11]. This feature is a challenge for mi-
croscopy where transient transfections are usually
used.

1 Methods

1.1 Microscopy

Resolving spatial structures of nuclear factors can
be done with a confocal microscope, allowing for
the determination of heterogeneities with a mi-
crometer scale (that is, 10% of the radius of a
standard nucleus). However, many nuclear factors
seem approximately homogeneous at that scale, in-
cluding DNA and RNA polymerase II, even though
they exhibit clusturing at higher magnifications
[7, 12]. Furthermore, the micron-scale is not rel-
evant for most of the mechanisms involved in tran-
scription regulation, and it has been shown by var-
ious methods that some proteins in the nucleus ex-
hibit confinment at scales around 100 nm [6].

In addition, the resolution of colocalizations in
the nucleus is also very limited with a confocal mi-
croscope. We thus used so-called "superresolution"
imaging techniques [13].

1.1.1 Confocal

Although the resolution of certain nuclear sub-
structures require superresolution, some other were
of large size, and thus visible with a standard con-
focal microscope (Zeiss LSM 710). We especially
used the confocal to compare staining intensities
and to quantify gradients, since a very low pinhole
aperture allows to image only a slice of given sec-
tion, correcting for potential inhomogeneous cell
height.

Images were acquired with a 40x Plan-
Apochromat oil objective of 1.4 numerical
aperture (DIC M27, Zeiss) and quantification was
realized using the ImageJ software [14].

1.1.2 Superresolution microscopy

Confocal microscopy (and also traditional bright
field microscopy) resolution is intrisically limited
by light diffraction. Indeed, light beams do not
behave as described in geometrical optics theory
where a lens can focus parallel rays in a point of
null volume. Focalization of a light beam is physi-
cally limited, and the image of a point light source
(such as a single fluorescent molecule) through a
set of lenses (a microscope) will give a gaussian-like
blur (called point spread function, or PSF), whose
standard deviation only depends on the wavelength
(λ) and the numerical aperture (NA) of the objec-
tive: λ

NA
. Thus, two molecules closer than this

distance cannot be resolved if imaged at the same
time.

Consequently, resolving two molecules closer
than the diffraction limit require to image first one
of the molecules, and after it bleaches, image the
second one (Figure 2a). Each isolated PSF can
then be fitted with a gaussian to determine its
centroid, allowing localization of the underneath
fluorophore with a nanometric resolution (usually
15-30 nm, Figure 2c). This resolution only depends
on the number of photons collected (Nphotons): the
pointing accuracy is given by the standard error
on the mean and scales as 1√

Nphotons
. The coor-

dinates of the individually fitted PSF from thou-
sands of images from the same sample are then
combined to build a "pointillist", superresolution
picture (Figure 2c). They can be mathematically
described as a "spatial point pattern" (see Section
4.2.1. We used two main techniques to observe
single molecules and thus perform superresolution
microscopy:

• PALM (photoactivated localization
microscopy, [15]) uses photoactivat-
able/photoconvertible fluorescent proteins as
probe.

• dSTORM (direct stochastic optical recon-
struction microscopy): The protein of interest
is stained with an organic dye (such as Alexa
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647 [16], TMR, SiR [17], etc.) through specific
antibodies or HaloTags (see below).

These two techniques allow to image a single fo-
cal plane. However, precise spatial correlations,
and other important features such as the frac-
tal dimension of the reconstructed point pattern
are inaccessible with 2D data. 3D acquisition (a
1 µm thick slice resolved in 3D) are realized by
placing a deformable mirror between the objective
and the camera [18] (see Figure 2b). This adap-
tive optics device allows: (1) To precisely "shape"
the PSF to correct for the aberrations introduced
by a non-perfect optical path. This ensures that
the observed PSF is as closed as possible from
the theoretical, diffraction-limited Airy function.
(2) To purposely introduce aberrations. One of
them, astigmatism, differentially shapes the PSF
respective to its distance to the focal plane (in
z). The shaped PSF are progressively horizontally
(respectively vertically) elongated as the observed
molecule lies above (respectively below) the focal
plane (Figure 2c.3). These 2D gaussian-like func-
tions can be fitted using a previously described
code, allowing to recover the real z coordinate of
the detected molecule.

The subsequent fitting of the PSF in the movies
was realized using a modified version of MTT [19],
a set of Matlab scripts. The program fits each
local maximum in the image with a 2D gaussian

(g(x, y) = Ae
−( x

2

σ2x
+ y2

σ2y
)
) and records the A, σx and

σy parameters in addition to to the x and y lo-
calization. The images are then drift-corrected by
tracking over time the positions of a bead visible in
the field of view (Figure 2c2). We wrote a script to
integrate the various steps of the analysis, where
minimal user input is required.

1.1.3 Single particle tracking

We performed 2D single particle tracking using the
microscope and setup described in section 1.1.2 and
Figure 2b. Live cells transfected with a very low
amount of fusion protein fused to a HaloTag were
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Figure 2: Data acquisition and processing during a PALM
or STORM experiment. (a). Pipeline of a PALM or
STORM experiment. IF-STORM: Immunofluorescence fol-
lowed by STORM imaging(b). Microscope setup. The
adaptive optics part (on the right) give the ability to shape
PSFs and thus to image in 3D. (c).1: Local maxima are
extracted from the movie and a 2D gaussian is fitted to the
spot. The point is discarded if the fit quality is too low.
The parameters of the gaussian are then extracted and the
image is drift-corrected. 2: Thanks to a calibration on a
bead (3), real z coordinates are back-calculated, leading to
the 3D map (4).

stained with TMR and imaged in conditions where
at most one particle per frame is visible in the nu-
cleus and ∼ 10000 frames were recorded at 100
frames per second (10 ms/frame).

The data was subsequently analyzed using cus-
tom code available in the lab [20]. This code is able
to detect particles in very noisy conditions, where
PSFs appear convolved by motion blurs. The al-
gorithm applies stringent conditions to ensure that
one trace represents only one particle.

1.1.4 Labeling strategy

Since each labeling strategy has its own specifici-
ties, we made use of several techniques to achieve
acceptable data quality: full nucleus superresolu-
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tion pictures were achieved with the organic dye
Alexa647 conjugated to an antibody in fixed cells
or with transfected Dendra2-tagged constructs.
SPT was performed using low levels of transfec-
tion of c-Myc-HaloTag and live staining with TMR.
The rationale behind the choice of fluorophores is
explicited in 4.1.1.

Additional methods, including tranfection, im-
munofluorescence, imaging conditions, mathemat-
ical analysis and formalization of the data are de-
scribed in section 4.1.

1.2 Cell culture

1.2.1 NTera2 cell line and differentiation

Previous studies document a crucial involvement
of c-Myc in both differentiation and iPSC induc-
tion. However, most of the available models to
study differentiation and induction are technically
difficult to handle. Furthermore, imaging imposes
additional constraints on the choice of the animal
model. Most of the mouse-derived cells show very
high level of autofluorescence, human ES cells are
known to attach very weakly to coverslips, making
the handling and preparation of microscopy exper-
iments more challenging. On the other hands, the
traditional cell lines used for imaging such as HeLa
or U2OS are not very suitable to study c-Myc regu-
lation. Indeed, since c-Mys is disregulated in most
of the cancers, and provided that many if not most
cell lines derive from tumor cells, it is necessary to
assay to what extent c-Myc is disregulated before
starting real experiments. For instance, in U2OS,
c-Myc levels are five times higher than in normal
cells [21].

We thus used the NTera2 (NT2) cell line avail-
able in the lab. This cell line present the interesting
properties that one can trigger differentiation from
an "embryonic carcinoma" (EC) towards a neuron-
like cell fate upon addition of retinoic acid to the
medium [22].

Cells were differentiated by adding 10 µg/ml
retinoic acid (RA) to the medium (Figure 3).
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Figure 3: NT2 cells differentiate in less than 10 days upon
addition of retinoic acid. 1 µM of retinoic acid was added
to the medium. After a couple of days, the cells lose their
elliptic shape and exhibit a neuron-like phenotype. Cells
are approximately 15-20 µm width.

Medium was changed every two other day. Pre-
vious characterization of this cell line in the lab in-
dicate that cells achieve differentiation in less than
seven days (as assayed by the drop in Oct4 lev-
els, Lana Bosanac, unpublished results). Differen-
tiated cells were thus imaged 7-10 after adding RA
to the medium.

Unless specified, all experiments were conducted
on NT2 cells.

1.2.2 U2OS Dendra2-Rpb1

Additional experiments were conducted on a hu-
man osteosarcoma, U2OS-derived cell line (gift of
Xavier Darzacq, Paris, France). This cell line
expresses a Dendra2-tagged α-amanitin resistant
Rpb1 subunit of the RNA polymerase II, allow-
ing replacement of the endogeneous PolII by its
tagged counterpart upon addition of α-amanitin
to the medium.
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1.3 Constructs and mutagenesis for

microscopy

1.3.1 MYC cloning

To our knowledge, no commercially available plas-
mid include the alternative translation site from
the CUG codon. Thus, we cloned the MYC gene
from the cDNA. Starting from whole RNA extracts
from NT2 cells, a reverse transcription (Super-
Script™ II, Invitrogen) followed by PCR gave the
required insert (Figure 4a), that was then cloned
into several vectors (see below). To ensure expres-
sion from an exogenous vector, we replaced the
non-canonical TSS starting codon CUG by the tra-
ditional AUG.

1.3.2 Fluorescent fusions

In order to realize microscopy acquisition, c-Myc
has to be tagged with a fluorescent protein or dye.
In the case of superresolution experiments, specific
dyes and proteins are required.

We tried two labeling strategies in parallel, one
suitable to do STORM imaging, the other for
PALM (Figure 4b). All fusions involve the C-ter
end of c-Myc:

SPT we fused a genetically encoded HaloTag®
[23] to the C-ter end of c-Myc (MYC was
inserted between the SgfI and SacI restric-
tion site of the pFC17A HaloTag® CMVd3
Flexi® vector, Promega). The HaloTag is
an engineered haloalkane dehalogenase that
binds covalently under physiological condi-
tions small organic molecules called Halo-
ligands. Halo-ligands fused to variable organic
dyes can then be purchased, ensuring specific
labeling of the HaloTag-ed fusion proteins.

PALM c-Myc was fused to the photoconvertible
protein Dendra2 ([24], HindIII and PmeI re-
striction sites into the pDendra2-N vector,
Clontech)

In addition to these two main constructs, two ad-
ditional cloning steps generated a GFP and a YFP
c-Myc fusion, particularly suitable for FRAP (Flu-
orescence Recovery After Photobleaching) experi-
ments (pGFP-N and pYFP-N, Clontech, same re-
striction sites as for the Dendra2 vector).

a. Isolation of NT2 cMyc

AAAAA

AAAAA

AAAAA

AAAAA

AAAAA

AAAAA

AAAAA

RT

PCR
NT2 total cDNA

cMyc insert*

5' 3'
MBI MBII b HLH
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NT2 total RNA

b. Generation of tagged 
      cMyc plasmids

d. Generation of truncated cMyc

5' 3'
MBI MBII HLH

5' 3'
MBI MBII b

cMyc-Δbasic – D2

cMyc-ΔHLH – D2

5' 3'
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c. Generation of cMyc-FLAG

cMyc-D2-FLAG

5' 3'
MBI MBII b HLH FLAGD2

cMyc-Halo-FLAG

5' 3'
MBI MBII b HLH FLAGHalo

pYFP
4.7 kb

pGFP
4.7 kb

pD2
4.7 kb

pHALO
4.1 kb

Figure 4: Cloning strategy employed to derive the vectors
needed for microscopy and biochemistry assays. Blue ar-
rows denote PCR step (followed by ligation in the case of
the generation of the mutants. Unless specified, black ar-
rows indicate traditional restriction/ligation cloning.

To facilitate the biochemistry experiments re-
quired to assay the impact of the fused tag on the
c-Myc protein, we inserted by site-directed muta-
genesis a FLAG-tag on the C-ter of either the Den-
dra2 or the HaloTag sequence (Figure 4c).
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1.3.3 Site-directed mutagenesis

In order to investigate the domain(s) driving the
in-situ localization of c-Myc, we tried to derive sev-
eral mutants, exhibiting deletions of full domains
of c-Myc. Deleted sites were chosen according to
published reference (see Introfuction), and based
on preliminary observations (section 2.4).

The following vectors were engineered, leading
to truncated proteins (Figure 4d): c-Myc-∆MBII
(deletion of aminoacids 129–143), c-Myc-∆basic
(amino acids 355–367), c-Myc-∆HLH (amino-acids
368–410). We tried to generate the double deletion
of both the basic region and the helix-loop-helix
domain (c-Myc-∆bHLH mutant) without success.

The deleted segments (from 36 to 126 nt) were
too long to proceed with the canonical site-directed
mutagenesis involving a pair of overlapping primers
containing the mutation of interest, followed by
PCR, DpnI treatment and transformation. We
thus performed a PCR of the backbone (e.g.: to
generate ∆MBII, a forward primer starting at the
3’ end of the MBII domain, and a reverse primer
starting at the beginning of the MBII domain, ori-
ented backward), followed by digestion of the bac-
terial template with DpnI. 5’ ends were phosphory-
lated and a blunt self-ligation was performed before
transformation.

1.4 Functional assays

In order to assay whether fusion of the tag at
the C-ter end of c-Myc impairs its function,
we looked for documented interaction by Co-
Immunoprecipitation (CoIP). Two to three 10 cm
dishes of NT2 cells were cultured and each of them
was transfected with 3 µg of the corresponding
plasmid using XFect (Clontech). Cells were
harvested and frozen 24 to 36 h later. Nuclear
extracts were then used for the CoIP. The anti-
bodies we used used are detailed in Supplementary
Table 2.

1.5 Generation of CRISPR cell lines

Since the expression level of c-Myc is highly regu-
lated in vivo, a characteristic we observed during
our transfections, we seeked for a way to express
c-Myc at endogenous levels. To do so, we tried
to generate a NT2 cell line where at least of one of
the alleles of the MYC gene is replaced by a tagged
version.

Genome editing, and especially knock-ins cell
lines in mammalian cells are challenging. Indeed,
the methods require to provide a vector contain-
ing homology with the targetting region, and to
trigger homologous recombination to integrate the
sequence into the genome.

