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Integrated requirement of non-specific and
sequence-specific DNA binding in Myc-driven
transcription
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Abstract

Eukaryotic transcription factors recognize specific DNA sequence
motifs, but are also endowed with generic, non-specific DNA-bind-
ing activity. How these binding modes are integrated to determine
select transcriptional outputs remains unresolved. We addressed
this question by site-directed mutagenesis of the Myc transcription
factor. Impairment of non-specific DNA backbone contacts caused
pervasive loss of genome interactions and gene regulation, associ-
ated with increased intra-nuclear mobility of the Myc protein in
murine cells. In contrast, a mutant lacking base-specific contacts
retained DNA-binding and mobility profiles comparable to those of
the wild-type protein, but failed to recognize its consensus binding
motif (E-box) and could not activate Myc-target genes. Inciden-
tally, this mutant gained weak affinity for an alternative motif,
driving aberrant activation of different genes. Altogether, our data
show that non-specific DNA binding is required to engage onto
genomic regulatory regions; sequence recognition in turn contri-
butes to transcriptional activation, acting at distinct levels: stabi-
lization and positioning of Myc onto DNA, and—unexpectedly—
promotion of its transcriptional activity. Hence, seemingly perva-
sive genome interaction profiles, as detected by ChIP-seq, actually
encompass diverse DNA-binding modalities, driving defined,
sequence-dependent transcriptional responses.
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Introduction

The transcription factor Myc orchestrates complex gene expression

programs that foster cell growth and proliferation, in both normal

and cancer cells (e.g., Perna et al, 2012; Sab�o et al, 2014; Walz et al,

2014; Kress et al, 2015; Kress et al, 2016; Muhar et al, 2018; Tesi

et al, 2019). Myc dimerizes with Max (Blackwood & Eisenman,

1991) to bind DNA with a preference for the E-box consensus

sequence CACGTG (Blackwell et al, 1993; Solomon et al, 1993),

through which it activates transcription (Amati et al, 1992; Kretzner

et al, 1992). Within cells, however, Myc promiscuously associates

with active chromatin (Guccione et al, 2006; Kim et al, 2008; Soufi

et al, 2012), owing most likely to a combination of general accessi-

bility (Sab�o et al, 2014), protein–protein interactions (Thomas et al,

2015; Richart et al, 2016; Thomas et al, 2019), and non-specific

DNA binding (Ferre-D’Amare et al, 1993; Brownlie et al, 1997; Nair

& Burley, 2003; Sauv�e et al, 2007): consequently, when expressed at

high levels, Myc can be detected on virtually all active promoters

and enhancers in the genome (Lin et al, 2012; Nie et al, 2012; Guo

et al, 2014; Sab�o & Amati, 2014; Sab�o et al, 2014; Walz et al, 2014;
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Kress et al, 2016; Bywater et al, 2020). Hence, while Myc-activated

promoters tend to show overrepresentation of E-box motifs and

stronger Myc recruitment (Walz et al, 2014; Lorenzin et al, 2016; de

Pretis et al, 2017; Tesi et al, 2019), the role of DNA sequence recog-

nition in Myc activity remains to be clarified.

Here, we exploited the structure of the DNA-bound Myc/Max

dimer (Nair & Burley, 2003) to design Myc mutants bearing substitu-

tions in residues that contact either the DNA phosphodiester back-

bone or specific bases within the consensus binding motif (E-box),

and profiled the DNA-binding and gene-regulatory activities of these

mutants in murine cells. Our data reveal that non-specific DNA bind-

ing is required for Myc to engage onto active regulatory elements in

the genome, preceding sequence recognition; beyond merely stabi-

lizing Myc onto select target loci, sequence-specific binding contri-

butes to its precise positioning and transcriptional activity.

Results

Structure-based mutagenesis of the Myc DNA-binding domain

Myc/Max dimerization depends upon the contiguous helix-loop-

helix and leucine zipper domains of each protein (HLH-LZ: ca. 70

amino acids) and is a strict prerequisite for DNA binding, mediated

by the short basic region (15 a.a.) that precedes the HLH (Black-

wood & Eisenman, 1991; Amati et al, 1992). In line with those

biochemical findings, structural studies on DNA-bound or free

dimers, including Myc/Max (Nair & Burley, 2003; Sammak et al,

2019), Max/Max (Ferre-D’Amare et al, 1993; Brownlie et al, 1997;

Sauv�e et al, 2004; Sauv�e et al, 2007), and other bHLH proteins

(Murre, 2019), showed that dimerization allows positioning of the

basic regions for insertion into the DNA major groove (Fig 1A).

We targeted two groups of residues involved in DNA contacts

within the Myc basic region (Fig 1B). First, R364, R366, and R367

interact with the phosphodiester backbone. Early data showed that

a mutant with the triple alanine substitution (hereafter MycRA) was

proficient in dimerization with Max, but could not activate an

E-box-driven reporter gene (Amati et al, 1992). Here, we further

characterized this mutant as a candidate for loss of generic (non-

sequence-specific) DNA binding. Second, H359 and E363 form H-

bonds with the invariant bases of the E-box consensus (CANNTG):

with the intent to impair sequence-specific recognition, we substi-

tuted these residues with alanine (MycHEA). Most noteworthy here,

binding to the E-box should be supported by the sum of base- and

backbone-directed interactions (Fig 1B). Hence, while MycHEA might

be predicted to retain non-specific binding, MycRA should lose all

binding modalities: as shown below, both of these predictions were

confirmed experimentally.

In order to characterize the dimerization and DNA-binding activi-

ties of the MycRA and MycHEA mutants, we used recombinant His6-

tagged polypeptides spanning the Myc and Max bHLH-LZ domains.

Circular dichroism (CD) analysis revealed similar helicoidal content

and thermal denaturation profiles for all the heterodimeric Myc/

Max complexes (Fig 1C) indicating equivalent dimerization proper-

ties of MycWT, MycRA, and MycHEA with Max. In an electrophoretic

mobility shift assay (EMSA) with a fluorescently labeled canonical

E-box probe (CACGTG), either MycWT or MycHEA, but not MycRA,

generated a specific DNA-bound complex when combined with Max

(Fig 1D): as expected, these heterodimeric forms prevailed over the

Max homodimer, observable when incubating Max alone with DNA.

Two experiments were performed to assess the relative DNA-bind-

ing efficiencies of MycWT/Max and MycHEA/Max dimers: first, we

incubated a fixed amount of the DNA probe with increasing

amounts of recombinant proteins (Fig 1E); second, increasing

amounts of unlabeled E-box probe were used as competitor in the

binding reaction (Fig 1F). These experiments yielded consistent

results, revealing a reduced binding capacity of MycHEA/Max rela-

tive to MycWT/Max, with an estimated drop in affinity of ~1.5- and
~1.6-fold, respectively. Note that MycHEA/Max retained higher rela-

tive affinity for the E-box compared to an unrelated sequence

(GGATCC) (Fig 1G), owing most likely to recognition of the intact

CAC half-site by Max (Fig 1A and B).

Altogether, at this level of resolution, MycRA/Max could form in

solution, but showed no DNA-binding activity, while MycHEA/Max

still bound the E-box probe, but with reduced affinity. As will be

developed below, characterization of the Myc mutants in cells con-

firmed these alterations and shed further light on impaired

sequence recognition by MycHEA, with a secondary gain in affinity

for the aberrant motif CACGTC, a feature that we also confirmed

by EMSA (Fig 1H).

MycRA and MycHEA are unable to sustain cell proliferation

To address the activities of the above Myc mutants in vivo, we engi-

neered two cellular models: first, we derived MycERT2 chimeras

(henceforth MycERWT, MycERRA, MycERHEA) allowing post-transla-

tional activation by 4-hydroxytamoxifen (OHT) (Littlewood et al,

1995), and expressed these in mouse 3T9 fibroblasts (Fig EV1A);

second, we used fibroblasts expressing a doxycycline-dependent tet-

Myc transgene (cb9), inactivated the endogenous c-myc locus by

genome editing (cb9Δmyc; Fig EV2A) and transduced the cells with

cDNAs encoding MycWT, MycHEA, or MycRA, thus leaving only the

latter proteins upon tet-Myc shutdown (Fig EV1B). Joint immuno-

blot analysis revealed comparable expression levels of the wild-type

and mutant proteins, in both the MycER and full-length forms,

slightly above endogenous Myc levels in parental 3T9 or cb9 cells

(Fig EV1C). All of these Myc variants also co-immunoprecipitated

endogenous Max to comparable levels (Fig EV1D and E), as also

observed in transiently transfected HEK-293T cells (Fig EV1F), thus

confirming the proficiency of MycRA and MycHEA for dimerization

with Max also in live cells.