Efficent gene editing methods [25] for hu-
man cells include recombinant adeno-associated
virus (rAAV, [26]), Zinc Finger Nucleases (ZFN,
[27]), transcription activator-like effector-based
nucleases (TALENs), and clustered regularly
interspaced short palindromic repeats (CRISPR,
[28, 29]). All these techniques rely on providing
the sequence to insert flanked by homologies
matching the locus to insert in a donor vector.
Under normal conditions, the homologous recom-
bination events required to insert the exogenous
target sequence of the donor vector are very rare.
This issue can be circumvented by introducing
double strand breaks (DSBs) that trigger DNA
repair, including homologous recombination. If
the DSBs preferentially occur at the locus of in-
terest, they increase specificity and limit off-target
recombination, two main concerns in genome
editing.

1.5.1 CRISPR outline

Unlike TALENs and ZFNs, CRISPR/Cas9 genome
editing do not require to assemble a synthetic
DNA binding domain in the protein, that re-
quire to assemble a high number (dozens) of re-
peated fragments. A challenging technique where
traditional restriction/ligation cannot be applied,
and where specific assembly reactions such as the
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Golden Gate reaction [30] are required. Further-
more CRISPR/Cas9 do not rely on virus handling
to produce targetting.

Instead, the CRISPR/Cas9 specificity is pro-
vided by a small RNA sequence complementary of
a portion of the gene of interest. Thus genome
editing can be achieved by transfecting the small
RNA (called single guide RNA, sgRNA), the Cas9
RNA-dependent nuclease and the donor vector.

More precisely, the CRISPR/Cas9 system de-
rives from bacteria, in which it can be seen as an
adaptive defense against foreign DNA. During a
first infection, the bacterium integrates fragments
of the foreign DNA at a specific locus. When tran-
scribed, the integrated fragment forms the variable
part of a longer RNA (called CRISPR RNA, or cr-
RNA) recognized by the endonuclease Cas9. This
variable part then allows Cas9 targetting at the
foreign DNA where it can perform its endonuclease
activity, provoking DSBs and cleaving the foreign
fragment. In the endogeneous bacterial system,
two single-strand RNAs (a crRNA and a trans-
activating crRNA (or tracrRNA) that partially hy-
bridizes with the non variable part of the crRNA,
are required to form a catalytically active complex
(Figure 5a, left). Fortunately, these two RNAs can
be combined in a single fragment [31] called single
guide RNA (sgRNA, or simply gRNA) (Figure 5a,
right). This sgRNA has recently been optimized
for better expression and targetting efficiency [32],
and this latter strategy is used in the lab.

With this system, virtually any DNA sequence
can be targetted. The only limitation is the
presence of a so-called protospacer adjacent mo-
tif (PAM sequence, [33]) at the 3’ end of the vari-
able part of the RNA. Targetting and cleaving of
Cas9 is conditioned by the presence of this (highly
represented in the genome) trinucleotide (NGG for
the Cas9 used in the lab, N can be any nucleotide)
[34]. When interacting with a sgRNA (or a cr-
RNA:trRNA duplex), Cas9 undergoes a conforma-
tional rearrangement [35] and exhibits a >10 fold
increased affinity for DNA [34]. Homology of ∼ 20

to 24 nucleotides are usually provided, although
some experiments show that some regions of the
variable sequences tolerate mismatches [36].

a. Mechanism of Cas9-directed cleavage

b. Use of Cas9 for genome editing
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donor vector
(linearized)
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full gRNA
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target sequence nucleoplasm

Cas9 gRNA
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vector
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HR ...... {

knocked-in
sequence
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Figure 5: Use of the CRISPR/Cas9 for genome editing.
Parts of the figure are derived from [31], figure 5.

1.5.2 Targetting strategy

We tried to generate the following alterations to
the MYC endogenous locus (Figure 6):

• c-Myc-HaloTag, suitable for STORM, and lo-
calization of a subpopulation of the c-Myc
pool with high accuracy,

• c-Myc-Dendra2, suitable for PALM and long
term imaging.

• c-Myc-HaloTag-MS2, to monitor single
mRNA in vivo. Indeed, we inserted 24
repeats of the MS2 stem loop ([37]), whose
RNA is bound by the MCP protein. Thus,
transfection with a MCP protein fused to
either a HaloTag or a fluoresencent protein
allow to see the mRNAs.

A gRNA was designed in the last intron of the
MYC gene with the help of the MIT’s CRISPR de-
sign tool (http://crispr.mit.edu/, Feng Zhang
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lab). This online tool generates candidate vari-
able sequences for the gRNA with a properly lo-
cated PAM sequence, checks for the uniqueness of
the target RNA, accounting for the tolerated mis-
matches, and presents a list of the most probable
off-target sites (within and without genes). We
chose a gRNA with minimal in-ORF off-targetting.
The gRNA vector was synthetized as described in
Figure 7e. We made sure that a proper insertion
would disrupt the PAM sequence used to target
Cas9, thus avoiding multiple cleavages of a prop-
erly edited sequence.

The donor vector was designed to knock-in the
fluorescent tag at the C-ter of c-Myc, similarly as
([38, 2], as other locations were very likely to dis-
rupt the protein expression, function or regulation
([8]). Therefore, we designed homologies against
the last intron, the last exon and the 3’UTR (Fig-
ure 7 middle).

Although the reported targetting efficiencies of
the CRISPR/Cas9 system are very high, it is still
necessary to select for integrations with a drug. We
thus inserted a puromycin resistance gene (with its
own constitutive promoter), flanked by two LoxP
cassettes in the last intron of c-Myc, allowing for
excision of the marker after selection of the cell
line. Indeed, the cassette is removed upon trans-
fection of the Cre recombinase using viral transfec-
tion. The final construct only carries the protein
tag Halo/Dendra2, all the other markers have been
excised (Figure 7, bottom).

1.5.3 Construct building

As described in (Figure 7), the donor vector re-
quires to assemble 7 (for the Dendra2 and Halo
vectors) to 8 fragments (for the Dendra2-MS2 and
Halo-MS2 vectors). Thus, a faster strategy than
the traditional PCR-restriction-ligation pipeline is
required. On the other hand, the MS2 sequence
consists of 24 repeats of 54 nucleotides, which can-
not be amplified by PCR 2.

2. Bionumbers, accession numbers 109211 and 104511.

To assemble such large vectors, multiple tech-
niques are available, one of them, termed recom-
bineering [39], involves in vivo homologous recom-
bination in E. coli. Although potentially efficient,
we designed a two step Gibson assembly to gener-
ate the Halo donor vector followed by traditional
cloning to integrate the Dendra2 and the MS2 se-
quences.

The Gibson assembly [40] is an in vitro reaction
combining in the same tube an exonuclease, a DNA
polymerase, a DNA ligase and the linear DNA frag-
ments to be assembled, each of those carrying rel-
atively small homology sequences (15-30 nt.) with
the two fragments they should be assembled with.
During the reaction, the exonuclease creates sticky
ends, allowing efficient annealing of the homology
arms while the polymerase and the ligase close the
junction, resulting in the assembling of the frag-
ments.

Even though the Gibson assembly can ligate >10
fragments [40] together in a single reaction, the ef-
ficiency decreases drastically with the length of the
homology sequence provided. We thus proceeded
to two successive assembly reactions (Figure 7a.1
and a.2), combining respectively 4 and 3 fragments.
∼ 50 bacterial clones were screened by colony PCR
to detect the correctly assembled vector.

To transform the ligation and assembly prod-
ucts, we generated chemically competent bacte-
ria according to the Inoue protocol ([41, 42]), and
achieved a competency of > 108 colonies per mi-
crogram of PUC19 plasmid.

1.5.4 Transfections and screening

We tried to generated the cell lines according to
the following protocol:

• Day 1, transfection: NT2 cells were trans-
fected with both the gRNA vector(s) (∼ 1.5
µg) and the donor vector (∼ 4 µg) using Nu-
cleofection (Lonza). We also tried to transfect
using XFect (Clontech), without success.

• Day 2, transfection efficiency check : Cells
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Figure 6: Targetting the MYC gene. (top). location of the MYC gene on chromosome 8 and detail of the three exons,
four introns MYC gene. (middle). MYC structure after editing. (bottom). final structure of the MYC gene after
selection and excision of the puromycin resistance cassette. Note that a few nucleotides scarf remains in the last intron,
as a remnant of the LoxP cassette (not represented here).
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Figure 7: Cloning stategy to edit MYC. (a, b, c and d).
Assembly of the donor vector. (e). Generation of the
sgRNA. Black arrows stand for restriction/ligation cloning,
blue arrows denote PCR, red arrows Gibson assemblies. Re-
striction sites are indicatic in italic. Relative sizes of vec-
tors/sequences are not respected.

were checked under a fluorescence microscope
for the expression of Cas9. Indeed, in the
gRNA-Cas9-Venus construct, the Cas9 pro-
tein carries a "venus" fluorescent protein (Fig-
ure 7e).

• Day 3-15, puromycin selection: An increasing
amount of puromycin is applied to the culture.
Cells are checked daily for colony formation.

• Day 15, fluorescence checking : Cells were
checked under a fluorescence microscope for
expression of the tag (either Dendra2 or Halo).
Fluorescent colonies (if any) are picked. In
case of very low fluorescence, cells were sorted
by FACS (Fluorescence-activated cell sorting).

• Day > 15, characterization of the cell line: see
Supplementary methods, 4.1.3.

This protocol implements several steps of screen-
ing. The first step is realized by drug selec-
tion. Since the donor vector contains a puromycin-
resistance gene coupled to a strong promoter, drug
selection allows to screen for integration into the
NT2 genome. To perform this drug selection, we
first established a killing curve to determine the
concentration that would kill > 95% of the non
resistant cells in 36 h. The second step is the fluo-
rescence screening, that highlights cells where the
tagged c-Myc is inserted in frame into an active
gene. Finally, colony genomic PCR are performed
to screen for the insertion at the correct locus.

1.6 Absolute quantification of pro-

tein levels

Since one of the key characteristics of c-Myc is its
high regulation in cells (see Introduction), we im-
plemented a method (described in [43]) to measure
absolute levels of tagged proteins in fixed single
cells. This method relies to the comparison with a
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fluorescence microscope of the the fluorescence of
the pool of tagged proteins with a reference situ-
ated right next to it (Figure 8).

Concretely, cells expressing a Dendra2-tagged
protein of interest are plated on coverslips (Fig-
ure 8), fixed and imaged in PBS, ensuring a ho-
mogenous medium inside and outside of the cell.
Purified Dendra2 is added to the medium at a
known concentration, providing a side-by-side ref-
erence to optically quantify the protein expression
(Figure 8b and c). The use of a confocal micro-
scope and the side-by-side reference avoid biases in-
duced by off-focus fluorescence of the medium and
variability in the optical setup. Opposite to the
initial method, we performed the measurement on
fixed cells, since photophysical parameters of flu-
orescent proteins are affected by the solvent (pH,
redox parameters, etc., [44]).

1 2 3

654

4 (0.5x) 5 (5x) 6 (10x)

0.5x 5x 10x

F
lu

or
es

ce
nc
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nucleoplasm

medium
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(6)

a.
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Figure 8: Estimation of the protein concentration per cell.
(a and b). As the Dendra2 concentration in the medium is
gradually increased, cell nuclei progressively disappear re-
spective to the background. (c) represents a quantification
of (b). Nuclear Dendra2 concentration is determined when
the observed fluorescence of the nucleus and the medium are
equal. It is risky to estimate this value when the concentra-
tions are different by normalizing fluorescence signals, since
the cameras in use can show strong non-linearities in their
response.

1.6.1 Protein expression

The authors who previously described the method
purchased purified GFP. However, since our super-
resolution strategy involves Dendra2, so does our
clonings and the design of the CRISPR cell lines.
To avoid the generation of additional cell lines, we
purified the Dendra2 protein.

The Dendra2 cloning sequence was cloned into
a bacterial expression vector (Figure 9a). This
cloning lead to a construct where 6 histidines were
added to the C-ter end of Dendra2. This sequence
is under a T7 promoter repressed by a LacO/LacI
system. The 6xHis sequence exhibits high affinity
for nickel, allowing efficient purification by immo-
bilized metal affinity chromatography (IMAC): the
6xHis tag binds to Ni-NTA resin with high affinity.

This construct was transformed into the BL21
cell line, an E. coli -derived bacteria strain consti-
tutively expressing the phage T7 polymerase and
some mammalian rare codons. Cells were grown in
LB until OD600 reaches∼ 0.5, and IPTG (Isopropyl
β-D-1-thiogalactopyranoside), an allolactose ana-
log was added to the culture. IPTG binds to the
LacI protein, thus freeing the LacO sequence and
allowing the T7 polymerase to express the fluores-
cent protein.

We determined by Coomassie staining the time
when optimal expression of Dendra2 was achieved
in a small culture volume (Figure 9b), and pro-
ceeded to the large scale expression the next day.

We grew, harvested and purified Dendra2 in
the dark whenever possible, or under low, indi-
rect light to avoid bleaching of the fluorescent pro-
tein. Bacteria were grown in a one liter LB flask
at 37°C and harvested 3 hours after IPTG induc-
tion. The next day, bacteria were lysed and son-
icated, releasing a greenish cytoplasm indicating
of proper Dendra2 expression. Lysates were in-
cubated with Ni-NTA resin, multiple washes were
realized, the compounds specifically bound to the
resin were eluted with imidazole and 1 ml frac-
tions were collected. 5 µl of each fraction was an-
alyzed with SDS-PAGE (SDS-polyacrylamide gel
electrophoresis) and revealed with Coomassie blue
(Figure 9c). The most concentrated fractions (frac-
tion 3–6) were then pooled, dialyzed overnight into
a storage buffer, frozen in liquid nitrogen and kept
in the dark at -80°C. Total Dendra2 concentration
was determined thanks to a Bradford assay (Bio-
Rad).
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Quantification of absolute protein levels
a. Generation of the Dendra2 expression vector
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b. Optimization of protein expression

c. Expression* and Ni-NTA affinity chromatography*

Figure 9: Purification of the Dendra2 protein. 12% poly-
acrylamide gels. BR: lysate before Ni-NTA resin purifica-
tion, FT: flow-through the resin, WA andWB: samples from
two successive washes (containing 30 mM and 40 mM imida-
zole, respectively). red arrow (26k) indicates the expected
size. Size marker in kilodaltons. IPTG: Isopropyl β-D-1-
thiogalactopyranoside. OD600: optical density assayed at
600 nm. Ni-NTA: Nickel (Ni2+)-nitrilotriacetic acid.

1.6.2 Fluorescent Dendra2 concentration
determination

Although the combination of the Coomassie stain-
ing (to estimate the fraction of Dendra2 within the
eluted proteins) and the Bradford assay give an

accurate estimate of the concentration of the Den-
dra2 protein, these techniques fail to estimate both
the number of properly folded proteins, and more
importantly, the number of proteins actually flu-
orescent. Indeed, to compare nuclear fluorescence
to the purified Dendra2 solution, it is necessary
not only to evaluate the concentration of the Den-
dra2 protein, but to estimate the number of fluo-
rescently active proteins.

Two main mechanisms can lead to non-
fluerescent Dendra2. The first one is misfolding.
It has been shown with GFP, a fluorescent protein
exhibiting a similar β-sheet rich, barreel-like struc-
ture, that the complete folding of the protein can
take more than thirty minutes [45, 46]. A proper
folding is crucial to obtain a working protein,
since the gain of fluorescence during the folding
requires a self-catalyzed intra-chain reaction to
form the fluorophore [47]. Second, when properly
folded, the protein can bleach. In that case,
the fluorophore can be altered without major
change in the conformation of the full protein.
Two methods to assay the actual concentration of
fluorescent proteins are present in Supplementary
Methods 4.1.4

1.6.3 Validation using the Rpb1-D2 cell
line

To validate our technique, we applied the quantifi-
cation technique to a U2OS (human osteosarcoma)
cell line where the catalytic subunit of the RNA
polymerase II (PolII) was replaced by a Dendra2-
tagged, α-amanitin resistant form (described in
[7]). Xavier Darzacq (École normale supérieure,
Paris, France) kindly shipped us some cells. We
chose this cell line for various reasons:

• Although still debated, the number of PolII
per cell has been estimated. In budding yeast,
estimates range from 2000 to 30000 2. An-
other estimate (using comparison of catalytic
efficiency compared to a purified reference)
yields to ∼ 75000 PolII per HeLa cell [48].
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On the other hand, quantitative Western blots
suggest >300000 PolII/HeLa cell [49]. Re-
cently published superresolution microscopy
based estimates in U2OS-derived stable cell-
line expressing PolII-SNAP suggest a number
of PolII around 80000 molecules per cell [50].
Other unpublished estimates range between
30000 and 360000 PolII/cell (Xavier Darzacq,
personal communication). These figures cor-
respond to a concentration of 0.1 to 1 µM
PolII/cell (assuming a 600 µm3 nuclear vol-
ume).

• PolII counts have been estimated using single
molecule techniques ([50], unpublished results
from the Darzacq lab),

• Purified Rpb1 and appropriate antibodies
were available in the lab, allowing for a bio-
chemical quantification of the PolII expression
levels, either by quantitative Western blot or
by dot blot and comparison with a standard.

Once the PolII concentration had been deter-
mined, we tried to compute the average volume
of a U2OS nucleus from a confocal z stack to con-
vert the concentration into number of molecules
per cell.

2 Results

2.1 Setting-up a system to assay ab-

solute protein number

We first tried to implement a system allowing for
absolute quantification of protein numbers in sin-
gle cells, as described in section 1.6. To per-
form relative fluorescence intensity of fluorescent
medium versus nucleus, we first purified the Den-
dra2 thanks to purposely inserted FLAG-tag and
nickel-affinity column purification. This method
lead to ∼ 4 ml of protein at a concentration of ∼
3.4 mg/ml (Figure 10c), that is ∼ 130 µM (molec-
ular weight of Dendra2-FLAG is around 27k). We

tried to measure the amount of actually fluorescent
proteins within this solution, either by absorbance
or by fluorescence. Unfortunately, at the time of
the report, we were still lacking a standard fluo-
rophore as a reference, and had no time to assay the
absorbance. The following computations thus as-
sume a significant amount (∼ 100%) of actually flu-
orescent proteins within the purified solution. This
assumption is lead by the precautions we took to
avoid bleaching the fluorophore, and based on pre-
vious observations on GFP, that describe its high
stability during standard Ni-NTA purification.

As a control, we assayed the molecule number
of RNA polymerase II (PolII) in U2OS. This en-
gineered cell line expresses a Dendra2-tagged α-
amanitin resistant Rpb1 (Figure 10a). Upon addi-
tion of α-amanitin, the Dendra2-tagged Rpb1 re-
places the endogenous one without major pertur-
bation of the expression level. Thus, assaying the
number of molecules within this system can pro-
vide an order of magnitude of the number of PolII
in U2OS cell.

Preliminary observations on a serial dilution of
Dendra2 fluorescent medium are presented in (Fig-
ure 10b). A first observation is that the expression
level of PolII and its localization shows little vari-
ability. Flurthermore, and although presenting se-
vere inconsistensies, the nucleus "appears" when
changing the medium from 10 µM Dendra2 to 2.5
µM, suggesting that the actual value lies between
these extreme limits. To further improve this es-
timate, we plotted unnormalized fluorescence pro-
files under two medium concentrations. The ratios
between in cell and out-of-the-cell fluorescences are
consistent with a concentration of ∼ 4-5 µM.

We tried to determine the volume of a U2OS us-
ing a confocal z stack without success. We thus
take the rough estimate of a nuclear volume of
∼600 µm3. This leads to an estimated count count
of 1.4 to 1.8 million of polymerases per nucleus. A
value a four times higher than previously published
concentrations.

However, this data is highly preliminary, and
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should be considered as a proof of concept rather
than a reliable estimation method until more test-
ing has been performed. Indeed, when diluting the
concentration of Dendra2 in the medium, both the
fluorescence of the medium and the nucleus were
observed to decrease, opposite to what was ex-
pected (a background fluorescence going down and
the nuclear level remaining constant). This issue
has not been troubleshooted yet, but cannot com-
promise our first rough estimate, because the order
of the relative fluorescences cannot be inverted.

Furthermore, more characterization of the puri-
fied Dendra2 protein is needed to determine the
fraction of actually fluorescent proteins. Three of
these assays (native gel, absorbance and quantum
yield) will be performed within the next few weeks.

Finally, from a biochemical point of view, more
characterization of the U2OS is needed (quanti-
tative Western Blot with stringent lysis condi-
tions, quantification of the relative expression of
the tagged versus untagged polymerase).

2.2 c-Myc do not show major disreg-

ulation in NT2 cells

As c-Myc is disregulated in many cancers, and pro-
vided that NT2 is a cancer cell line, we sequenced
parts of the MYC coding sequence and checked
for differences with respect to reference genomes
(GRCh38 and HuRef). Because of the cloning
strategies in use, we couldn’t check the 5’ end of the
construct (nucleotides 1 to 69, corresponding to the
45 nucleotides of the alternative translation start-
ing site and the 24 following nucleotides). No dif-
ference was found respective to reference genomes.

Since our study focuses on the role of cMyc
in differentiation and gene regulation, we consid-
ered assessing key protein levels (c-Myc, Sox2,
Oct4, Rpb1, TRRAP, Max) across differentiation.
Our first preliminary data suggest that c-Myc and
MAX levels are unmodified upon differentiation
(Figure 11. In this experiment, we cannot rule out
the possibility of an increased c-Myc expression. If

a. The U2OS Rpb1-Dendra2 cell line

1. no α-amanitin 2. with α-amanitin 3. Expression quantification*

b. Confocal sample images 

no Dendra2 2.5 µM Dendra2

40 µM Dendra210 µM Dendra2
c. Dendra2 quantification d. Rpb1 quantification 

Control
U2OS

U2OS
D2-Rpb1
α-amanitin

U2OS
D2-Rpb1

no α-amanitin 

D2-Rpb1

endo-Rpb1

Figure 10: Quantifying PolII quantification in U2OS cells.
(a, left). Schematic of the endogeneous replacement of Rpb1
by its tagged counterpart upon α-amanitin treatment. (a,
right). Quantification of the effectiveness of the replace-
ment and the relative expression levels of the endogeneous
Rpb1 versus the tagged one. This gel is reproduced from
[7], with permission of the lab. (b). Scale bar represents
20 µm. (c). Bradford assay estimating the concentration of
the purified protein. /(d). Consistent profiles across a nu-
cleus upon two different concentrations of Dendra2 in the
extracellular medium. Although the unnormalized fluores-
cence of the nucleus is constant upon dilution of the medium
(around 1200 u.a), the background fluorescence is divided
by approximaltely 5 (2500 to 500, consistent with the flu-
orophore dilution, suggesting that within this range, the
camera shows an approximately linear response).

confirmed, this behaviour would be consistent at
least with observatons of hematopoietic stem cell
differentiation into a commited progenitor [51, 52].
Although we prepared the nuclear extract and had
qPCR primers to perform a more precise and com-

14



prehensive study, we didn’t have time to implement
those strategies.

undiff. diff.
2x 1x 1x

20

25

37

50

75

c-Myc

MAX

Figure 11: No major change in neither c-Myc nor MAX is
visible during differentiation. 1x and 2x symbols denote the
relative concentration when loading the gel. Marker in kilo-
daltons. undiff.: undifferentiated cells, diff.: differentiated
cells.

2.3 C-ter tagging of c-Myc seems

not to impair its functions

Nuclear factors localizations and dynamics are
driven by their specific interactions with nuclear
components [20, 5]. It is thus crucial to assay
whether the fused tag impairs the function and lo-
calization of the fusion protein. We thus performed
the following assays and verifications:

• The tags were cloned in C-ter of c-Myc to
avoid disruption of any known regulatory
function of c-Myc (as reviewed in [8], and
an EGFP C-ter fusion has been successfully
described [2]).

• We chose the Dendra2 fluorescent protein,
an engineered monomeric form of the Dendra
protein, that has been shown to exhibit little
interference with the cell ([24, 7]), especially
with respect to aggregation and cluster induc-
tion.

• Since the Max interacting helix-loop-helix
(HLH) of c-Myc is located in the C-terminal

region of the protein, we were especially
worried about disrupting this crucial inter-
action. A disruption of the interaction with
Max would mean no DNA binding, and a
loss of many other partners. We assayed this
interaction by Co-Immunoprecipitation of
the c-Myc/Max duplex in undifferentiated
and differentiated cells using an anti-Max
antibody for the IP. That way, the endoge-
nous and the transfected proteins can be
distinguished on the western blot as they
exhibit a ∼ 30k difference in molecular
mass. Results for the differentiated case are
presented Figure 12b. At the time of the
first CoIP, the Halo construct was not ready.
Hence, results are not presented. A problem
(likely related to the transfection efficiency)
occured in the undifferentiated case, and the
assay is being repeated, and we are including
the Halo fusion protein within the tested
samples.

• Another important control was to determine
whether the localization of the endogenous
versus the tagged protein were identical, and
what was the acceptable transfection level.
We were especially interested in the aggre-
gation pattern induced by Dendra2 (GFP
can significantly decrease the dissociation con-
stants of some engineered systems, Lukasz
Bugaj, Schaeffer Lab, personal communica-
tion). We tried to perform double color imag-
ing, where the cells were transfected either
with a Dendra2-conjugated c-Myc or with a
Halo-conjugated fusion protein and stained
adequately. Secondly, the total c-Myc pop-
ulation was stained with a primary antibody.
Unfortunately, this experiment lead no result
due to transfection problems. We compare in-
stead single-color stainings in two distinct ex-
periments (12b). We are in the process of re-
peating the assay.
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c. ...Although the spatial pattern might be disrupted

a. The Dendra2, GFP and YFP
       fusion proteins are expressed...

b. ...and the tags preserve c-Myc/Max
       association in-vivo...
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Figure 12: Functional assessment of the differences in in-
teraction and interaction of the tagged c-Myc. (c, left).
Fixed cell confocal imaging of c-Myc-GFPtransfected cells
showing a homogeneous pattern in the nucleus (right). Im-
munofluorescence staining of untranfected cellsScale bar.
indicates 20 µm.

2.4 c-Myc seems to accumulate at

the periphery of the nucleus in

NT2 cells

We first performed an immunofluorescence to as-
sess c-Myc localization (Figure 13a). As previously
reported, the protein is mostly nuclear, but also ex-
hibits a significant cytoplasmic localization (obser-
vations from at least two independent samples and
stainings). Strikingly, c-Myc seems to accumulate
to the periphery of the nucleus.

We tried to further investigate this localization.
We first wondered whether c-Myc accumulation
was precisely located at the nuclear envelope, or
if it was accumulating at some distance from it.
To assess this question, we performed a dual color
staining with DAPI, hoping that the drop in the
DAPI signal would precisely identify the nuclear
envelope. However, this drop appears to be smooth
(spread over several microns). We thus tried to

specifically stain the nuclear envelope by trans-
fecting 1 µg/25 mm coverslip of a laminA-GFP.
Indeed, laminA accumulation at the nuclear enve-
lope is a well known feature. However, the con-
struct did not localized at the envelope, but rather
showed a mostly homogeneous nuclear signal (data
not shown), and even a very low pinhole aperture
could hardly identify a slight accumulation at the
envelope. Finally, since the 647 nm laser (used
for c-Myc imaging) and the 405 nm laser (DAPI)
are different, the optics show significant chromatic
aberrations that result in a drift of a few hundred
of nanometers of one color respective to the other
(visible in Figure 13c): c-Myc looks out of the
DAPI signal on one side). Without further calibra-
tion, these chromatic aberrations prevent a precise
measurement of a nuclear envelope accumulation.

We then tried to quantify the accumulation. In-
deed, a significant concentration gradient can make
a significant difference in terms of reactivity, by
deplacing thermodynamical equilibria, thus favor-
ing some enzymatic reactions at some points of
the nucleus. We first intented to plot profiles
across the nucleus to measure the enrichment (Fig-
ure 13a, bottom, left). This measure qualitatively
confirmed the enrichment, whereas DAPI profiles
were approximately homogeneous across the same
profiles. However, since the profile plots the value
of single pixels, the measure is very noisy, and is
hard to use for quantification. Furthermore, the
measured enrichment highly depends on the choice
of the profile (Figure 13a, bottom, left).

We tried to circumvent this issue by computing
the average enrichment respective to the nuclear
envelope. Nuclei contours were manually identi-
fied as polygons based on the DAPI staining (Fig-
ure 13b.1), and the distance to the polygon was
computed for each pixel (Figure 13b.3) (if we de-
fine a polygon as a union of n segments defined
by n points (xi)i∈[1,n], i.e.: P = ∪n−1i=1 [xi, xi+1], the
distance dist of a point p to a polygon P is the
minimum euclidian distance from the point to the
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segment: dist(p, P ) = min
i∈[1,n−1]

dist (p, [xi, xi+1]) ).

The pixel intensities are then averaged respective
to their distance to the polygon and normalized for
the decreasing volume considered as the radii reach
the middle of the cell (Figure 13b.4). Although be-
ing a noisy measurement, this method confirmed
the enrichment at the periphery. However the sig-
nal was too noisy allow quantification, and was in-
visible in some cells (Figure 13b.6). We believe
that this is due to a measurement limitation, and
not to biological variability, since the recorded sig-
nal was very noisy due to the low light input com-
ing from the almost closed pinhole of the confocal.