We then took advantage of 3T9 and cb9Δmyc cells to assess the

relative half-lives of the Myc variants, by blockade of protein

synthesis with cycloheximide followed by immunoblot analysis: as

expected, MycERWT and MycWT showed short half-lives in vivo,

with no significant alterations for the mutant forms (Fig EV2B).

Hence, at this level of resolution, neither MycHEA nor MycRA showed

altered protein stability.

Finally, we addressed the ability of the Myc mutants to substitute

for endogenous Myc in sustaining cell proliferation. As expected,

cb9Δmyc cells infected with an empty vector (EV) arrested upon tet-

Myc shutdown, as assayed by colony formation, cell counts, and

DNA synthesis (Fig 2A–C; −dox); expression of MycWT, but neither

MycRA nor MycHEA, rescued proliferation in those conditions. When

the tet-Myc transgene was maintained active, MycHEA-expressing

cells showed reduced proliferative activity (Fig 2A–C; +dox), with
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similar effects upon activation of MycERHEA in 3T9 cells (Fig EV1G),

pointing to a possible dominant-negative effect of MycHEA. Consis-

tent with this notion, the growth-inhibitory action of MycHEA was

manifest only in the presence of MycWT: when transduced in the c-

myc-null rat fibroblast cell line HO15.19 (Mateyak et al, 1997),

achieving mild over-expression relative to endogenous Myc levels in

parental TGR1 cells (Fig 2D), neither MycHEA nor MycRA impacted

on proliferation, while MycWT strongly increased it (Fig 2E and F).

In summary, MycRA and MycHEA were biologically inactive, being

unable to compensate for the loss of endogenous Myc; in addition,

MycHEA had dominant-negative activity over MycWT. The molecular

basis for this effect will be clarified further below.

Differential impairment in genome recognition by MycHEA

and MycRA

To address the ability of our Myc mutants to interact with genomic

DNA in vivo, 3T9 fibroblasts expressing MycERWT, MycERRA, or

MycERHEA were treated with OHT for 4h and profiled by ChIP-seq

with antibodies recognizing either Myc or the ER moiety: while the

former could not discriminate between the endogenous and exoge-

nous forms, the latter detected only the MycER variants, allowing us

to specifically follow the mutated proteins (Fig EV3A). As previ-

ously reported (Sab�o et al, 2014; de Pretis et al, 2017), MycERWT

showed widespread association with active regulatory elements

(i.e., promoters and enhancers) throughout the genome of 3T9 cells,

as defined by the presence of active histone marks (H3K4me1,

H3K4me3, H3K27ac), RNA polymerase II (RNAPII), and DNAseI

hypersensitivity (Fig EV3B). This effect—sometimes termed

“invasion” (Lin et al, 2012; Sab�o et al, 2014)—was greatly attenu-

ated with MycERRA and instead strengthened with MycERHEA, which

showed even wider spreading than MycERWT onto active chromatin,

in particular at gene-distal regions. Remarkably, the regions bound

the most efficiently by either MycERWT or MycERHEA were largely

common to both proteins and were the most active/accessible,

while those called with only one of the MycER forms were the least

enriched for all of the probed features, including MycER itself (Fig

EV3B). Consistent with these profiles, peak calling identified 16,762

peaks for MycERWT, 5,615 (33%) for MycERRA, and 23,873 (142%)

for MycERHEA.

To better characterize the effects of the mutations on DNA bind-

ing, we focused our attention on the occurrence of consensus

elements, including the canonical E-box CACGTG (or #1) and four

permissive variants (#2–5: CACGCG, CATGCG, CACGAG, CACATG)
(Blackwell et al, 1993; Grandori et al, 1996; Perna et al, 2012; Guo

et al, 2014; Allevato et al, 2017). As previously observed (Guccione

et al, 2006; Kim et al, 2008; Soufi et al, 2012; Guo et al, 2014; Sab�o

& Amati, 2014; Kress et al, 2016; Xin & Rohs, 2018; Bywater et al,

2020), peak intensity at MycER-binding sites correlated primarily

with chromatin and RNAPII (Fig EV3B), rather than with the pres-

ence of these consensus motifs (Fig 3A). This notwithstanding, the

motifs significantly contributed to the MycERWT profiles, as

evidenced by three distinctive features: first, the percentage of

MycERWT peaks containing at least one motif within � 100 bp from

the peak summit was significantly above the background frequency

seen with the empty vector (EV; Fig 3B); second, MycERWT peaks

with canonical E-boxes showed stronger average intensities,

followed by those with variant motifs and ultimately by motif-free

◀ Figure 1. Structure-based design and biochemical characterization of the MycHEA and MycRA mutants.

A Structure of the DNA-bound Myc/Max dimer (Nair & Burley, 2003), with an alignment of the Myc and Max basic regions (numbering based on the 439 a.a. human
Myc protein (GenBank nr. AAA36340.1).

B H359 and E363 in Myc establish H-bonds with the complementary G6 and C1’ bases, respectively, E363 forming an additional bond with A2. R364, R366, and R367
contact the phosphodiester backbone, R367 interacting also with G4. Note that, in keeping with the symmetric configuration of the Myc/Max dimer (panel A) and
with the similar structure of the Max homodimer (Ferre-D’Amare et al, 1993), the corresponding residues in Max (R33/35/36, and H28/E32) form equivalent contacts
with the other half of the E-box palindrome.

C Far-UV CD spectra at 20°C (top) and thermal denaturation monitored at 222 nm (bottom) for Myc (red) and Max (black) bHLH-LZ constructs (at 16 and 8 µM,
respectively), alone or in combination (Myc + Max), as indicated. SUM Myc + Max: theoretical sum of the individual Myc and Max curves. The Myc variant used (WT,
RA, or HEA) is indicated at the top. The increased ellipticity signals at 222 nm and increased melting temperatures of the experimental Myc + Max mixtures (blue)
compared to the theoretical sums (gray) demonstrate that MycWT, MycHEA, and MycRA heterodimerize with Max to comparable extents.

D EMSA of the Max bHLH-LZ construct alone (at 2 µM) or in the presence of either Myc construct (MycWT, MycHEA, or MycRA, all at 6 µM). The polypeptides were
incubated in the presence of 500 nM of the fluorescently labeled IRD-CACGTG probe and the complexes separated on a native polyacrylamide gel, as described
(Beaulieu et al, 2012).

E EMSA titration experiment, with increasing concentrations of either Myc bHLH-LZ variant (WT or HEA) in the presence of a fixed amount of the Max bHLH-LZ (2 µM)
and of the fluorescently labeled IRD-CACGTG probe (500 nM). The plot shows the mean and standard deviation of the quantification of the shifted Myc/Max bands as
a function of the Myc concentration (the experiment was performed in triplicate). % Bound probe: fraction of the IRD-CACGTG probe associated with the Myc/Max
complex. HEA/WT Kd ratio: Kd value for MycHEA/Max/CACGTG divided by the Kd value for MycWT/Max/CACGTG. The apparent Kd values were 3.78 µM for MycWT/Max
and 5.57 µM for MycHEA/Max.

F EMSA competition of the complex between Myc/Max and the fluorescently labeled IRD-CACGTG probe with increasing concentrations of an unlabeled CACGTG probe
(0.195, 0.390, 0.781, 1.563, 3.125, 6.25, 12.50, and 25 µM). The plot at the bottom shows the mean and standard deviation of the quantification of the shifted Myc/Max
bands as a function of unlabeled probe concentration (the experiment was performed in triplicate). HEA/WT Kd ratio: as in (E). The apparent Kd values were 387 nM
for MycWT/Max and 622 nM for MycHEA/Max.

G Same as (F), with an unlabeled GGATCC probe as competitor. The apparent Kd values were > 25 µM for MycWT/Max and 14.5 µM for MycHEA/Max.
H Same as (F), with an unlabeled CACGTC probe as competitor. The apparent Kd values were 674 nM for MycWT/Max and 280 nM for MycHEA/Max. Note that last two

lanes of the upper gel were loaded in inverted order and for this reason were cropped and flipped horizontally in the final layout.