2.5 Superresolution provides more

insights on c-Myc fine organiza-

tion

To overcome the limitations of confocal mi-
croscopy, we moved to superresolution microscopy
to further characterize c-Myc localization.

2.5.1 Acquisitions

We first acquired (immunofluorescence-STORM)
IF-STORM picture of c-Myc in undifferentiated
and differentiated NT2 cells. Acceptable acquisi-
tion quality was achieved for > 5 cells over four
rounds of acquisition. In those cells, we obtained
>100k detections and a pointing accuracy <15 nm
in x and y, and <50 nm in z. Once again, the ac-
cumulation at the nuclear periphery was the most
striking characteristic of the 3D maps, and was
conserved upon differentiation (Figure 14).

At that point of the characterization, it is nec-
essary to assay how real is this pattern

2.5.2 Distance to envelope profiles

We applied a similar analysis as detailed in the pre-
vious section to the IF-STORM data. The data
are projected along the z axis, and such is the
polyhedron defining the nuclear envelope. Con-
cretely, this analysis is not exactly equivalent to
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Figure 13: Quantification of the c-Myc gradient observed in
confocal microscopy. Scale bar represents 20 µm.

a 3D analysis. Indeed, as the radii increase, the
probability to have an off-focus portion of nuclear
envelope closer to the considered point than the
in-focus nuclear envelope increase. Thus, the dis-
tances are overestimated for the high radii. In
other words, the actual drop in density is sharper
than the observed. The results are presented in
figure (Figure 14a.4 and b.4) (additional data were
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a. Undifferentiated NT2 cells b. Differentiated NT2 cells

2. Density at a 1000 nm radius

3. Density at a 250 nm radius

2. Density at a 1000 nm radius

3. Density at a 250 nm radius

1. Pointillist 3D image 1. Pointillist 3D image

4. "radial" profile

4. "radial" profile

Figure 14: a. c-Myc IF-STORM of a nucleus of an undiffer-
entiated NT2 cell. b. same as a, but with a differentiated
cell. The full cell is shown, the region of high density of
detections is the nucleus. c. Distance histograms were com-
puted using a 100 nm binning. The superimposed smoothed
curve represents a rolling average over five points.

collected and reproduced the presented pattern).
The patterns appear here much more striking, due
to the better quality of the data, and the size of
the dataset (>50k points versus a few thousands,
noisy pixel values).

This quantification allowed to draw several con-
clusions. First, the enrichment reaches 5 fold in
the undifferentiated cell, an increase that could
have biologically relevant implications. Second, al-
though the gradient show different slopes between
the undifferentiated cell and the differentiated one,
we think this parameter is more related to the qual-

ity of the acquisition rather than a difference in the
cells. To test this hypothesis, a larger dataset of
improved quality is required. This analysis pro-
vides a quantitative estimate of the c-Myc gradi-
ent, and allows to derive the main trend governing
c-Myc pattern. We then tried to look at finer de-
tails, and we are currently running simulations to
detect potential c-Myc clusters.

2.6 Relation with chromatin

Provided the peripheral accumulation of c-Myc, we
investigated the mechanisms driving its symmet-
ric localization and accumulation. We tested sev-
eral hypotheses, all of them originate from previous
knowledge of c-Myc structure and properties:

2.6.1 Active genes

As a global genome enhancer and chromatin re-
modeller, c-Myc has been described to interact
with active genes [53] by ChIP-seq. We first
tried to do dual color superresolution imaging us-
ing immunofluorescence of the histone modification
H3K3me3 on top of a transfection of c-Myc-D2
or c-Myc-Halo. However, our attempts remained
unsuccessful for several reasons (low transfection
efficiency and cross-talk between the fluorophores
used – although this combination of fluorophores
has already been used in the past, Ignacio Izeddin,
unpublished results). We then moved to separate
two colors IF-STORM imaging. We compared the
"radial" profiles of c-Myc stained and H3K4me3
stained NT2 cells in undifferentiated and differen-
tiated cells. For the undifferentiated case, and be-
cause of a lack of time, we used a dataset previously
acquired in the lab (staining and imaging under
similar conditions as we did the imaging, dataset
consisting of two undifferentiated and two differen-
tiated cells, data from Lana Bosanac, unpublished
results).

Although noisy (Figure 15), and as expected, the
H3K4me3 profile does not show any enrichment
at the periphery, consistent with an enrichment of
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heterochromatinized and gene poor regions at the
periphery of the nucleus [54].
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Figure 15: Quantification of the peripheral accumulation
of c-Myc, H2B and H3K4me3 across differentiation. H2B
data come from transfection of an H2B-Dendra2 construct.
H3K4me3 and c-Myc from IF-STORM. x axis: distance to
nuclear border, y axis: normalized count.

2.6.2 Chromatin

In vitro experiments show a strong affinity of the c-
Myc/Max dimer for the E-box motif (CACGTG)
and some other degenerate forms [55]. In a first
approximation, one can expect an E-box every(
1
4

)6
= 4096 bp, that is about 1.5 million E-boxes

per diploid genome (more precise approximation,
accounting for the sequence and codon biases could
also be derived [56]). If spread uniformly in a∼ 600

µm3 nucleus, there is ∼ 2500 E-boxes/µm3, or an
average distance of 74 nm between two E-boxes. As
another approximation, we considered this number
as a global affinity for chromatin, and thus looked
for a correlation between the chromatin profile and
the c-Myc profile.

Although correlation of c-Myc levels with DAPI
staining, recently published references use H2B as a
proxy to approach chromatin densities. We present
the "radial" profile derived from their dataset (∼
450000 detections of a U2OS transfected H2B-
Dendra2 described in [12], kind gift of Vincent
Récamier, Ignacio Izeddin and Xavier Darzacq),
and tried to replicate their data in NT2 cells (Fig-
ure 15).

Opposite to the active marks, H2B and c-Myc
seem to exhibit a similar trend, suggesting that a
model of global affinity for chromatin cannot be
ruled out. In Supplementary results 4.3.3, we in-
vestigate potential correlations with the genomic
patter of E-boxes and c-Myc spatial localization.

3 Discussion

During this internship, we were able to apply the
superresolution pipeline available in the lab to
c-Myc through the test of adequate antibodies
and generation of the appropriate constructs.
We also proposed improvements to the data
analysis pipeline. One combines most of the
scripts and interfaces previously used scripts for
the PALM/STORM reconstruction, reducing the
user input required. The second is a straightfor-
ward on-movie method to estimate the pointing
accuracy. We are in the process of integrating this
control in the processing pipeline so that it will be
automatically applied to all the acquisistions.

We used a combination of imaging techniques
(confocal, PALM, STORM, SPT, FRAP), bio-
chemistry and molecular cloning to investigate c-
Myc nuclear localization and its functional signifi-
cance. Our preliminary STORM with primary an-
tibody results in differentiated and undifferentiated
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NT2 cells indicate that c-Myc robustly accumu-
lates at the periphery of the nucleus, an unexpected
pattern regarding previously published literature:
on the one hand, repeated independent studies per-
forming ChIP-seq and quantitative ChIP-seq de-
scribe a very clear colocalization of c-Myc with
the histones active marks such as H3K4me3 [53].
On the other hand, a number of experiments rang-
ing from electron microscopy to chromosome paint-
ing demonstrate that DNA sequences are not ran-
domly organized into the nucleus. The chromo-
somes tend to adopt a radial distribution following
their richness in genes: the gene-poor chromosome
19 is robustly found at the periphery of the nu-
cleus. Finally, preliminary data available in the
lab provide additional arguments tending to prove
that active genes (H3K4me3-marked genes) are en-
riched at the center of the nucleus.

These known feature tend to challenge our ex-
periments, where an opposite pattern is observed.
How can a protein be on the one hand enriched at
very specific active regions in the genome, and on
the other hand localize at the gene-poor periphery
of the nucleus?

One possible explanation is to refute one of the
datasets. We are currently trying to image c-Myc
with another antibody, or after cMyc-Halo trans-
fection to make sure that the observed pattern is
due to specific antibody binding. Another possi-
bility is that for some reason (complexation, post-
translatonal modification), peripheral c-Myc is less
soluble than the central one, leading to subdetec-
tion of c-Myc when the ChIP has been performed.
Our working hypothesis for the course of this dis-
cussion is to consider those two patterns as real.

A second series of hypotheses resides in the fact
that STORM and ChIP-seq measure two totally
different types of events at different scales. In
ChIP-seq, non-specific interactions are lost in the
noise, whereas rare but locus-specific strong in-
teractions (such as a possible complex histone-
TRRAP-GCN5-c-Myc) will be captured, as ChIP-
seq realizes an ensemble average over hundreds of

thousands of cells. In STORM superresolution mi-
croscopy, cells are fixed and the x, y, and z coordi-
nates of a (supposedly significant) fraction of the
tagged proteins is recorded, providing a snapshot of
c-Myc localization. Those images however do not
give any information on the affinity or kinetics of
the binding. In our case, we don’t know the affinity
of the binding at the nuclear periphery, but one can
imagine highly transient and dynamic, low affin-
ity interactions at the nuclear periphery whereas
long-term, specific interactions located more in the
center of the nucleus are lost in the noise: a snap-
shot cannot distinguish between highly dynamic,
low affinity interactions and fixed interaction at a
given locus.

From an other perspective, the mechanistic ori-
gin of the c-Myc gradient raises many questions.
First, what is the nuclear structure underlying c-
Myc "unspecific" binding? Indeed, it seems diffi-
cult to tether proteins without (even dynamically)
binding them to a substrate that fill space. One
obvious candidate structure spanning the entire
nucleus is DNA, that also exhibit peripheral en-
richment [12]. But it is not the only one. In-
deed, recent findings suggest that other nuclear
protein structures can form gels in the nucleus and
be a substrate where diffusing can adsorb and be
tethered. Such proteins notably involve PolII [57]
(through its repeated, unstructured C-terminal do-
main) and histone (through their tails). More gen-
erally, many abundant nuclear proteins exhibit so-
called low complexity domains that can both ex-
hibit space filling properties and thus act as a sur-
face for aspecific adsorption. These surfaces can
be characterized by their fractal dimension, a mea-
sure accessible with 3D superresolution microscopy
[12]. For instance, in U2OS cells, the fractal dimen-
sion of chromatin has been estimated as 2.7. Thus,
estimating c-Myc fractal dimension could help to
identify the network structuring its localization.

Second, does this gradient show any functional
significance? If DNA targets are involved in cre-
ating the c-Myc gradient, then it is likely that an-
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swering the latter question will require to investi-
gate the evolutionary history of spatial chromatin
organization.

However, it might be possible to imagine a
model where no space-filling structure is required
to tether c-Myc, and one can design a model to ex-
hibit that kind of gradient by combining free diffu-
sion and dynamic binding at the nuclear envelope.
This model is presented as a supplementary discus-
sion (4.5), although the analytical solutions remain
to be determined.

Finally, it is noteworthy that single particle
tracking experiment can provide valuable insights
to discriminate the previous hypotheses 3. Indeed,
SPT provides both the position and the dynam-
ics of single molecules, and some models have been
proposed to discriminate between specific and as-
pecific binding events. It becomes then possible
to analyze the collected traces with respect to the
density of specific binding events across the nucleus
versus the density of traces. In this experiment,
homogeneous (or center-enriched) specific binding
events combined to global enrichment in the num-
ber of traces at the nuclear periphery would sup-
port our hypothesis reconciling STORM and ChIP-
seq experiments.
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Abstract

Gene expression control results from the combined interactions
of the nearly hundred proteins forming the pre-initiation com-
plex, thousands of transcription regulators, and genomic DNA.
In the recent years, new technologies have revealed several key
aspects of nuclear spatial organization that showed a fine inter-
play between the function of nuclear proteins, their 3D orga-
nization, and their dynamics. Here we review several concepts
that link biochemical reactivity in the nucleus to its 3D spa-
tial organization. We present the analogies between the emerg-
ing understanding of nuclear organization in the field of cell
biology, and the more established disciplines of heterogeneous
catalysis and the physics of random walks. We provide several
recent examples showing how nuclear geometry affects protein
reactivity in the nucleus.

Highlights

• Analogies between gene expression, target-search and het-
erogeneous catalysis.

• The fractal geometry of the nucleus architecture drives TFs
diffusion.

• Diffusion of TFs is influenced both by geometrical factors
and chemical parameters.

• TFs show diverse patterns of space exploration, influencing
gene expression.

Introduction

Regulation of eukaryotic transcription and control of gene ex-
pression are two key questions in today’s cellular and molecular
biology [1]. The understanding of their physical and chemical
principles is essential in many areas of applied science. Clear

∗To whom correspondence should be addressed: Ignacio Izeddin
izeddin@biologie.ens.fr, Xavier Darzacq darzacq@biologie.ens.fr

examples are cancer research, biological engineering, regenera-
tive medicine or pharmacology.

Gene expression is regulated by transcription factors (TFs)
interacting at specific loci to trigger gene activation. Through
this interaction, the assembly of the pre-initiation complex
(PIC) at promoters’ sites leads to RNA polymerase II (Pol
II) engagement in elongation. Our current understanding of
this process includes the high mobility of diffusing TFs reach-
ing for specific DNA sequences (referred as target-search) and
the combinatorial assembly of the PIC. However, the spatial
and geometric constraints that encompass protein-DNA and
protein-protein interactions are often overlooked and not prop-
erly understood [2]. In addition, all biomolecular processes rel-
evant to gene expression take place in a crowded and complex
environment where regulation mechanisms operate at different
levels of complexity.

The target-search of TFs in the nucleus are governed by dif-
fusive processes. And while in yeast it has been shown that
the search time of upstream TFs determines the gene activa-
tion rate [3], pure Brownian diffusion of TFs falls short to fully
describe the efficiency and complexity of the gene expression
process [4, 5, 6, 7]. Gene expression must thus be regulated
by several other parameters spanning from exploration of the
nuclear space to exploration of the space of protein conforma-
tions: variation of global and local concentrations, diversity
in the target-search patterns and in space exploration, regu-
lated docking affecting the conformation of both TF and its
substrate.

The problems of target-search and reactivity have been for-
malized in different fields. Since more than a century, chemists
have investigated the field of heterogeneous catalysis [8], ac-
counting for diffusion and reaction on surfaces of reduced di-
mensionality. Likewise, following the seminal work of Pierre-
Gilles de Gennes [9, 10], physicists have developed formalisms
accounting for the diffusivity of molecules in random or disor-
dered systems [11], potentially modifying their reactivity.