Data information: note that the differences in apparent Kd values between panels E and F–H can be explained by the different thresholds required to detect quantifiable
complexes in the protein titration experiment (E), as opposed to a loss of signal intensity from an already detectable complex in the presence of unlabeled competitor
(F–H): as such, competition experiments provide a better approximation of actual binding affinities. (F–H): The plots show the mean and standard deviation. The
experiments were performed in triplicate. Unpaired Student’s t-test was used to compare IC50 values and expressed as P-values.
Source data are available online for this figure.
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peaks (Fig 3C); and third, the DNA motifs were most frequently

centered under the peak summit, implying that they contributed to

the precise positioning of MycERWT (Fig 3D). Most importantly,

both of the MycER mutants showed substantial loss of those

sequence-associated features (Fig 3B–D)—note that while

MycERHEA retained slightly higher average intensities in the pres-

ence of E-boxes (Fig 3C), this might be due to residual recognition

of half-sites by MycHEA/Max dimers (see below).

The above results were obtained with MycER fusion proteins. In

order to characterize the mutations in the context of full-length

Myc, we used cb9Δmyc cells expressing only MycWT, MycHEA, or

MycRA (−dox, Fig EV1B and C) for ChIP-seq profiling with Myc anti-

bodies (Fig EV3C). As seen with the MycER chimaeras, MycRA

showed substantial loss of DNA binding, while MycHEA and MycWT

showed widespread binding, with distributions that largely paral-

leled those of MycERWT, RNAPII, and general chromatin accessibil-

ity in 3T9 cells (Fig EV3C). However, while MycERHEA showed

“invasion” levels above those of MycERWT, the opposite was true

for MycHEA versus MycWT (compare Fig EV3B and C): this might be

due to several experimental variables, including the slightly higher

levels of the MycER versus Myc proteins (Fig EV1C) and their

distinct activation modes (OHT-induced versus steady-state). This

notwithstanding, MycHEA showed a loss of E-box selectivity analo-

gous to that described above for MycERHEA (compare Fig 3B–D with

Fig EV3D–F).

MycHEA gains weak recognition of an alternative non-E-box motif

To better characterize the alterations in DNA sequence recognition

caused by the HEA and RA mutations, we performed de novo motif

analysis on the top 200 sites bound by each MycER variant, consider-

ing either all ChIP-seq peaks (Fig 3E–H) or promoter-associated and

distal peaks separately, to account for differences in base composi-

tion (Fig EV2C–E). As expected, MycERWT peaks enriched with high

0 2 4 6 8 10
103

104

105

106

107

0 2 4 6 8 10

ns

p=
0.

00
49

p=
0.

02

ns
p=

0.
00

04
0

p=0.0023

ns

ns

ns

p=0.012

p=0.045

0

10

20

30

40

HO15.19 MycWT HO15.19 MycHEA HO15.19 MycRA

HO15.19 EVTGR1

0 2 4 6 8 10
104

105

106

107

108

109
EV
Myc WT

Myc HEA

Myc RA

TGR1

p=
0.

00
63

p=
0.

05

Myc

Vinc

TGR1

HO15.19

 EV MycWT MycHEAMycRA

A B

C D

E

F

MycWT MycHEA MycRAEV

+dox

-dox

%
 B

rd
U

 p
o

si
ti

ve
 c

el
ls

Myc
W

T

Myc
HEA

Myc
RA

EV

Myc
W

T

Myc
HEA

Myc
RA

EV

+dox -dox

+dox -dox

C
u

m
u

la
ti

ve
 c

el
l n

u
m

b
er

Days Days

EV

MycWT

MycHEA

MycRA

cb9Δmyc:

C
u

m
u

la
ti

ve
 c

el
l n

u
m

b
er

Days

103

104

105

106

107

Figure 2. MycHEA and MycRA are defective in sustaining cell proliferation.

A Colony formation for cb9Δmyc cells infected with retroviral vectors expressing the indicated Myc proteins; all cells were expanded with doxycycline prior to the final
plating step, upon which the compound was either maintained (+dox) or removed (−dox) to switch off the tet-Myc transgene. One representative experiment out of
3 is shown.

B Cumulative cell counts for cb9Δmyc cells upon serial passaging with or without dox (removed at day 2). The data are presented as mean � SD; n = 3 (biological
replicates).

C Percentage of BrdU-positive cb9Δmyc cells, in the presence or absence (24h after removal) of doxycycline. Data are presented as mean � SD; n = 3. Two-tailed
Student’s t-test was used to compare between two groups and expressed as P-values.

D Immunoblot analysis of c-myc−/− HO15.19 rat fibroblasts infected with retroviral vectors expressing the indicated Myc proteins. Parental TGR1 cells serve as control
for endogenous levels of the MycWT protein.

E Colony formation for the same cells as in (D). One representative experiment out of 3 is shown.
F Cumulative cell counts for the same cells as in (D). Data are presented as mean � SD; n = 3 (biological replicates). Two-tailed Student’s t-test was used to compare

between two groups and expressed as P-values.

Source data are available online for this figure.
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statistical significance for position weight matrices (PWMs) matching

either the canonical E-box CACGTG or variants #2–5 (Figs 3E and

EV2C), but also for degenerate AC-rich motifs, which incidentally

included several CAC half-sites. Remarkably, MycERHEA lost the

main PWM of MycERWT but still enriched for the AC-rich motifs, and

secondly—i.e., with lower significance—for the partial E-box motifs

CAC(G/A)TN or CACG(C/T)C (Figs 3F and EV2D), consistent with the

intact CAC half-site being contacted by the wild-type Max moiety

(Fig 1A and B). MycERRA peaks instead were not enriched for specific

motifs over the non-specific background detected in control cells

infected with the empty vector (EV; Fig 3G).

As noted above, MycERWT and MycERHEA showed largely super-

imposable DNA-binding profiles, owing most likely to general chro-

matin accessibility. Restricting our motif analysis to sites bound

only by MycERHEA (Fig EV3B) led to improved definition of the

aforementioned partial motifs to CAC(G/A)TC (Figs 3H and EV2E).

Thus, consistent with the contacts established by residues H359 and

E363 with the conserved G6-C1’ base pair (CACGTG: Fig 1B),

substitution of these amino acids not only impaired E-box recogni-

tion, but also altered the specificity to CACGTC: this new motif was

selectively enriched (ca. 10-15% of the HEA-associated peaks: Figs 3

I and EV3G) and correlated with stronger binding and precise posi-

tioning of the HEA, but not the WT proteins (Figs 3C and J, and

EV3E and H). This change in binding specificity was confirmed in a

competitive EMSA, where an unlabeled CACGTC oligonucleotide

reduced binding of the MycHEA/Max dimer to the fluorescent

CACGTG E-box probe more efficiently than that of MycWT/Max

(Fig 1H), opposite to what seen with the CACGTG competitor (Fig 1

F). Nonetheless, it is important to note that recognition of the vari-

ant motif by MycHEA/Max did not amount to a full subversion of

DNA-binding specificity in vivo, since (i) MycERHEA-only sites

(which allowed the most stringent definition of the alternative

motif) were bound at weaker levels than those shared with

MycERWT (Fig EV3B) and (ii) when considering all sites, MycERWT

enriched primarily for the canonical E-box, while MycERHEA

enriched for CACGTC with lower significance, and only after the

degenerate AC-rich motifs (Figs 3E and F, and EV2C and D).

In summary, the data presented so far show that MycHEA/Max

dimers retain non-specific DNA binding, while failing to recognize

the canonical E-box CACGTG and gaining weaker affinity for the

alternative site CACGTC. Most importantly, MycHEA retains the

propensity to distribute along active chromatin—a phenomenon that

is most evident with overexpressed proteins—consistent with the

notion that chromatin features (i.e., accessibility, composition, and

protein–protein interactions) rather than DNA sequence are the

primary determinants of Myc binding (Guccione et al, 2006; Kim

et al, 2008; Soufi et al, 2012; Sab�o & Amati, 2014; Thomas et al,

2015; Richart et al, 2016; Thomas et al, 2019). However, chromatin

association must also rely upon close contacts with the DNA back-

bone, as demonstrated by the broad loss of interaction seen with the

MycRA mutant. We conclude that Myc-binding profiles, as assessed

by ChIP-seq, are determined largely by non-specific binding events,

predominating over sequence-specific interactions.