In this review we evaluate recent achievements in the under-
standing of the influence of geometrical factors on the regu-
lation of transcription. We survey and compare the different
formalisms used in biology, chemistry and physics in order to
draw their similarities and differences. We aim to foster cross-
disciplinary interactions among these fields, potentially leading
to a more unified usage of these concepts.

1 Available space in the nucleus
While the mechanisms behind the regulation of gene expression
are far from being fully understood, its very first step requires
two or more biomolecules to interact at a given moment of
time in a given position of the space. In a first approximation
to this problem, we can consider the nucleus as a closed con-
tainer in which a number of reactants diffuse prior to engage
in a chemical reaction. In this idealized system, the kinetics
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a. 

Free (Brownian) diffusion
Law of mass action
Homogenous catalysis

Volume exclusion
Macromolecular crowding

Fractal space
Geometry-controlled kinetics

Non-compact
Global exploration

Compact
Local exploration

b. 
Chromatin fractal structure (or protein network)

Adsorption/desorption
Facilitated diffusion/sliding
Heterogeneous catalysis
Surface diffusion

c. 

Conformational sampling
Protein breathing

Target sequence

Figure 1: TFs exploration patterns in the nucleus are
highly diverse. (a). Diffusion of TFs can occur in a space
of reduced volume. This spans from free diffusion (thus per-
forming a non-compact, global walk) –left–, to diffusion in a
fractal medium, showing obstacles at all scales and realizing a
recurrent, compact walk, –right–. (b). Diffusion of TFs can
occur on a space of reduced dimensionality, here represented
through binding and facilitated diffusion on a nuclear macro-
molecular network (such as DNA or proteins). TFs oscillate
between 3D and less-than-3D diffusion. (c). TFs diffuse in
the conformational space, and sample available conformations,
exhibiting "protein breathing".

of the reaction can simply be derived from the law of mass ac-
tion (given that the system were in equilibrium). As such, the
reaction rate is proportional to the product of the concentra-
tions of the participating molecules. To evaluate the reaction
kinetics when a small number of reactants are involved, as of-
ten the case in gene expression [12], the first step is to assess
the probability of encounter between reactants. In this sce-
nario, the diffusion properties of the molecules, given by the
Einstein-Smoluchowski equation, determine the first-encounter
time [12, 13].

With such a simplified model of gene expression, it is easy
to imagine the role of crowding, molecular exclusion, and local
concentration in the kinetics of this process (Figure 1), and by
extension in all the biochemistry of the cell. High molecular
weight components in the nucleus, such as prominently but not
exclusively chromatin, effectively reduce the accessible volume
in which TFs are free to diffuse, potentially regulating the pro-
cess of gene expression. A “rule of thumb” for the volume of
a DNA is 1 nm3/bp 1. Thus, neglecting adsorbed water, the
volume of human DNA is ∼ 2x3x109 = 6x109 nm3. Similarly,
the exclusion volume of nucleosomes can be computed2, lead-
ing to an estimated volume of chromatin of ∼ 25 µm3, which

1. Bionumbers http://bionumbers.hms.harvard.edu/, accession num-
ber: 103778.

2. Cristal structure of the human nucleosome core, DOI:
10.2210/pdb2cv5/pdb, NDB ID: PD0676, derived from [14] and Bion-
umbers, accession numbers: 102977 and 102987.

is a fraction of 12% of the volume of a human nucleus (∼ 6 µm
diameter 3). Other estimates (10% in [15], 20%-50% in [16])
give similar order of magnitude. Such exclusion volume would
at most change by a mere factor of two the rate of homogenous
biochemical reactions. We must thus take into consideration
other characteristics such as the complex geometry of nuclear
organization or the heterogeneity of local molecular concentra-
tion. The former, as discussed below renders the calculations
of exclusion volume invalid; regarding the latter, many nuclear
components do not show a homogeneous spatial distribution in
the nucleus [17], and it has been shown that the local concentra-
tion of Pol II is regulated, giving rise to significant differences
at the local level throughout the nucleoplasm [18].

2 The complex geometry of the nu-
cleus affects diffusion

An additional layer of complexity can be added to the target-
search problem of TFs when taking into consideration the com-
plexity of DNA packing in the nucleus. DNA exhibits a hierar-
chy of structures that spans from the molecular level up to the
size of the nucleus. This includes coiling, wrapping, supercoil-
ing, etc. of the DNA polymer but also the non-random organi-
zation of the genetic information in the nucleus and the exis-
tence of chromosomal territories [19, 20, 1, 21]. In recent years,
growingly solid experimental evidence demonstrates that chro-
matin exhibits characteristics of a fractal structure [22, 16, 23]
with a measurable fractal dimension (see Table 1, Figure 2
and [24]), which had been hypothesized almost thirty years
ago [25, 26].

With these considerations in mind, the question of how much
volume is excluded by chromatin becomes crucial. Mathe-
matically, the complementary of a fractal displays the dimen-
sionality of the fractal-embedding space (3D in our case) [27].
A single-point diffusing molecule in the complementary space
would therefore display the same characteristics than in a three-
dimensional volume. On the other hand, a particle with finite
size can have an accessible space that is a fractal.

Even though computing the exclusion volume of a fractal
(characterized by its fractal dimension df ) requires strong as-
sumptions, extensive work in the field of heterogeneous cataly-
sis provides analytical and computational tools to address this
question [28, 29, 30, 11]. Most of the current models in the field
take two parameters into account: the fractal scaling regime
(δmin, δmax) (i.e. the range of scales where the object can be
regarded as fractal) and the size δ of the diffusing molecule.
Exclusion volumes and diffusion properties of the molecules
can then be derived. Under these assumptions, the available
volume A for a diffusing molecule scales as a power of its size
(A ∝ δ2−df [8]). Thus, the relevant parameter to estimate dif-
fusible space is no longer the volume of nucleus constituents
but its fractal dimension df .

An important question to elucidate is how the fractal struc-
ture effectively influences the diffusion of TFs. From a theoret-
ical point of view, diffusion in a fractal structure is character-
ized by a deviation from the free, Brownian diffusion (Figure
1a, left) to an anomalous, subdiffusive behaviour (Figure 1a
right), for instance observed by computing the mean square
displacement (MSD) on single particle tracking (SPT) exper-
iments (Table 1). In the context of the nucleus, several stud-
ies report anomalous diffusion [31, 16, 32], thus suggesting a
fractal organization of the nucleus as one possible explanatory
mechanism.

3. Bionumbers, accession number: 105995.
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3 Diffusion of TFs is altered by chem-
ical interactions

Even though diffusion of a TF in the chromatin exclusion vol-
ume, a complex, possibly fractal medium, is an accurate repre-
sentation of the nucleus, target-search models usually consider
the fractal chromatin as an inert surface. In this scenario, ap-
parent diffusion coefficients are only determined by the size of
the TF (throughout exclusion volume and the scaling of diffu-
sion coefficients with the radius), leaving little room for regu-
lation since TFs exhibit very similar Stokes radii, in the order
of a few nanometers. These models are also inconsistent with
recent SPT observations, where TFs of comparable sizes show
different exploratory behaviors [32], which cannot be fully ac-
counted for by the fractal organization described above.

Indeed, such models neglect the widely described regulated
interactions of TFs with DNA and other proteins [33, 34, 35].
Binding and unbinding rates (kon and koff ) of these inter-
actions can dramatically affect the apparent diffusion coeffi-
cient of molecules, a phenomenon recently evidenced in single-
molecules studies in living cells [36, 37, 38, 32]. On the other
hand, in the context of heterogeneous catalysis, the adsorp-
tion of reactants in intricate geometries has been well char-
acterized. In this framework, molecules undergo successive
binding/unbinding events on a surface (referred as chemisorp-
tion). During this process, both the TF and the adsorbed
surface (DNA or protein network) experience conformational
rearrangements [39], modifications that are analogous to the
enzyme-substrate co-adaptation described in Koshland’s in-
duced fit model [40].

In addition, adsorbed TFs are not necessarily statically
trapped: they can diffuse on the adsorbent, thus switching from
a 3D space exploration to a “surface” of reduced dimensionality.
This mechanism is known as facilitated diffusion in biology (see
[41, 42] for theoretical considerations, and [43, 44, 45] for ex-
perimental evidence) and can be seen as a beautiful example of
heterogeneous catalysis in living matter. Indeed, diffusion on
a surface of reduced dimensionality increases encounter prob-
abilities, thus reactivity. From a physical point of view, and
following the nomenclature introduced by de Gennes [9], TFs
can switch from a "non-compact" to a "compact" exploration
(cf. Figure 1a, right and Figure 2) [46]. In a compact explo-
ration, the molecule oversamples the explored space and visits
a previously accessed site multiple times, thus performing a
“recurrent walk” [47].

It is noteworthy to point out that facilitated diffusion can
occur within any structure of reduced dimensionality. The ad-
sorbent structure for TFs can be chromatin (of fractal dimen-
sion between two and three), but could also be any protein
domain susceptible of forming a network in the nucleus, such
as the C-terminal domain (CTD) of Pol II, histone tails, nu-
clear lamina, etc. Indeed, interacting proteins can form gels
[48] or polymeric networks [49]. Furthermore, live cell experi-
ments suggest the coexistence of intricate networks influencing
the diffusion of TFs [32].

In addition to such geometry-controlled diffusion, taking into
account biological reactivity is of particular relevance. Numer-
ous post-translational modifications (such as phosphorylation,
ubiquitylation or multimerization) affect TFs [40]. These regu-
lations trigger dramatic changes in the space-exploring proper-
ties of the TF (plausibly switching between compact and non-
compact modes of exploration).

4 TFs undergo explorations in the con-
formational space

When the TF finally reaches its target, the consequent reaction
(whose final step can be transcription initiation) is a stochastic
process [3, 50, 51]. In bacteria, the lac repressor repeatedly
slides over its lac operator before binding [45]. Also, exper-
iments on transcription elongation by Pol II show that, once
bound to its target DNA sequence, elongation exhibits a high
failure rate larger than 90% [52]. All in all, these examples in-
dicate that the problem of transcription regulation cannot be
reduced to a target-search process, even though it is an impor-
tant first step in a complex sequence of events.

The bound TF has to overcome an activation energy barrier
(Ea) to proceed to the final step of the reaction. At a molecular
scale, the protein can be seen as a polymer diffusing in a narrow
potential landscape. This landscape is determined by the elec-
trostatic fields between residues that give the protein its shape
[53]. Through thermal noise, the protein constantly explores
different conformations within the potential landscape. The
final reaction occurs when the protein reaches a conformation
that drives it down into the adequate potential well.

From this perspective, attempts to characterize the “target
size” [54] of the target-search process (or effective cross section
of interaction) is reduced to a chimera. Such a size reflects
the conformational sampling of the protein in a space of very
high dimensionality (defined by the positions of the aminoacids
in the protein) more than its diffusive motion. Rather than a
size, this measure should be considered as a reaction probability
reflecting the potential landscape sampling of the protein.

Conclusion

In this review, we have presented several formalisms used to
describe diffusion in complex geometries, chemical adsorption,
facilitated diffusion and molecular docking. Although each of
them originated from unrelated works in the fields of biology,
physics and chemistry, we highlight their common cornerstones
in order to gain insight into eukaryotic gene expression regu-
lation. Even though concepts still lack unification, we believe
that in the near future, delving in the parallelisms between
these fields will be fundamental to a deeper understanding of
transcription.

In the nucleus, each TF senses a (sometimes dramatically)
different environment depending on its physical and chemi-
cal properties, paving the way for highly diverse regulation
of gene expression. Compact, local explorers can exhibit in-
homogeneous concentrations throughout the nucleus, enabling
concentration-based regulation processes. On the other hand,
non-compact, global explorers such as c-Myc [32] can mediate
global effects on the genome, which is consistent with its de-
scribed role as a "global genome amplifier" [55] and "global
chromatin remodeler" [56].

Furthermore, protein-DNA and protein-protein interactions
are highly regulated and dynamic. A TF constantly switching
between chromatin-bound and unbound states can jump from a
DNA chain to another, thus escaping simple 1D sliding: it will
diffuse on a surface of fractal dimension higher than one. Post-
translational modification of the TF affinity for a biomolecular
network in the nucleus (such as DNA, Pol II CTD, etc.) can
lead to fundamental differences in diffusive behaviour, possibly
influencing the patterns of gene expression.

When the TF has found its "geometrical" target, a sec-
ond, conformational target-search takes place before the TF
proceeds through the chemical reaction. This conformational
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Figure 2: Useful representations to analyze single molecule microscopy experiments.
(a). Samples of single molecule data acquired during various types of experiments. (left) Single particle traces, 10 ms reso-
lution. Scale bar: 500 nm (right) PALM –photoactivated localization microscopy– reconstruction of histone H2B fused to the
photoconvertible fluorescent protein Dendra2.
(b). Representation of single particle tracking (SPT) data. (left) Mean square displacement (MSD). (right) –top– computation
of angles between successive steps and the subsequent histogram –bottom–.
(c). Representation of PALM/STORM data. (left) Empirical K-Ripley function compared to the null model of complete spatial
randomness (CSR). (right) Same data, but the empirical histogram is now plotted against the average of CSR, allowing a better
determination of the fractal dimension df . Envelopes represent 95% confidence intervals over simulations of the CSR.
(d). Analytical tools allow for the computation of mean first passage times (MFPT) of a particle looking for a specific target and
starting from a given position. In the case of compact exploration, the TF is a local explorer, recurrently visiting neighbouring
sites. Conversely, in the non-compact case, distance from the target is not a relevant parameter and each point is visited with
equal probability.
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search is realized in a parameter space of high dimensional-
ity. This dimensionality is further increased if we consider the
ordered, combinatorial binding of coactivators to the TF.