Non-specific DNA binding restrains free diffusion of Myc in
the nucleoplasm

The above observations imply that non-specific DNA binding

may contribute to tether Myc onto active regulatory regions (pro-

moters and enhancers), as a prerequisite for sequence-specific

binding (Sab�o & Amati, 2014). As a corollary, loss of this initial

tethering step in MycRA—but not MycHEA—would be expected to

cause decreased chromatin association and increased protein

mobility relative to MycWT. Two experiments were performed to

address this issue. First, 3T9-MycER cells (grown with OHT)

were used to prepare three subcellular fractions (cytoplasm,

nucleoplasm, and chromatin) and protein distribution analyzed

by immunoblotting: MycERWT and MycERHEA showed roughly

equal proportions of the protein in the three fractions, while

MycERRA was essentially lost from chromatin (Figs 4A and

EV4A). Second, we transduced 3T9 fibroblasts with vectors

expressing the WT and mutant variants as Myc-HaloTag fusion

proteins, and confronted their mobility features by single-mole-

cule tracking microscopy (Mazza et al, 2012; Gebhardt et al,

2013). Relative to MycWT, the MycRA mutant showed reduced

proportions of immobilized molecules (Figs 4B and EV4B and C)

and, most importantly, close to halving of its average residence

times on chromatin (Figs 4C and EV4D–F). While also showing a

slight reduction in the fraction of immobilized molecules, MycHEA

showed no significant alteration in residence times.

◀ Figure 3. Differential impact of the HEA and RA mutations on genome-wide MycER-binding profiles.

3T9 fibroblasts transduced with retroviral vectors expressing either MycER variant (WT, HEA, RA) or with the control empty vector (EV or -) were treated with OHT (4 h)
and profiled by ChIP-seq with anti-ER antibodies.
A Heatmaps representing normalized ChIP-seq intensities at MycER-associated promoters or distal sites, as indicated. Each row represents a genomic

site called in at least one of the experimental samples, with each column spanning a 4 kb-wide genomic interval centered on the union of MycER peaks.
All sites are ranked according to the intensity of the MycERWT signal and divided based on the presence of the indicated DNA motifs (#1: canonical
CACGTG; variants #2-5: CACGCG, CATGCG, CACGAG, CACATG; no E-boxes: none of the above) in an interval of � 100 bp around their peak summit.
The data for RNAPII, histone marks (H3K4me3, H3K4me1, H3K27ac), and DNAseI hypersensitivity are from 3T9-MycERWT fibroblasts without OHT
(Sab�o et al, 2014).

B Frequency of peaks (as %) that contain the indicated motif within � 100 bp from the peak summit in each ChIP-seq sample (EV, WT, HEA, and RA).
C ChIP-seq intensities for peaks (promoters + distal) containing the indicated motifs in an interval of � 100 bp around their summit. For most accurate

quantitation, intensities were computed within � 50 bp from the summit. P-values were calculated using Wilcoxon’s test. The central band in the boxplot
represents the median of the data, boxes the lower and upper quartiles (25 and 75%), and whiskers the minimum and maximum values.

D Density plots showing the distribution of the indicated motifs in a � 100 bp interval from the peak summit.
E–G De novo motif discovery analysis performed underneath the summit of the top 200 peaks called with (E) MycERWT, (F) MycERHEA, (G) MycERRA, and empty vector

(EV) infected cells. The position weight matrixes of predicted DNA-binding motifs are shown together with their E-values.
H As in (F) for the top 200 MycERHEA-specific peaks (i.e. not bound by MycERWT).
I, J As in (B) and (D), respectively, for the CACGTC motif.
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Altogether, while defective E-box recognition (as in MycHEA)

impacted neither general protein distribution, nor mobility, loss of

DNA backbone contacts (as in MycRA) caused a major decrease in

chromatin retention. Together with the above ChIP-seq profiles, we

conclude that non-specific DNA binding is required for the initial

engagement of Myc onto accessible genomic regions, restricting its

free diffusion in the nucleoplasm and potentially allowing localized,

linear scanning of the DNA sequence.

Sequence recognition determines transcriptional activation

To address the impact of DNA-binding alterations on transcriptional

activity, we established RNA-seq profiles following OHT treatment

of 3T9-MycERWT, MycERHEA, and MycERRA cells. As previously

observed (Sab�o et al, 2014; de Pretis et al, 2017), MycERWT elicited

the up- and down-regulation of equivalent numbers of genes (ca.

1,000 at 4 h, 2,000 at 8 h): while this effect was largely lost with the

MycERRA mutant, MycERHEA mobilized even more mRNAs (Fig 5A).

However, closer scrutiny revealed that the gene expression profiles

elicited by MycERWT and MycERHEA were totally unrelated (Fig 5B

and C). In particular, focusing on MycERWT-responsive genes

revealed that MycERHEA modulated their expression inconsistently,

with a continuum of effects ranging from activation to repression

(Fig 5D). Moreover, MycERHEA regulated additional genes, not

modulated by MycERWT (Fig 5E). Most importantly, the differences

between MycERWT- and MycERHEA-driven transcriptional programs

were attributable to DNA sequence, as activation correlated with

enrichment of the cognate consensus motifs under the

corresponding ChIP-seq peak in the promoter (i.e., CACGTG plus

variants #2-5 for MycERWT and CACGTC for MycERHEA: Fig 5F).

Two non-mutually exclusive mechanisms may underlie the

connection between sequence recognition and transcriptional acti-

vation. First, the presence of the cognate consensus motif stabilizes

DNA binding by either MycERWT or MycERHEA, as evidenced by

peak intensities in ChIP-seq profiles (Fig 5G): as a consequence, the

extended residence time of the transcription factor on DNA may

increase the probability of activation. In line with this scenario,

Myc-induced transcriptional programs correlated with the relative

gain in Myc binding at promoters in diverse cell types (Walz et al,

2014; Lorenzin et al, 2016; de Pretis et al, 2017; Tesi et al, 2019).

Likewise, up-regulated loci showed the strongest MycER-binding

intensities in our experiments (Fig EV5A), associated with enrich-

ment of the cognate DNA motif (i. e. CACGTG for MycERWT and

CACGTC for MycERHEA; Figs 5F and EV5B). Second, beyond resi-

dence time, sequence recognition may directly contribute to the

molecular activity of the transcription factor. Remarkably, our data

also provided support for this scenario: indeed, at any given binding

intensity (bins 1–10), loci targeted via the cognate DNA motif were

more frequently activated by either MycERWT or MycERHEA, the

opposite motif serving as negative control (Fig 5H).

Altogether, the above data show that sequence recognition is

essential to establish adequate Myc-activated programs. Most impor-

tantly, this step is subsequent to engagement of the factor on active

chromatin, mediated by non-specific DNA binding.

Finally, unlike activated genes, those down-regulated by either

MycERWT or MycERHEA recruited the transcription factor with the

0 0.2 0.4 0.6 0.8 1

Displacement [  m]

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Distribution of displacements

Data
tTL = 10 ms

Three component Fit
Average bound

fraction

WT RA HEA
0

0.1

0.2

0.3

0.4

0 10 20 30 40 50

Residence time [s]

0

0.2

0.4

0.6

0.8

1

Distribution of residence times

Average residence
time [s]

WT RA HEA
0

1

2

3

Data
tTL = 1s

Three-Exponential decay

B C

S
u

rv
iv

al
 p

ro
b

ab
ili

ty

F
re

q
u

en
cy ns

*
*

# *

+

WT HEA RA

0

50

100

Cytoplasm
Nucleoplasm
Chromatin

A

P
er

ce
n

ta
g

e 
o

f
N

o
rm

al
iz

ed
 M

yc
E

R
 in

te
n

si
ty

Figure 4. MycRA shows reduced chromatin association and increased nuclear mobility.

A 3T9 fibroblasts expressing the indicated MycER proteins and control cells (EV) were treated with OHT (4 h) and subjected to biochemical fractionation in three
independent experiments. The quantity of MycER protein in the different fractions was quantified by Western blotting (shown in Fig EV4A) and the relative
proportion in the various fractions plotted as average and standard deviation.

B Single-molecule tracking at high frame rate: the time of ttl = 10 ms between two images allows to estimate the distribution of displacements, that is then fit by a
three-component diffusion model to estimate the fraction of molecules immobilized on chromatin. Inset: average bound fraction (see Fig EV4C and Materials and
Methods). Note that MycRA displays a significantly lower bound fraction than MycWT and MycHEA (ncells = 34, 30, and 35, and ndisplacements = 78,550, 59,783, and 83,801
for MycWT, MycRA, and MycHEA, respectively). Error bar: SD. Statistical significance evaluated by permutation tests.

C Single-molecule tracking at lower frame rate (ttl spanning between 200 ms and 2 s) allows to quantify the distribution of residence times (i.e. the duration of binding
events). Inset: average residence times (see Fig EV4E and F and Materials and Methods). The data reveal a significantly shorter average for MycRA, relative to either
MycWT or MycHEA (ncells = 35, 35, and 31, and nbound–molecules = 2,452, 2,084, and 2,171 for MycWT, MycRA, and MycHEA, respectively). Error Bar: SD. Statistical test:
ANOVA–Tukey.

Data information: in (B and C), the statistical significances are indicated relative to the WT control (or RA versus HEA, as indicated): *P < 10−4; #P < 10−3;
+P = 3.1 × 10−3; ns not significant.
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lowest efficiency and lacked enrichment of the cognate binding

motif (Figs 5F and EV5A and B). Hence, as previously proposed

(Kaur & Cole, 2013; de Pretis et al, 2017; Baluapuri et al, 2019),

repression by either MycERWT or MycERHEA may be largely indirect.

Of particular notice here, while MycERHEA did not bind the canoni-

cal CACGTG E-box, MycERHEA-repressed genes enriched for this

motif (Fig 5F) as well as for known Myc-dependent gene signatures

(Fig EV5C), in line with the dominant-negative action of this mutant

over endogenous MycWT (Figs 2A–C and EV1G).

Discussion

Unlike pioneer factors that can access DNA in closed chromatin

(Kim et al, 2008; Soufi et al, 2012), Myc and other bHLH proteins

depend upon a pre-existing active chromatin state (Guccione et al,

2006; Kim et al, 2008; Soufi et al, 2012; Guo et al, 2014; Sab�o et al,

2014; Kress et al, 2016; Xin & Rohs, 2018; Bywater et al, 2020).

While recognizing specific DNA sequence motifs, all of these tran-

scription factors are also endowed with generic, non-specific DNA-

binding activities, but how these features are integrated to deter-

mine genomic binding profiles and transcriptional outputs remains

largely unresolved. Here, we addressed this question for Myc by

mutating residues that contact either the DNA backbone (MycRA:

R364/366/367-A) or specific bases within the E-box consensus motif

(MycHEA: H359/E363-A) (Fig 1A and B). Expression of these

mutants in cultured mouse fibroblasts allowed us to dissect their

DNA-binding and gene-regulatory properties (with ChIP-seq and

RNA-seq profiling, respectively) as well as their intra-nuclear mobil-

ity (with single-molecule tracking microscopy), unraveling several

key principles.

First, besides an open, active chromatin conformation, non-speci-

fic DNA binding is required for Myc to engage on genomic regula-

tory regions, as a prerequisite for sequence-specific recognition. In

fact, this initial step underlies the majority of the cross-linking

events detected in cells with ectopic expression of Myc, as shown

by the similar ChIP-seq profiles of MycWT and MycHEA (which

retains DNA backbone interactions) and the overall loss of DNA

binding by MycRA. Subcellular fractionation and single-molecule

tracking experiments yielded a consistent scenario, with MycRA

showing loss of chromatin association, decreased proportions of

immobilized molecules, and shorter residence times, while MycHEA

showed unaltered dynamics relative to MycWT. Altogether, these

data imply that besides low-affinity protein–protein interactions

(Thomas et al, 2015; Richart et al, 2016; Thomas et al, 2019), DNA

backbone contacts allow tethering the transcription factor onto

active regulatory regions (promoters and enhancers), restricting its

free diffusion in the nucleoplasm, and most likely allowing local

scanning of the DNA sequence (Sab�o & Amati, 2014). In this

context, we note that the widespread targeting or “invasion” of

active chromatin by Myc is unlikely to reflect a true change in bind-

ing kinetics, since the non-specific DNA-binding events detected in

over-expressing cells should also occur—albeit below experimental

background—at physiological protein levels.

The second and most unexpected principle lies in the finding that

DNA sequence recognition contributes not only to the stabilization

and positioning of Myc onto select DNA motifs, but also to its tran-

scriptional activity per se, implying some form of communication

between the C-terminal bHLH-LZ and the N-terminal transactivation

domain (Amati et al, 1992; Barrett et al, 1992). For example, as

reported for other transcription factors such as the glucocorticoid

receptor (Watson et al, 2013) or the bHLH protein MyoD (Huang

et al, 1998), sequence-specific binding may elicit allosteric changes

that modulate transcriptional activity; in line with this concept, Max

bHLH-LZ homodimers showed subtle structural differences when

bound to specific versus non-specific DNA (Sauv�e et al, 2007), but

whether the same occurs with Myc/Max remains unknown.

Notwithstanding its molecular underpinning, this unexpected

connection unravels a key specificity determinant in gene regulation

by Myc, with E-boxes contributing not merely to localization, but

also to the activity of the transcription factor at select genomic loci.

The specificity of Myc-dependent transcription became the

subject of an active debate in the field in the past few years, since

two initial studies (Lin et al, 2012; Nie et al, 2012) and others in

their wake (Porter et al, 2017; Zeid et al, 2018; Nie et al, 2020)

posited that rather than regulating select genes, Myc augments RNA

synthesis at all active loci, thus acting as global “transcriptional

amplifier”. This model rested largely on the coincidence between

the “invasion” of active chromatin and the elevated RNA contents

seen in cells with high Myc levels. However, as shown here, a size-

able fraction—and in some instances the majority—of Myc peaks in

ChIP-seq profiles reflect non-specific DNA binding. The same

◀ Figure 5. DNA sequence recognition determines transcriptional regulation.

3T9 fibroblasts expressing the indicated MycER proteins and control empty vector (EV)-transduced cells were treated with OHT (4 h, 8 h) and profiled by RNA-seq.

A Fold change of each annotated mRNA (log2FC, relative to the EV control), plotted against its q-value (−log10). mRNAs showing significant up- and down-regulation
(qval < 0.05) are marked in red and blue, respectively. The values reported in the graphs indicate the total numbers of up- and down-regulated genes (qval < 0.05)
and of the subset regulated above a defined threshold of |log2FC| > 0.5.

B Heatmaps representing the same log2FC values as in (A) (restricted to those mRNAs with qval < 0.05 in at least one of the MycER samples). The two heatmaps
differ in the samples driving the clustering, indicated by the asterisks at the top.

C–E Scatter plots confronting fold-change values (defined as in A) in response to MycERWT (x-axis) and MycERHEA (y-axis), showing the following groups of mRNAs: (C)
all of the mRNAs called as DEGs (qval < 0.05) in at least one of the samples; (D) MycERWT-regulated DEGs (whether regulated or not by MycERHEA); (E) MycERHEA-
specific DEGs (excluding those regulated by MycERWT).

F Percentage of promoters with the indicated DNA motifs under the ChIP-seq peak (�100 bp from the peak summit) within each regulatory class (no DEG, UP, or
DOWN) for either MycERWT (left) or MycERHEA (right). P-values calculated with Fisher’s exact test.

G Percentage of promoter-associated ChIP-seq peaks with the indicated motifs, as a function of peak intensity (binned in deciles: 1–10) for either MycERWT (top) or
MycERHEA (bottom).

H Percentage of DEG UP genes (qval < 0.05) as a function of peak intensity (binned as in G). Statistical test: Chi-squared against the “no motif” condition, performed
on the entire series.
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applies to other transcription factors: p53, for example, also showed

promiscuous chromatin association when acutely induced, yet regu-

lated a subset of the bound loci in a sequence-specific manner

(Tonelli et al, 2015; Tonelli et al, 2017). Hence, association of a tran-

scription factor with a given genomic element cannot be systemati-

cally equated to a productive regulatory interaction. Another key

aspect to be considered here is timing: Myc is rapidly activated by

mitogenic stimuli and modulates distinct gene expression programs,

in either fibroblasts (Perna et al, 2012) or B-cells (Tesi et al, 2019).