All these space-exploring behaviors, assemblage routes, and
regulatory processes are far from being mutually exclusive.
Complex gene expression regulation in the nucleus actually
arises from the coexistence of biochemical and biophysical
mechanisms acting at all levels of gene expression. Nonetheless,
from a genomic perspective, this complexity is required to tune
the expression of ∼ 20 000 genes at a single gene resolution all
along highly diverse processes such as cell cycle or differentia-
tion. Conversely, from a TF’s point of view, the nucleus should
be regarded as a multiverse, where different proteins experi-
ence different landscapes with multiple scales, while being in
the same space. Thus, the words of the French surrealist Paul
Éluard seem more than appropriate: « il y a un autre monde
mais il est dans celui-ci » (there is another world, but it is in
this one).
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Measure Origin Formula Explanation Provides Main Bias
MSD
(mean square dis-
placement)
Fig. 1b, left

SPT
MSD(t) = 〈[x(t)− x(0)]2〉

= 2dDct
α ∝ t2/dw

- Where x(t) stands for the particle coordinates at time
t,
- d is the dimension of the space (1, 2 or 3),
- Dc is the diffusion coefficient of the molecule,
- dw is the dimension of the walk

- The MSD is widely used to determine (apparent) dif-
fusion coefficients. But its scaling α coefficient also con-
tains information about the way the particle explores the
space.
- When α > 1, the particle undergoes a superdiffusive or
directed motion. If α = 1, it is a Brownian diffusion. α
< 1 is indicative of a subdiffusive behaviour, which is the
signature of a constrain in space or time in the diffusion
of the particle.
- See [32] and [28].

Dc, α, dw - In a heterogenous mix of differ-
ent diffusive behaviours, overly
detection of slow versus fast
moving particles may induce
a bias on the shape of the
MSD(t) curve.
- Very hard to distinguish tran-
sitions in the dynamics of the
diffusing particle.

Angular distribu-
tion
Fig. 1b, right

SPT Histogram of angles between consecutive translo-
cations.

- Bridges the dynamics properties of the particle (mea-
sured traces) with its geometrical properties (the way it
explores the space).
- Offers information about the underlying space where
the diffusion takes place.
- See [32, 57].

Requires a high number of
translocations to build the his-
togram and its evolution with
increasing ∆t.

K-ripley
Fig. 1c

PALM /
STORM

Distribution of number of neighbours within ra-
dius r from every detected particle, ie. the cumu-
lative histogram of distances between points.

- In an unconfined geometry (no edge effect) with
points uniformely dispersed (complete spatial random-
ness), K(r) scales as πr2 or πr3 for 2D and 3D, respec-
tively.
- K(r) or its derivatives give insight about the size of
clusters (if any), or the fractal dimension when it scales
as a power law (K(r) ∝ rdf ).
- See [24] and [58].

df , CSR
test

- Requires 3D data to derive
fractal dimensions larger than
df = 2.
- Can be tested against CSR.
- Data have to be border-
corrected in case of confined ge-
ometries.

MFPT
(mean first pas-
sage time)
Fig. 1d

df , dw, en-
closing ge-
ometry

〈TTS〉
〈T̄ 〉T

= ΠTS

∝
{

1− κ( 1
r
)df−dw (non-compact)

( r
R

)dw−df (compact)

- 〈TTS〉 denotes the mean first passage time of a
molecule starting its walk from S and reaching a target
T at a distance r. 〈T̄ 〉T denotes is the mean of 〈TTS〉
respective to all starting points in the geometry.
- ΠTS is a function of the geometry and of the position
of both the starting site and the target.
- κ is a constant and R is the characteristic scale of
the geometry.

This gives insights on the distance-dependence of the
mean first passage time.
- Where compact refers to dw > df and non-compact to
dw < df (see 3).
- For analytical derivation/simulations, see [46].

The geometrical factor ΠTS has
to be computed numerically.
Requires prior knowledge of the
geometry of the enclosing vol-
ume.

Table 1: Useful computational and mathematical tools to analyze superresolution microscopy datasets and their main bias. Illustrations can be found in Figure 2. SPT: Single particle
tracking, PALM: Photoactivated localization microscopy. STORM: Stochastic optical reconstruction microscopy. CSR: complete spatial randomness
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4 Supplementary materials

4.1 Supplementary methods

4.1.1 Microscopy

Superresolution techniques

PALM This process of imaging is implemented
with photoactivatable/photoconvertible fluo-
rescent proteins: the proteins are initially in a
dark state at the wavelength λ1 (such as 561
nm) of observation. They are then converted
to a florescent state (usually using a low inten-
sity second laser of wavelength λ2, for instance
violet 405 nm) and bleached by the first laser,
allowing to repeat the process with some of the
remaining unconverted unbleached molecules.

dSTORM When stained, the proteins of inter-
est are all fluorescent, and it is not possible
to resolve single molecules. However, strong
laser excitation can switch off most of the fluo-
rophores and allow to resolve single molecules:
some of them are bleached and will never be
seen again, but a fraction will be sent to a
triplet, non fluorescent state for an arbitrary
amount of time, and will eventually become
fluorescent again, ready to image. Single-
molecule regimes occur naturally in-vivo be-
cause the reducing cytoplasm favors transi-
tions from and to the triplet state. In the case
of fixed cells, a "STORM" buffer containing a
reducing agent and an oxygen-scavenging en-
zymatic reaction was used.

Imaging Concretely, cells were seeded and
grown on 25 mm ethanol-cleaned coverslips >24
h before imaging. Depending on the experiment,
cells were either kept live, stained with Halo-ligand
dyes and/or fixed with 4% paraformaldehyde and
stained with a standard immunofluorescence
protocol. Medium was changed to either PBS
(fixed sample, PALM), phenol-free DMEM (live
sample) or STORM buffer (50 mM Tris-HCL,

pH 8.0, 10 mM NaCl, 10% glucose, 100 mM
β-mercaptoethylamine and an oxygen scavenging
reaction: 0.6 mg/ml glucose oxydase, 0.17 mg/ml
catalase, [58] and Nikon superresolution imaging
brochure) and imaged with a 100x immersion oil
objective on a 37°C clamped stage. Fluorescent
beads (TeraSpeck, Life Technologies) we sparsely
placed on the coverslip allowing for PSF shaping
calibration and to correct the stage drift dur-
ing superresolution acquisition. Approximately
30000 frames were acquired under inclined-total
internal reflection fluorescence microscopy (TIRF)
with a laser wavelength matching the excitation
maximum of the fluorophore at a laser power of
100-300 mW.

Choice of fluorophores and labelling strat-
egy Since c-Myc expression level is highly rele-
vant to the homeostasis of the cell, we tried to limit
c-Myc overexpression as much as possible. This
was achieved by using immunofluorescence stain-
ing instead of transfections whenever possible, and
by trying to generate an endogenously taggedMYC
cell line (see section 1.5).

Fluorophores the fluorophores used during this
internship are detailed in Table 1. We chose
this set of fluorophores among a large available
palette [58] for the following reasons:

• Alexa647 is a far red fluorophore, com-
patible both with TMR and Dendra2
(and the labeling strategy – immunoflu-
orescence – doesn’t interfere with the la-
beling of the two other molecules, poten-
tially allowing multicolor imaging). It
was used conjugated to a primary or a
secondary antibody.

• TMR is a bright organic dye that can be
conjugated to HaloTag fusion proteins in
live cells.

• The Dendra2 protein doesn’t require any
staining, and its photophysics ensures
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that each fluorophore is statistically de-
tected at most once before bleaching [59],
it is thus suitable to detect submicon-size
clusters in a unbiased way.

Table 1: Fluorophores used during the internship. Fluor.:
fluorophore, Abs./Em.: absorption/emission maxima (nm),
Org.: organic dye, Prot.: proteic, genetically encoded flu-
orescent protein, gr.: green, unconverted form, re.: red,
photoconverted form.

Fluor. Type Abs./Em. Usage
Alexa647 Org. 650/665 IF-STORM

TMR Org. 554/580 SPT/STORM
Dendra2 Prot. 490/507 gr. PALM

553/573 re.

Immunofluorescence (IF) we performed IF on
cells and used the following primary anti-
bodies: c-Myc (mouse epitope, ref. sc-40,
Santa Cruz Biotechnology – SCBT –, conju-
gated with Alexa647), histone H3 trimetyl-
K4 (H3K4me3, rabbit antibody ab8580, Ab-
cam), secondary antibodies were purchased
conjugated with Alexa 647 (Life Technolo-
gies). We tried to assess the specificity of
the c-Myc staining by RNAi (sc-29226, Santa
Cruz Biotechnology). The RNAi was per-
formed in one round of starvation using Lipo-
fectamin (Invitrogen).

Transfections ∼ 500 ng/well of one (or more)
of the constructs described below were trans-
fected (XFect, Clontech) on cells 24 hrs after
seeding on a 6-well plate. 2.5-4.5 µg of CMV
or PUC19 were cotransfected to reach a total
of 3-5 µg transfected DNA, according to the
manufacturer.

Determination of the pointing accuracy We
assayed the pointing accuracy on one of the ac-
quisitions according to the protocol described in
Figure 16. In this protocol, repeated imaging of
a bead of fixed position and located next to the
cell of interest is used to estimate the pointing in-
certainties in 3D (σx, σy and σz). Its intensity is

rescaled to the average intensity of a detection, and
noise extracted from another region of the image
is added to the synthetic PSF. This artificial data
is then processed as a normal movie, and finally
the resolution in 3D is computed. This method
is likely to underestimate the pointing accuracy
because in that case, the movie cannot be drift-
corrected. This method lead to a resolution of 12
nm in x, 17 nm in y and 50 nm in z, which is in
the higher range of the publications we reviewed
[13, 5].

a. Generate "artificial PSF"

bead

noise

average
detection

SNR }
Rescaled

and noised
bead movie

b. Track and estimate pointing accuracy

Estimate x, y and z
pointing accuracies

Fit PSF
with MTT

Figure 16: Procedure to determine the 3D pointing accu-
racy on real data. (a). yellow: a bead and a region of noise
are extracted from a subset of ∼ 1000 frames from a movie
of interest. red: for an important number of spots, both
the peak intensity and the signal-to-noise ratio (SNR) are
computed. The bead aveage intensity is then rescaled ac-
cording to the estimated SNR and average peak. Noise is
then added to the image to compensate for the proportional
downscaling of the noise when normalizaing the signals. The
synthetic movie is then fitted with MTT and a 3D gaussian
is fitted to the resulting cluster of detections.

4.1.2 Functional assays

Table 2: Antibodies used for the functional characterization
of the tagged versions of c-Myc, Abbreviations in parenthe-
sis denote the organism where the antibody was raised: R.:
rabbit, G.: goat, M.: mouse. Prov: provider, SCBT: Santa
Cruz Biotechnology, Inc., RL: Rockland, Inc, CoIP: Co-
Immunoprecipitation, WB: Western Blot., 2ary: secondary
antibody, HRP: conjugated to horseraddish peroxydase.

Antibody Prov. Reference Used for
anti-MAX (R.) SCBT sc-765 CoIP and WB
anti-cMyc (R.) Abcam ab-3072 WB
anti-TRRAP (G.) SCBT sc-5405 not used yet (WB)
anti-FLAG not used yet (CoIP)
anti-Rabbit-IgG RL. 18-8816-33 2ary, HRP, WB.

The anti-rabbit-IgG used is specific of the non
SDS-denaturated (non-reduced) rabbit IgG, allow-
ing to detect the primary antibody used for blot-
ting without detecting the IgGs used for the CoIP.
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4.1.3 CRISPR cell line characterization

In case of isolation of cell lines showing integra-
tion at the right site, the following characteriza-
tions would have been performed:

• Southern blot : a probe is designed against the
tagged MYC sequence, and the colony PCR
product is hybridized against the probe.

• Inverse PCR [60]: this technique allows to
map unspecific integration sites that can su-
perimpose the adequate insertion site. NT2
genomic DNA is digested in fragments of a
few kilobases in length, and these fragments
are circularized using a ligation in diluted con-
ditions. PCR is then performed using a for-
ward and a reverse primer located inside the
MYC gene, amplifying the flanking regions of
the gene. The amplicons are then cloned, se-
quenced and the results are finally mapped to
the human genome.

4.1.4 Titration of the amount of fluores-
cent proteins

We review here two methods to precisely assay the
quantity of protein actually fluorescent in a solu-
tion.

Quantum yield-based approach It is clear
that traditional protein assays, such as native
gels or absorbance quantitation might not
account for bleached proteins. We thus
designed an assay derived from the quan-
tum yield determination protocol used in
chemistry. Indeed, actually non fluorescent
proteins show a quantum yield (QY, that
is the ratio between the number of photons
received divided by the number of photons
emitted) close to zero, whereas the quantum
yield of Dendra2 has been experimentally
determined (green form: 0.50 4 and 0.55 for
the red form, buffer conditions not detailed.

4. According to Evrogen’s Dendra2 "detailed descrip-
tion" on their website.

0.45 for the red form in 100 mM potassium
phosphate buffer, pH 5, and 0.61 in 100
mM potassium carbonate buffer, pH 9 [61],
and 0.55 [44], buffer conditions not detailed.
Knowing the actual quantum yield of Dendra2
and measuring the apparent quantum yield of
our purified solution, it becomes possible to
back-calculate the real concentration of the
purified solution.

Since the photophysical parameters (such as ab-
sorption/emission spectra and quantum yields) are
highly environment dependent ([44]), we repro-
duced the buffer conditions used by the authors
who determined such parameters.

Measuring the ratio between the absorbed and
emitted photons is challenging, since one has to
account for the absorption of the cuvette, changes
in the beam intensity as the lamp gets old, unde-
sirable self-quenching due to concentration effects,
etc.

A simple solution to overcome these issues is
make the measurement relative to a fluorophore
of similar spectral properties (to avoid sensitivity
variability of the detector across different wave-
lengths) and to use a gradient of concentrations,
to avoid both self-quenching and non-linearities of
the detector. Under this setup, the quantum yield
is given by the slope of measured fluorescence ver-
sus concentration. Concretely, the measurements
have to be corrected for the refractive index of the
medium, and the relative quantum yield is given
by the formula:

Φx = Φstandard
gradx

gradstandard

η2x
η2standard

where Φx and Φstandard denote the QY of the
purified protein and the fluorescent standard (re-
spectively), ηx and ηstandard stand for the refractive
index of the purified protein and the standard, re-
spectively. In our case, the ratio was neglected
since we work with diluted solutions.

Samples were diluted at a concentration around
1 µM and read using a fluorescence plate reader
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(EnVision Multilabel Plate Reader, PerkinElmer)
s in a transparent 96-well plate. We used both
fluorescein ([62]), QY=0.92 in 0.01 M NaOH,
Abs/Em=494/521 nm, and Alexa 488 QY=0.92 in
PBS, Abs/Em=495/519 nm [16] and 5).

Extinction coefficient approach As an orthog-
onal method of estimation, we determined the
extinction coefficient of Dendra2, since it has
been reported for GFP that the extinction co-
efficient is only obtained with properly folded
and fluorescent proteins [63]. The same buffer
as for the quantum yield determination was
used, and the protein was diluted around a
concentration of 10 µM, according to [61].

4.2 Data analysis

Once collected and processed to extract the detec-
tion coordinates, the data were analyzed as follows
and implementations are presented.

4.2.1 Mathematical background

Superresolution microscopy produces a set of 2D or
3D coordinates located inside a region of R2 or R3.
This region is assumed to be of sufficient regularity.
An incertainty I = (σx, σy, σz) is associated to each
point. Here we assume that all the points share the
same incertainties.

Mathematically, such a datatype can be de-
scribed in the formalism of spatial point patterns
[[[64, 65]. We present here the few tools we used
to handle the data.

Spatial point pattern Although one can define
a spatial point pattern in several way, we give the
following definition. Given:

• a set B, here R2 or R3

• N a random variable (describing the number
of points in the pattern),

5. Life Technologies, sheet for Alexa Fluor dyes.

• N spatial random variables Xi, i ∈
[1, N ] ,Ω(Xi) ⊂ B,

a spatial point pattern PP can be unformally de-
fined as the collection of the Xi, that said PP =

{Xi, i ∈ [1, N ]}. The points x of PP (that said,
where a point is drawn out of the Xi : [X = x], x ∈
B) are called events so that they can be distin-
guished from the the elements of B.

Given a spatial point pattern PP , one can con-
sider the following cases:

• PP is finite (each subset of the space B con-
tains a finite number of points)

• PP is simple (two events cannot occur at the
same point)

We will only consider the case where those two
properties are satified. Furthermore:

• PP is homogeneous iff the distribution of the
Xi do not change respective to translation, i.e
gXi=gXi, +x , where ga denotes the distribution
probability of the random variable $.$, and
$+xa is notation for the random variable de-
fined by P [Xi,+x = k] = P [Xi = x+ k]

• PP is isotropic iff the distribution of the Xi

do not change respective to rotation, i.e gXi =

gXi,rot , where rot stands for a rotation of the
random variable.

From these definitions, it arises that a PP that is
bound to a finite region of space (that is N(A) =

0,∀A ⊂ B \ D, D of finite measure) cannot be
homogeneous. In our case any PP considered will
have N(A) = 0 (no event) when A is out of the
nucleus. On the other hand, we will assume the
PP isotropic (following récamier), an assumption
required for the computation of border corrections.

A last definition is the one of amarked point pat-
tern, where theXi have values in B×M andM can
be a countable or uncountable set accounting for
additional properties of the events. For instance,
the description of a 3D, two color PALM/STORM
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experiment involving PolII and c-Myccan be real-
ized as the following:

• N events (detection of molecules) located in-
side the nucleus N ⊂ R3.

• Each event Xi takes values in N × {c-Myc,
−PolII}, and should be understood as: "there
is a molecule of c-Myc/PolII at a given posi-
tion of the nucleus.

We can then define several canonical point pat-
terns and some associated properties and func-
tions.

First order statistic: intensity The inten-
sity λ(x) of a point of space x extends the no-
tion of the mean of a traditional random variable.
It describes the expected number of events that
lie at a given position of space. If we describe
E(N(B(x, r))) the expected number of points in-
side a ball of center x and radius r. λ(x) is then
defined as the expected number of points in x, that
is λ(x) = limr→0

N(B(x,r))
`(B(x,r))

, where l(.) denotes the
measure of the ball (its volume or surface in our
case). Note that this quantity is defined every-
where in the case of finite PP .

Practically, this definition is useless, since we ob-
serve a realization of the underlying random vari-
able: for an empirical PP , the λ(x) converges
to a sum of Diracs (corresponding to the posi-
tion of the observed events). This issue is over-
comes by applying a smoothing to the data to
obtain a continuous density. The estimated in-
tensity can then be expressed as a convolution:
λ(x0) =

∫
B
∑N(B)

i=1 1[Xi = x]I(x − x0)dx, where
I gives the weight of a point given its distance $x-
x0$to one event

It should be noted that the intensity is a local
parameter, the intensity depends on the position x
of space.

Second order statistic: K-Ripley function
Similarly to the first order statistic, second order
statistic extend the notion of variance to a PP .

One of the main second order statistics is the K-
Ripley K(r) function. This function denotes the
average number of neighbours located within a ra-
dius r of an event. Although very simple, this func-
tion can provide many indications:

Enrichment (as compared to its ditribution un-
der a reference PP ) at low radii characterize
clusturing whereas enrichment at high radii
denotes exclusion. Furthermore, this distri-
bution allows to determine fine thresholds and
behaviours, such as: strong clusturing at a low
radius followed by exclusion at higher radii.

Cluster sizes the normalized K-Ripley function
can give insights into cluster sizes: the peaks
of the function lie between the radius and the
diameter of the clusters.

Fractal dimensions see below.

Many other functions exist and can be reviewed
in [65] and [64]. All of them compute pairwise "re-
lations" between points.

Fractal dimension Many structures in the nu-
cleus exhibit self-similarity (for instance, DNA
forms loops, coils, supercoils, domains, etc.), an
organization that can usefully be described using
fractal mathematics [5].

An object can be described as fractal when his
physical properties lie in between the traditional
topolgical dimensions. For instance, a highly tor-
tuous curve (such as DNA) can exhibit space-filling
properties, although it has a mathematically null
volume. These objects are characterized by their
fractal dimension, that especially accounts for this
space-filling property.

Such space-filling behaviour has many conse-
quences in terms of diffusion, reactivity and kinet-
ics, and has been widely investigated in various
fields of chemistry and physics.

Mathematically, the fractal dimension can be de-
fined as the scaling of the volume/surface of an ob-
ject respective to its radius. For instance, surf ∝
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r2 for 2D objects. For fractal objects, this dimen-
sion is not an integer. More rigorously, the most
accepted definition of a fractal dimension is Haus-
dorff fractal dimension, that derives from Haus-
dorff’s measure. This definition, however, cannot
be used in practice, as it requires to consider all
the possible paving of the volume with spheres.

A practical way of measuring fractal dimensions
is to compute the boxcounting dimension (also
called the Minkowski-Bouligand dimension), that
is equivalement to the Hausdorff fractal dimension.
The boxcounting dimension describes the scaling
between the number of "cubic boxes" required to
encompass the measured object respective to the
size of the box. For instance, paving a square of
edge n ∗ ε requires N = n2 cubic boxes of edge ε.
For a cube, it is n3. Thus, the boxcounting dimen-
sion is given by limε→0

log(N(ε)
log(1/ε)

.
Although tractable, this method is very compu-

tationnally intensive in the cases where some edge
corrections have to be performed . Fortunately,
other approaches to compute fractal dimensions
are available and more tractable. One of them,
termed the correlation fractal dimension, derives
from the K-Ripley function. Indeed, the scaling
of K(r) with respect to r denotes the way the
PP fills space. If K(r) grows like r2, it is more
or less enclosed in a plane (more generally, in a
2D manifold), if it scales as r3, it uniformly fills
space. Thus, the scaling of the K-Ripley func-
tion, or correlation fractal dimension can be consid-
ered as an approximation of the fractal dimension.
Mathematically, the correlation fractal dimension
exhibits similar properties and converges toward
the Hausdorff dimension.

Edge correction Empirical PP are always lim-
ited to an observation window. In our experiments,
the best case scenario is the limit of the cell. The
reference point patterns, however, often have un-
limited spatial extension (se below). Thus, limits
of the observation window introduce a bias when
trying to estimate either intensity or second order

statistics, because the events lying outside the ob-
servation window will never be observed. For in-
stance, if we compare the K-Ripley of an homoge-
neous point distribution (termed later as a Poisson
process) in a borderless versus a case with border,
K(r)no border shows a monotonic growth whereas
K(r)border plateaus as r reaches the border. Subse-
quently, one shoudltake into account the limits of
the observation window, and correct for the detec-
tions that will never be observed.

Several corrections can be performed:

An erosion of the zone of study one intro-
duce a "buffer zone", where points are
considered as "arrival points" and not as
"starting points" in the computation of
the K-Ripley for instance. This solution,
however, gets more and more suboptimal as
the dimensionality of the space increases, a
phenomenon usually referred as the "curse
of dimensionality". In our case, eroding the
nucleus would force us to discard a lot of
observations. Furthermore, this method is
inaccurate when the intensity of the PP is a
function of the distance to the border, as it
has been recently described for H2B.

We focus here on the isotropic correction: under
the assumption of isotropy the events are evenly
distributed around each event. In that case, the
number of events located on a circle of given ra-
dius and centered around an event that are missed
"missed" because of the border is proportional to
the fraction of circle outside the border. This cor-
rection has been successfully applied to superreso-
lution in [12]. Other corrections have been previ-
ously developes, such as a homogeneous correction
[64].

Canonical point patterns We present here
some traditional point patterns. These were used
as reference in the analysis we performed later.
Demonstrations and further details can be found
in [65].
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Binomial A binomial point process represents the
uniform distribution of a given number of
points inside a closed set W . For a binomial
point process showing ntot events, the number
of points for a given set A located inside W is
given by E(N(A)) = ntot

`(A)
`(W,)

where ` designs
the area/volume of the considered region.

Poisson In a Poisson point process, the expected
number of points in a given region follows a
Poisson distribution of parameter λ`(A). This
is equivalent to a uniform distribition over B.

The intensity, as described upper, does not have
to be constant, and one can also describe a non-
homogeneous Poisson process, where the expected
number of detections is obtained by integrating the
local intensities λ(x).

In the case of a homogeneous Poisson process
without borders, the K-Ripley distribution can be
derived analytically: K(r) = λπr2 in 2D, K(r) =

λπr3 in 3D.
Note that when conditioning a Poisson process

by the total number of detections, one find back a
binomial process. The Poisson process is used a ref-
erence, null model of uniformly ditributed events.

Poisson cluster Finally, we introduce a last
model for the purpose of the following anal-
ysis. A Poisson cluster process can virually
be divided in three steps. First, the location
of parent clusters is determined according
to a Poisson process. Then, each parent
cluster gives rise to a random number of
children, that are then distributed according
a second probability law. A common Poisson
cluster process, represented *fig is a homo-
geneous Poisson process where the children
are normally distributed around the cluster
center.

4.2.2 An implementation: Rpalm3d

All the point pattern theory described in the pre-
vious section finds an implementation in the ex-
cellent package spatstat [66, 67] for R [68]. This

package presents however very limited 3D capa-
bilities. For instance, the window of observation
is limited to parallepiped, and the K-Ripley func-
tions are not usable because they are too slow (on
a ∼ 100000 points PP , a 3D K-Ripley was stop
after 24 hrs of computation without completing).
A full 3D version of spatstat, called spatstat 2 has
been announced several years ago 6, but was never
released. Furthermore, we contacted Rolf Turner,
one of the former developers of spatstat, who con-
firmed that no release was planned in the close fu-
ture. We thus implemented a few functions to ana-
lyze the point patterns and to easily process PALM
data. These functions are packaged in a R library
temporarily called Rpalm3d 7 (Figure 17).

The code is mostly R, and the critical parts were
written in C for performance reasons.

Figure 17: A screenshot showing a few features of Rpalm3d:
3D visualization and subregion selection, K-Ripley plot and
the console to type commands.

Interface We first determined a way to describe
the border of the nucleus. We use a polyhedron
that is built from the union of triangles. Although
the implementation is general, we only used poly-
hedrons generated by extruding a 2D polyhedron.

6. Spatstat website, page "Spatstat Version 2, Prelim-
inary Announcement", dated: 6th revision, 9th February
2010.

7. This package is freely (as in speech) available upon
request at maxime.woringer@ens.fr.
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This description suggests/implies a geometrical
point of view on the problem. We thus imple-
mented several algorithm originating or inspired
from computational geometry. On the one hand,
computational geometry algorithms are tailored for
speed and parallelization. On the other hand, they
often include hard-to-tackle singular cases and are
often prone to numerical instabilities. There is thus
a trade-off of this paradigm versus the previously
described algorithms that were matrix-based.

The whole package is designed as an extension of
spatstat. It uses rgl to plot the 3D representations.
In addition to the few analytical tests available for
3D spatial point patterns, we implemented a few
simulation methods to produce either binomial or
Poisson point patterns which intensity λ(x, y, z))

can be split as λ(x, y, z) = f1(x) ∗ f2(y) ∗ f3(z).
This method in particular allows for simulation
of homogeneous point patterns (λ = cst) and for
realistic (i.e.: empirical) z detection profile for
PALM/STORM experiments, provided the three
empirical distributions f1, f2 and f3. These point
patterns were simulated according to the rejection
sampling method. In his simple form, points are
drawn uniformly across the domain of interest, and
each point is either kept or discarded with a prob-
ability derived from the input distirbution.

Local density The maximum likelihood estima-
tor of the intensity of a homogeneous Poisson pro-
cess is the count of events per volume unit. How-
ever, even the computation of the volume of a 3D
polyhedron is still a debated subject. In our case,
we implemented a very classic algorithm where the
polyhedron is split into pyramids that all share one
common vertex. In that configuration, the final
volume is the oriented sum of the volumes of pyra-
mids.

K-Ripley We optimized the computation of K-
Ripleys by splitting the nuclear volume in cubes.
Indeed to compute K(r), r ∈ [0, rmax], the nucleus
is split into non overlapping cubes of edge rmax.

That way, all the relevant neighbours for the K-
Ripley are located within the 26 cubes adjacent
to the one considered. When computing K-Ripley
on 3D PALM/STORM pictures with $rmax$=1µm,
the slice is about 1.2x15x10=180 µm3. The theo-
retical speed improvement (neglecting preprocess-
ing overhead) is 10 fold.

Border correction Since previously published
literature mostly considers isotropic correction, we
focused on that one. In 3D, border correction re-
quires to compute the surface of the sphere inside
the polyhedron. Previous implementations either
relied on heavy numerical integration and convolu-
tions [12]. We proposed last year a fully FFT-based
implementation that could potentially accelerate
computations. However, the algorithm was very
RAM-demanding, CPU- and GPU-demanding and
its accuracy couldn’t be tested. Furthermore, the
previous algorithm was also time consuming, as it
took ∼ 3h30 to compute a single K-Ripley.

Here we propose a geometrical, approximated
computation of the Ripley function. Indeed, the
determination of the fraction of the sphere outside
the nucleus is estimated by uniformly sampling a
sphere of given radius. Provided that the num-
ber of tested points is high enough, the fraction
of points outside the border (out of the nucleus)
converges towards the fraction out of the nucleus.

Concretely, we implemented a fast, approximate
point-in-polyhedron test derived from a 2D version.
An approximate algorithm is acceptable because
the high number of tested points (more than 100
points per sphere, a figure that should be multi-
plied by the number of points). In that case 1-2%
of uncapture are released and unhandled.