This happens hours before RNA amplification—if any—or other

events such as genome re-organization, metabolic reprogramming,

cell growth, or DNA replication, all of which occur in a Myc-depen-

dent manner (Wang et al, 2011; Nie et al, 2012; Sab�o et al, 2014;

Kieffer-Kwon et al, 2017). Moreover, acute modulation of Myc levels

and/or activity in proliferating cells elicited rapid transcriptional

responses without changes in global RNA production (Sab�o et al,

2014; Walz et al, 2014; Muhar et al, 2018).

Considering the above altogether, an objective scrutiny of

matched RNA and chromatin profiles (Lin et al, 2012; Nie et al, 2012;

Perna et al, 2012; Sab�o et al, 2014; Walz et al, 2014; Kress et al, 2016;

Lorenzin et al, 2016; de Pretis et al, 2017; Kieffer-Kwon et al, 2017;

Porter et al, 2017; Muhar et al, 2018; Zeid et al, 2018; Bywater et al,

2020) lends no formal support to the amplifier model. Instead, and as

previously discussed (Kress et al, 2015; Sab�o & Amati, 2018), the data

are most consistent with the direct regulation of defined, yet

complex, sets of Myc-target genes, which in turn drive the wealth

of secondary changes—among which RNA amplification—that

contribute to cellular activation and/or transformation. In particular,

Myc-activated genes enrich for functional categories including

nucleotide biosynthesis, RNA catabolism, processing, or ribosome

biogenesis (e.g., Sab�o et al, 2014; Muhar et al, 2018; Tesi et al, 2019),

all of which globally impact RNA production (Kress et al, 2015).

Most noteworthy here, MycHEA acted as a dominant-negative

(DN) mutant, as indicated by the down-regulation of known Myc

signatures and the suppression of cell proliferation in Myc-proficient

cells. As MycHEA does not recognize the E-box, this DN activity is

unlikely to stem from direct competition with MycWT (or other bHLH

proteins) for target sites. Our data show that MycHEA still dimerizes

with Max, binds DNA non-specifically, and engages on open chro-

matin like MycWT; however, this mutant factor drives aberrant tran-

scriptional programs, including not only the induction of new genes,

but also interference with E-box-containing Myc-activated genes.

Based on these results, a series of mechanisms might contribute to

the DN activity of MycHEA, such as (i) titration of endogenous Max,

(ii) local hindrance of endogenous Myc/Max activity at promoters

through non-specific DNA binding, and (iii) unproductive interaction

with basal components or co-factors in the transcriptional machin-

ery, or other mechanisms yet to be determined. Most intriguingly,

mutations in the residue equivalent to Myc-E363 also conferred DN

activity and altered DNA binding in other bHLH subclasses and

species (from C. elegans to human) (Boisson et al, 2013; Marchegiani

et al, 2015; Luchtel et al, 2019). Altogether, we surmise that the

build-up of dysfunctional bHLH dimers may be detrimental within—
and perhaps across—multiple bHLH families, warranting detailed

dissection of their mechanisms of action.

Finally, a key consideration here regards the multi-faceted mech-

anisms by which Myc regulates gene expression: as other transcrip-

tion factors, Myc interacts with a variety of core components and

co-factors in the transcriptional machinery (Tu et al, 2015; Kalkat

et al, 2018) and can impact upon multiple steps, such as RNA PolII

recruitment (de Pretis et al, 2017), pause release (Rahl et al, 2010),

or histone modifications (Frank et al, 2001; Zippo et al, 2007). By

recruiting the kinase complexes TFIIH (Cowling & Cole, 2007) and

P-TEFb (Eberhardy & Farnham, 2002), Myc may modulate phospho-

rylation of the RNA PolII C-terminal domain (CTD), thus regulating

not only transcription per se, but also co- and post-transcriptional

processes such as mRNA capping (Cowling & Cole, 2010; Lombardi

et al, 2016; Posternak et al, 2017), splicing, export, or translation

(reviewed in Harlen & Churchman, 2017; Herzel et al, 2017). Our

data indicate that at least some of the aforementioned processes

must be modulated by sequence-specific DNA binding, warranting

further mechanistic dissection of this unexpected connection.

Materials and Methods

Myc mutagenesis and subcloning

Mutagenesis of His 359 and Glu 363 to Alanine in human Myc

(MycHEA mutant) was performed using the QuikChange Site-

Directed Mutagenesis Kit (Agilent Technologies # 200519), accord-

ing to the manufacturer’s instructions, with a pBabe-hygro plasmid

(BH) (Morgenstern & Land, 1990) containing the human MYC cDNA

(Amati et al, 1992) as template. The resulting pBH-MycHEA plasmid

was then sequenced to verify the correctness of the whole mutated

cDNA (codon 359: CAC to GCC; codon 363: GAG to GCG). The

resulting mutant cDNA and that encoding the Arg 364/366/367 to

Ala mutant (Amati et al, 1992) (here MycRA) were subcloned in the

retroviral vector pQCXIH (Clontech) or in the transfection vector

pCMV-FLAG. For expression as 4-hydroxytamoxifen (OHT)-depen-

dent MycERT2 chimeras (Littlewood et al, 1995), the full-length MYC

cDNAs were fused in-frame upstream of the variant estrogen recep-

tor hormone-binding domain (ERT2) into the retroviral vector

pBabe-puro (BP) (Morgenstern & Land, 1990).

Myc-HaloTag vectors were generated using the Gibson Assembly

Protocol (Gibson et al, 2009): HaloTag and MYC cDNAs (encoding

MycWT, MycHEA, or MycRA) were PCR-amplified with primers

containing overlapping sequences and combined with the BP vector

(digested with BamHI and EcoRI) in the Gibson Assembly Reaction,

to create the final BP-Myc-HaloTag plasmids with in-frame Myc-

HaloTag fusions.

Cell lines

The cb9 tet-Myc cell line was produced through the 3T3-immortal-

ization protocol starting from mouse embryonic fibroblasts (E14.5)

obtained from Rosa26-rtTA/tet-Myc mice (Croci et al, 2017) and

used to derive the cb9Δmyc and the cb9-mycHEA cell lines (see

below). All the cell lines used in this work were grown in DMEM,

supplemented with 10% fetal bovine serum, 2 mM L-glutamine, and

1% penicillin/streptomycin. For the cb9Δmyc, medium was also

complemented with doxycycline (1 µg/ml) to keep the tet-Myc

transgene expressed, unless otherwise specified. Mouse 3T9 fibrob-

lasts were infected with BP-MycERWT, MycERHEA, or MycERRA retro-

viruses, and selected for 2 days with puromycin (1.5 μg/ml);

activation of the MycER fusion proteins was achieved addition of
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OHT to the culture medium (400 nM). Rat HO15.19 cells (Mateyak

et al, 1997) and mouse cb9Δmyc cells were infected with BH- and

QCXIH-based recombinant retroviruses, respectively, expressing

either MycWT, MycHEA, or MycRA; infected cells were selected with

hygromycin (150 µg/ml) for 4 days. Where indicated, cells were

treated with cycloheximide (Sigma, C7698-1G; 50 mg/ml). All cell

lines were routinely tested for mycoplasma contamination.

Western blot and co-immunoprecipitation

For Western blot, protein extraction was performed by resuspending

the cells in lysis buffer (300 mM NaCl, 1% NP-40, 50 mM Tris–HCl
pH 8.0, 1 mM EDTA) freshly supplemented with protease

inhibitors (cOmplete™, Mini Protease Inhibitor Cocktail, Roche-

Merck, #11836153001), followed by brief sonication. After centrifuga-

tion at 16,000 g for 15 min at 4°C, cell extracts were quantified with

the Bradford-based Protein Assay kit (Bio-Rad Protein Assay,

#5000006). After addition of 6× Laemmli buffer (375 mM Tris–HCl,
9% SDS, 50% glycerol, 9% beta-mercaptoethanol and 0.03%

bromophenol blue), lysates were boiled for 5 min, electrophoresed

on SDS–PAGE gels (7.5% polyacrylamide), transferred onto nitrocel-

lulose membranes and protein expression detected with the indicated

primary antibodies (see below). Chemiluminescence was detected

using a CCD camera (ChemiDoc XRS + System, Bio-Rad). Quan-

tification of protein levels was performed using the Image Lab soft-

ware (Bio-Rad, version 4.0).

For co-immunoprecipitation experiments, 293T cells were trans-

fected overnight with calcium phosphate with 5 µg of plasmids

encoding FLAG-tagged MycWT, MycHEA, MycRA, or EV (empty

vector) and collected 48h after transfection. After two washes in ice-

cold PBS, cells were scraped in 4 ml of ice-cold NHEN buffer

(20 mM Hepes pH 7.5, 150 nM NaCl, 0.5% NP-40, 10% glycerol,

1 mM EDTA) freshly supplemented with protease inhibitors

(cOmplete™, Mini Protease Inhibitor Cocktail, Roche-Merck,

#11836153001) and lysed for 20 min on a rotating wheel at 4°C.
Complete cell disruption and DNA fragmentation was performed

with three cycles of sonication (30 s on, 30 s off) with a Branson

Sonifier 250 (Output Control = 2) equipped with a 3.2 mm Tip

(Branson, #101-148-063). Lysates were cleared by centrifugation at

16,000 g for 15 min at 4°C, and protein concentration determined

with the Bradford-based Protein Assay kit (Bio-Rad Protein Assay,

#5000006). The immunoprecipitation of FLAG-Myc was performed

by incubating 2 mg of cell lysate with 40 µl of Anti-FLAG M2 affinity

gel (Sigma-Aldrich #A2220) for 3 h in a final volume of 1 ml of

NHEN buffer with agitation at 4°C. The beads were then washed

five times with 1 ml of wash buffer (20 mM Hepes pH 7.5, 150 nM

NaCl, 0.1% Tween, 10% glycerol, 1 mM EDTA), resuspended in 1×
Laemmli buffer, and boiled for 10 min. In parallel, 2.5% of the

material used for the IP was collected to be loaded as input. For co-

immunoprecipitation experiments in 3T9 and cb9Δmyc cells, the cells

were lysed in a buffer containing 50 mM Tris pH 8, 1 mM EDTA,

150 mM NaCl, and 1% NP-40; the lysates were incubated with anti-

ER (Sigma, #06-395) or anti-Myc (Sigma, #06-340) antibodies,

followed by protein G Sepharose beads.

3T9 MycER cells were biochemically fractionated according to

the following protocol. Cell pellets were resuspended in 10 volumes

of buffer RSBB (10 mM Tris–HCl pH 7.5, 10 mM NaCl, 3 mM

MgCl2, Protease and phosphatase inhibitors) and incubated for

15 min at 4°C. NP-40 was then added to a final concentration of

0.2%. Cells were lysed by douncing and the lysate centrifuged at

1,200 g for 10 min at 4°C. The supernatant was kept as the

cytoplasmic fraction. Nuclei were resuspended in 20 volumes of

Washing Buffer (0.88 M sucrose, 3 mM MgCl2, Protease and phos-

phatase inhibitors) and centrifuged for 5 min at 2,000 g at 4°C. The
resulting pellet was resuspended in a 1:1 mix of glycerol buffer

(20 mM Tris–HCl pH8.0, 75 mM NaCl, 0.5 mM EDTA, 50% (v/v)

glycerol, 0.85 mM DTT) and nuclei lysis buffer (20 mM HEPES pH

7.6, 7.5 mM MgCl2, 0.2 mM EDTA, 300 mM NaCl, 1 M Urea, 1%

v/v NP-40, 0.1 mM DTT). After gentle vortexing and incubation

(5 min on ice), the samples were pelleted at top speed in a bench-

top centrifuge (16,000 g, 2 min, 4°C) and supernatants were

retained as the nucleoplasmic, soluble nuclear fraction. The pellet

was washed in glycerol/lysis buffer, pelleted, resuspended in

Laemmli buffer, and sonicated to obtain the chromatin-associated

fraction. Protein fractions were loaded per cell equivalents and

subjected to SDS–PAGE, followed by Western blot analysis with

the indicated antibodies.

Production and purification of Myc and Max bHLH-LZ peptides,
heterodimerization, and DNA-binding assay

Peptides spanning the bHLH-LZ domains of Max (p21 isoform;

sequence: MADKRAHHNA LERKRRDHIK DSFHSLRDSV PSLQGE-

KASR AQILDKATEY IQYMRRKNHT HQQDIDDLKR QNALLEQQVR

ALEGSGC) was expressed in E. coli and purified as previously

described (McDuff et al, 2009). The MycWT (MTEENVKRRT

HNVLERQRR NELKRSFFAL RDQIPELENN EKAPKVVILK KATAYILS

VQ AEEQKLISEE DLLRKRREQL KHKLEQLRNS CAHHHHHHHH),

MycHEA, and MycRA His-tagged variants were expressed in the pET-

3a plasmid (Genscript) and purified from the BL21 (DE3) arabinose-

inducible bacterial strain (Invitrogen) under denaturing conditions

on HisTrapFF (Cytiva). Identity and purity of each purified construct

was confirmed by mass spectrometry, Western blot analysis, SDS–-
PAGE, and UV spectroscopy.

Heterodimerization of the Myc variants with Max was assayed

by circular dichroism (CD). CD measurements were performed on a

Jasco J-810 spectropolarimeter equipped with a Jasco Peltier-type

thermostat. Protein samples were prepared in 50 mM KH2PO4,

50 mM KCl, 1 mM tris(2-carboxyethyl)phosphine (TCEP) pH 6.8

and loaded into quartz cuvettes of 0.1 cm pathlength. Far-UV spec-

tra were recorded at 20°C by averaging 5 scans at 0.1-nm intervals.

Thermal denaturations were recorded at 222 nm from 20 to 90°C
with a heating rate of 1°C/min and a bandwidth of 2.0 nm.

The double-stranded DNA probe (labeled with the IRD700 fluo-

rophore) and the unlabeled non-specific competitor probes were

ordered from Integrated DNA Technologies (Coralville, IA) and

resuspended in DNAse-free water. CACGTG probe: 50-d(GCG CGG

GCA CGT GGG CCG GGG)-30; CACGTC probe: 50-d(GCG CGG GCA

CGT CGG CCG GGG)-30; non-specific (NS) probe: 50-d(GCG CGG

GGG ATC CGG CCG GGG)-30. The concentration of the annealed

oligonucleotides was confirmed by measuring absorbance at

260 nm. Myc/Max DNA binding was assayed in an electrophoretic

mobility shift assay, as previously described (Beaulieu et al, 2012);

briefly, for the titration experiments, the fluorescently labeled IRD-

CACGTG probe was incubated with a fixed amount of Max bHLH-

LZ (2 µM) and increasing concentrations of either Myc construct
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(WT or HEA): 1, 2, 3, 4, 5, 6, 9, or 12 µM. For the competition

experiments, the labeled IRD-CACGTG probe was mixed with vary-

ing concentrations of the unlabeled competitors (0.195, 0.390,

0.781, 1.563, 3.125, 6.25, 12.50, and 25 µM), followed by addition

of the proteins (2 μM Max and 6 μM Myc) in a final volume of 20

μl. Samples were incubated for 20 min prior to loading on the native

PAGE in 20 mM Tris-acetate buffer, pH 8.0. Electrophoresis condi-

tions were 100 V for 40 min. The bands intensities were quantified

using ImageJ (https://imagej.nih.gov/ij/) and analyzed using

GraphPad Prism version 9.0.0 (GraphPad Software, San Diego, Cali-

fornia USA, www.graphpad.com). Nonlinear regression was applied

to determine affinities, and the fitted curves were compared using

the software-embedded comparison function.

Proliferation assays

For growth curve experiments, 70,000 Rat HO15.19 cells were

plated in triplicate in 6-well plates and counted every 3 days for

9 days. Similarly, 70,000 3T9 cells expressing the various forms of

MycER were plated in the presence or absence of 400 nM OHT and

counted every 2 days up to day 6. In the experiments performed

with the cb9Δmyc cells, 80,000 cells per well were plated in the pres-

ence of doxycycline for 2 days, then counted, and re-plated with or

without doxycycline, every 2 days for the following 10 days. For

colony forming assays (CFA), for all cell lines, 10,000 cells were

plated in 10 cm dishes, let grow for 6–11 days, and stained with

crystal violet.

For cell cycle analysis, cells were incubated with 33 μM BrdU for

20 min, harvested and washed in PBS, and fixed in ice-cold ethanol.