4.3 Supplementary results

4.3.1 Accuracy of Rpalm3d for first and
second-order estimations

We first characterized the correctness of our im-
plementations on previously studied protein. The
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histone 2B (H2B) 3D-PALM structure has recently
been resolved and characterized using the same
methods as we did [12]. Although our firsts tests
on unpublished H2B PALM datasets (provided by
Ignacio Izeddin, Laboratoire d’Imagerie Fonction-
nelle de la Transcription, Paris) were consistent
with the published data, we were unable to ob-
tain coherent results when we moved to the exact
dataset used in the paper (PALM data provided by
Vincent Récamier and Xavier Darzacq). Finally,
more careful tests on small synthetic datasets that
can be analyzed with the limited 3D capabilities of
spatstat revealed unacceptably wrong behaviour.
Debugging he code would have required too much
time to be achieved during the course of this in-
ternship. Thus, we tried to perform the analysis in
2D using spatstat. This analysis is still in progress

4.3.2 Detection of c-Myc clusters

One the first order, radial accumulation of c-Myc
has been quantified, it becomes possible to look at
finer structure within the pattern. One important
question is whether c-Myc shows clusturing, as it
has been described for PolII [7] and Sox2, another
Yamanaka factor [69]). Identifying clusters is not
trivial within STORM datasets is not trivial, be-
cause the intrinsic photophysics of the employed
dyes causes the fluorophores to be detected multi-
ple times, thus showing clusters corresponding to
multiple detections.

However, precise quantification of the point-
ing accuracy can help to distinguish between
biologically-relevant clusters and multiple detec-
tions.

As described in the methods ??, we performed
an estimate of the pointing accuracy in x, y and z
on one of the acquired dataset. This estimate al-
lowed us to investigate c-Myc clusturing by provid-
ing a more realistic model than the traditional com-
plete spatial randomness (CSR, a homogeneous
Poisson process 4.2.1). As the time of finalizing
the report, we are still in the process of running

b. Dataset 2, Récamier et al. c. Dataset 3, synthetic data (CSR)
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Figure 18: Comparison of Rpalm3d on three datasets. (a).
Consistent estimate of a fractal dimension of 2.6 using a
H2B dataset. (b). Inconsistent estimate of a fractal dimen-
sion of 3. (c). Inaccuracies on synthetic data. The sacling
and the overall shape of the curve is wrong. (d). comarison
of the running speed of the various implementations.

the simulations.

4.3.3 Relation of c-Myc respective to E-
boxes

In the previous paragraph, we assumed that the
E-boxes were uniformly spread along the genome.
This is obviously an approximation, and we tried
to infer a more precise spatial distribution. We first
recorded the positions of each E-box in the hg38,
and plotted their distribution across the genome.
We didn’t have time to perform any statistical
analysis (comparison with the anlytical derivation
of the variance of the exponential law), but one
can see striking heterogeneities in the CACGTG pat-
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tern, with some regions showing a > 5 folds enrich-
ment. Furthermore, we computed the distribution
of distances between two successive detections. In
the random case (no sequence bias), the distances
between consecutive events follow an exponential
distribution. In our case, two main points can be
noted:

• Both the overall and the per-chromosome dis-
tance distributions show a significant devia-
tion from an exponential law, as assayed by
the log(count) vs. successive distance.

• If some chromosomic regions seem enriched,
some chromosomes show significant enrich-
ment. We focused on per-chromosome average
because the radial position of chromosome has
been documented for several cell types [54].
For instance, chromosome 18 is gene poor and
is known to localize at the periphery of the
nucleus. Conversely, the gene-rich chromo-
some 19 has approximately the same size, and
is mostly located in the center of the nucleus
(initially assayed by "chromosome painting").

To determine whether chromosome-wide E-box
enrichment bias can account for the c-Myc distri-
bution, we compared the per-chromosom E-box en-
richment (as the average number of E-box per base
pair) and the rank of the chromosome respective
to its distance to the center of the cell. We par-
ticularly focus on chromosomes 18 and 19. Unsur-
prisingly, no pattern emerges, indicative of either
a lack of correlation or a lack of resolution.

4.3.4 A collection of c-Myc mutants to
functionally investigate its inhomo-
geneous nuclear localization.

As an orthogonal approach to determine the fac-
tors driving c-Myc nuclear patterns, we generated
truncated version of the tagged c-Myc construct,
allowing superresolution imaging of theses binding
deficient proteins.

As a first, harsh screen, we generated three
first constructs, where we deleted the entire

interaction domains as follows: cMyc-∆MBII-
Dendra2 (deletion of the TRRAP interaction
domain MBII), cMyc-∆basic-Halo (DNA binding
domain deleted), cMyc-∆HLH-Dendra2 and
cMyc-∆HLH-Halo (HLH Max-interacting domain
deleted).

We then tried to assay the intranuclear localisa-
tion of tagged proteins after transfection by confo-
cal and superresolution microscopy. Unfortunately,
we ran into several transfection problems that pre-
vented us from getting any data from these con-
structs. We are still in the process of imaging these
mutants.

4.4 Dynamics of c-Myc

Since the static confocal pictures and the superres-
olution reconstructions were providing more ques-
tions than answer, especially regarding the pre-
viously described colocalization with histones 3
trimethyl K4, we wondered whether this difference
could be accounted for by different dynamics. In-
deed, one can envision a mechanism by which c-
Myc would spend most of its time at the borders
of the nucleus, a result of a weak interaction for a
very high number of sites (for instance the E-boxes,
leading to a ChIP-seq signal very close to the noise
level) combined to specific, long term interactions
with specific partners, for instance a recruitement
to modified histones by the GCN5/TRRAP com-
plex, leading to sharp peaks on a more limited
number of targets.

To test this hypothesis, we performed a series of
live cell experiments. The main questions were to
first characterize c-Myc diffusive behaviour in NT2
cells, mostly following a methodology previously
described [38, 20].

Since we acquired the data very lately, and that
the dataset quality is not outstanding, we do not
derive any figure from the plots, but simply show
the quality of the plots that can be obtained.

35



4.4.1 Fluorescence recovery after photo-
bleaching (FRAP)

In FRAP experiments, a focused laser bleaches one
specific region of the cytoplasm. The fluorescence
at the bleach spot then progressively comes back to
the nucleoplasmic level as new fluorescent proteins
diffuse and replace the bleached proteins at their
(more or less specific) binding sites. That way,
and under conditions where diffusion is not the fac-
tor limiting fluorescencen recovery, FRAP allows to
compute a $koff$ of the protein for its binding site.
Moreover, slightly more complex models can be de-
rived to account for several types of binding, for
instance to describe a population exhibiting both
specific and aspecific binding (and thus a difference
in residence times at the binding sites) This mea-
sure can give insights on the exploration patterns
of c-Myc at a the full nuclear scale and therefore
be used to compare various c-Myc mutants. In-
deed, how trnascription factors explore space is a
critical parameter influencing the way the protein
can act as a regulator. Space-exploring patterns
have been characterized as diverse as highly con-
fined, performing a strongly recurrent walk around
a given region, thus creating an increase in the local
concentration. On the other hand, some transcrip-
tion factors have been described to explore nuclear
space in a much less recurrent manner, with a prob-
ability less than one to come back to its starting
point.

We performed preliminary FRAP experiments
in unperturbed cell transfected with c-Myc-GFP
in order to compare the bound fraction apparent
diffusion coefficients of several mutants.

4.4.2 Identifying the distribution of tran-
sient high confinement of c-Myc us-
ing single particle tracking (SPT).

A counterpart to the ensemble FRAP measure-
ments is single particle tracking, where individ-
ual molecule traces are recorded, allowing to build
single-molecule mean square displacement (MSD)

Figure 19: preliminary c-Myc FRAP data showing high im-
mobile fraction. x: time in ms, y: fluorescence (u.a.)

and extract crucial parameters governing the ex-
ploration pattern of the protein, such as the com-
pacity of its movement [70, 5]. However, MSD de-
terminations are limited by the undersampling of
high diffusion coefficient (they are more likely to go
out of focus than slow-moving molecules) that tend
to introduce artifacts that resemble anomalous dif-
fusion. To circumvent this issue, other methods
for data analysis have been proposed, including
the computation of angles between two successive
translocations (Burov, Izeddin, Woringer). Since
we are mainly interested in the gradient respective
to the distance to the nuclear periphery, we focused
on quantifying the number of very confined traces
in different portions of the nucleus. We are still in
the process of analyzing the acquired data.

A first look at the obtained data show that they
reproduce previously observed dynamics [38].
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Figure 20: Preliminary single particle data showing a pre-
liminary MSD and a sample of the source traces.
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4.4.3 Engineering of a cell line expressing
tagged versions of c-Myc using the
CRISPR system

An engineered cell line where one or both of the c-
Myc alleles are tag would be a great tool to further
investigate its cellular functions. Indeed, an endo-
geneously expressed gene releases the constraints
and the stress induced by transfections, allows to
monitor protein localization over extended periods
of time (such as differentiation). Furthermore, ex-
pression at an endogeneous level allows for fine
probing of cellular transcription regulation. Fi-
nally, it would make it easier to monitor several
proteins simultaneously (such as c-Myc interacting
partners TRRAP or GCN5). However, our first
attempt failed and no cell survived selection. We
then tried the following conditions, detailed in Ta-
ble 3:

Several tranfections gave puromycin-resistant
colonies. However, we were unable to detect
fluorescent colonies under a confocal micro-
scope. We then moved to FACS to enrich the
fluorescent-positive cells. FACS was able to sort
a fluorescent-positive population, and we isolated
~2500 Dendra2-positive cells (Figure 21b). This
population (either Dendra2-positive of Halo-
positive) was very distinct from the control cells
and represented a low amount of 0.5-1% of the
cells. Unfortunately, none of the ∼ 2500 cells
sorted during our first attempt.

We performed two other sorts, one with the
Dendra2-transfected cells again (Figure 21c), and
one with the Halo-transfected cells (Figure 21c).
That time, we also sorted the Dendra2-negative
cells as a control. The negatively sorted cells also
died, suggesting unoptimized sorting conditions.
We didn’t try to optimize further the FACS condi-
tions due to time constraints.

1% of fluorescent-positive cells is very low com-
pared to the integration rates usually observed in
other cells. Our last hypothesis is a very low trans-
fection efficiency of the linear plasmid. We are

thus trying to co-transfect to additional gRNA tar-
getted against the transfected donor vector to lin-
earize it in-vivo, in order to overcome a possibly
low transfection efficiency of linear DNA.
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Figure 21: Result of the FACS sorting, showing a distinct
population of either GFP positive or Halo-positive cells.

4.5 Supplementary discussion

4.5.1 An alternative model to explain c-
Myc gradient

Our current model to explain c-Myc accumulation
at the periphery of the membrane require a dense
underlying structure at least partially tethering the
protein. Since the accumulation spans a few mi-
crons inside the nucleus, the nuclear envelope can-
not be this substrate. However, the constraint
for a substrate can be waived (at least theoreti-
cally) without the need of overwhelmingly strong
assumptions. We present here a model where a
protein freely diffuses in the nucleoplasm. When
hitting the nuclear envelope, the protein is trapped
with a given probability, and released with another
probability. This simple model is sufficient to cre-
ate a gradient from the nuclear envelope towards
the center of the nucleus.

We now formalize this model as discrete and in
one dimension where the 0 on the x axis locates the
nuclear envelope, and positive values point to the
center of the nucleus. We proceed to the follow-
ing simplifications (although they can be easily re-
moved without changing the analytical paradigm):
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Table 3: Different conditions assessed to generate the cell line, KpnI: donor vector linearized using KpnI, gradient:
puromycin started at 0.25µg/ml and then gradually increased until 1 µg/ml.

Construct Linear Selection Transfection Outcome Diagnosis
vector

Halo yes 1 µg/ml Nucleo. no colonies Selection too strong
Halo no gradient XFect no colonies Low transfection efficiency
Halo no gradient Nucleo cell death Contamination? (added P/S)
Dendra2 no gradient Nucleo. 1. colonies, killed by FACS FACS too harsh,

2. backup killed by FACS FACS too harsh
Halo yes gradient Nucleo 1. colonies, killed by FACS FACS too harsh

2. backup, from 1. Contamination
Dendra2-MS2 yes gradient Nucleo still under selection

• The nucleus radius is infinitely large compared
to the slope of the gradient. Thus, the dis-
tribution of the protein should be an ever-
decreasing function of the distance to 0.

• The nucleus is discretized at a given step.

• We do not consider the temporal aspect of the
binding/unbinding to the nuclear envelope.

• Space is assumed euclidian (thus diffusion is
Brownian). It is possible that this model holds
also in the case of more complex geometries
(such as fractal).

• The protein moves at each time point either
one step left or right. At the membrane, it
only can move right or stay at zero.

We note: X the discrete random variable de-
scribing the position of the particle at one given
time, and dX the movement of the particle between
two time points −1, 0 or 1 in our case. Thus, our
model can be formalized as follow:

P (dX =


−1

0

1

 |x = 0) =


0

p

1− p



P (dX =


−1

0

1

 |x 6= 0) =


0.5

0

0.5


A much more tractable form can be derived, and

this model can be formalized and analyzed as a
Markov chain to derive the equilibrium distribu-
tion of the molecules. This simple model could

easily be integrated into a temporal framework by
switching to the so-called continuous time Markov
chain (where the newly introduced time between
two events of the initial chain is exponentially dis-
tributed). The n-states Markov chain is defined as
follow:

0 1 2 3 ...p

1-p 0.5 0.5 0.5

0.50.50.50.5
And we denote NT =t (n1,T , n2,T , n3,T , . . .) the

number of molecules in each state at time T .
Once formalized as a Markov chain (formally: a

graph), the adjacency matrix P of the graph can
immediately derived:

P =


p 1− p 0 . . .

1/2 0 1/2 0

0 1/2 0 1/2 0
... . . .


From this matrix point of view, a population

of molecules distributed as NT will evolve fol-
lowing the linear relation NT+1 = PNT . From
this perspective, the equilibrium distribution Neq

is reached when NT+1 = PNT . That said, the
right eigenvector of P is the stable distribution of
this chain. Neither N = (1, 1, 1, . . . ) nor N =

(1, 0, 0, . . . ) are eigenvectors of P , implying the ex-
istence of a gradient along the x axis. Further com-
putations are required to characterize the distribu-
tion. However, this model is extremely simple, and
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does not account for a limited number of binding
sites at the nuclear envelope, or for anomalous dif-
fusion when unbound.
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