Upon DNA denaturation with 2N HCl for 25 min, cells were stained

with an anti-BrdU primary antibody (BD Biosciences, #347580) and

an FITC-conjugated anti-mouse secondary antibody (Jackson Immu-

noResearch, # 715-545-150). DNA was stained by resuspending the

cells in 2.5 μg/ml propidium iodide (Sigma) overnight at 4°C before

acquisition with a MACSQuant® Analyzer.

Antibodies

The following antibodies were used for immunoblotting: c-Myc Y69

(Abcam ab32072), MAX (Santa Cruz sc-197), histone H3 (Abcam,

ab1791), Vinculin (Sigma, V9264), FLAG (Abcam, ab1162), HRP-

conjugated goat-anti-rabbit (Bio-Rad 170-6515), and HRP-conju-

gated goat-anti-mouse (Bio-Rad 170-6516), for immunoprecipitation:

c-Myc (Sigma 06-340) and ER-alpha (Sigma 06-935), for ChIP: c-

Myc N262 (Santa Cruz sc-764) and ER-alpha (Sigma 06-935), and

for FACS: BrdU (Becton Dickinson 347580).

Genome editing

Bi-allelic deletion of the Myc basic region (BR) was performed

exploiting the type II CRISPR-Cas tool (Ran et al, 2013). Single guide

RNA (sgRNA) sequences to target the MYC gene in the proximity of

the BR-coding region were designed using the online software

CRISPR Design Tool (http://crispr.mit.edu/) and cloned as DNA

inserts into pSpCas9 (BB)-2A-GFP (PX458) (Addgene plasmid #

48138; a gift from Feng Zhang) (Ran et al, 2013), encoding also the

Cas9 protein and GFP. Out of ten tested sgRNAs, we picked the two

with the highest cutting efficiency in a surveyor nuclease assay

(Ran et al, 2013) (sgRNA7: ACTCCTAGTGATGGAACCC; sgRNA8:

ACACGGAGGAAAACGACAAGAGG; Fig EV2A). We then trans-

fected cb9 cells with sgRNA7 and sgRNA8 together (0.5 µg each),

sorted single GFP-positive cells on a 96-well plate, allowed the cells

to expand in culture, and screened the resulting cell clones by PCR

and Sanger sequencing. We thus obtained one clone, named

cb9Δmyc, in which both c-myc alleles underwent inactivating dele-

tions, although in different ways: one allele encoded a protein miss-

ing the BR, Helix I and the loop, and the second a truncated protein

lacking the whole C-terminal bHLH-LZ domain (Fig EV2A).

Single-molecule tracking (SMT) acquisition

The day before single-molecule tracking experiments, we plated 3T9

cells infected with plasmids expressing HaloTag versions of MycWT,

MycHEA, or MycRA on 4-well LabTek covergrass chambers. One hour

before imaging, cells were labeled with 1nM JF549 ligand (Grimm

et al, 2016) (Janelia Farm, Ashborn, Virginia, USA), incubated for

30 min at 37°C, and extensively washed (two rounds of three

washes in PBS followed by 15 min incubation at 37°C in phenol-red

free DMEM).

Imaging was carried out on a custom-built microscope capable of

inclined illumination (Tokunaga et al, 2008), based on a Olympus IX-

73 microscope frame (Olympus Life Science, Segrate, IT), equipped

with a stage incubator to control temperature (37°C) and CO2 concen-

tration (5%) and a 561 nm diode laser (100 mW Cobolt 06-01 Series,

Cobolt AB, Solna, Sweden), that is synchronized to the camera to

achieve stroboscopic illumination. For fast frame-rate acquisitions,

we used an Evolve 512 EM-CCD camera (Photometrics, Tucson, AZ,

USA), in combination with a ×100, 1.49 NA oil immersion objective

(Olympus Life science), resulting in a pixel size of 158 nm. In this

case, we set the laser exposure to 2 ms, the time between consecutive

images ttl to 10 ms, and the laser power to ~1 kW/cm2 and we

collected movies composed by 1,000 frames. For slow frame-rate

acquisitions, we used a Hamamatsu Orca Fusion sCMOS camera

(Hamamatsu Photonics Italia S.r.l, Arese, Italy), combined with a

×60, 1.49 NA oil immersion objective (Olympus Life Science), result-

ing in a pixel size of 108 nm. In this case, we set the laser exposure to

50 ms—that results in isolating bound molecules, by motion blurring

of the diffusing ones (Chen et al, 2014; Hipp et al, 2019)—the laser

power to 100 W/cm2 and we collected movies composed by up to

200 frames, varying the time between consecutive images ttl between

200 and 2,000 ms. For every experimental condition, we acquired at

least 30 cells on two experimental days.

Analysis of the SMT movies—measurement of the bound fraction

The SMT movies collected at fast frame rate were processed using

custom-written MATLAB routines, in order to identify and track

individual molecules, as previously described (Mazza et al, 2012;

Loffreda et al, 2017). A maximum single-molecule displacement of

1.2 μm was allowed between consecutive frames. The resulting

tracks were analyzed to quantify the bound fraction, by populating

a histogram of single-molecule displacements with bin-size Δr,
equal to 20nm. The histogram was then normalized in order to

provide the probability p(r)Δr to observe a molecule jumping a

distance between r−Δr/2 and r+Δr/2 in the time between two

consecutive frames ttl, which was then fit with a three-component
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diffusion model, as previously described (Speil et al, 2011; Loffreda

et al, 2017; Hipp et al, 2019):

pðrÞΔr¼ rΔr∑
3

i¼1

f i
2Dittl

exp � r2

4Dittl

� �

where fi is the fraction of molecules moving with a diffusion coeffi-

cient equal to Di. Of note, for the slowest D1 we measure diffusion

coefficients < 0.1 μm2/s, typical of chromatin-bound nuclear

proteins at these frame rates (Hansen et al, 2017; Loffreda et al,

2017). f1 thereby represents the average fraction of bound mole-

cules. To provide standard deviations the fitting parameters, a

bootstrapping procedure was adopted as described (Hipp et al,

2019). Briefly, we performed multiple fitting iterations, each of

them after dropping 20% of the data for each of the data set.

Errors are provided as standard deviations of the obtained distribu-

tion of parameters following 2,000 individual fitting iterations.

Analysis of the SMT movies—measurement of the
residence times

The SMT movies collected at slow frame rate were processed using

the ImageJ plug-in TrackMate (Tinevez et al, 2017). To isolate the

bound molecules, we allowed a maximum displacement of 220 nm,

that allows counting 99% of chromatin-bound molecules (Mazza

et al, 2012), and we automatically filled-in gaps of up to three

consecutive frames in the tracks. We then computed the cumulative

distribution of bound-molecule residence times and we extracted

kinetic parameters on the unbinding process using a global fitting

procedure, that allows to minimize the artifacts due to photobleach-

ing, as described (Gebhardt et al, 2013; Hipp et al, 2019). The data

were best described by a three-component exponential decay,

providing three dissociation constants k1,k2,k3, and the respective

weights F1,F2,F3. The average residence time was then calculated as

the weighted average: <τ> ¼∑3
i¼1

Fi
ki
. Errors were calculated as SDs

from a bootstrapping procedure, as described above.

Next-generation sequencing data filtering and
quality assessment

RNA-seq reads were filtered using the fastq_quality_trimmer and

fastq_masker tools of the FASTX-Toolkit suite (http://hannonlab.c

shl.edu/fastx_toolkit/). Their quality was evaluated and confirmed

using the FastQC application (https://www.bioinformatics.babraha

m.ac.uk/projects/fastqc/). Pipelines for primary analysis (filtering

and alignment to the reference genome of the raw reads) and

secondary analysis (expression quantification, differential gene

expression) have been integrated in the HTS-flow system (Bianchi

et al, 2016). Bioinformatic and statistical analyses were performed

using R with Bioconductor and comEpiTools packages (Gentleman

et al, 2004; Kishore et al, 2015). All R scripts used in data analysis

and generation of figures are available upon request.

RNA-seq

RNA extraction, processing, and sequencing, as well as the filtering

of RNA-seq reads and bioinformatic and statistical analyses, were

performed as previously described (Tesi et al, 2019; Bisso et al,

2020). In particular, absolute gene expression was defined as reads

per kilobase per million mapped reads, defining total library size as

the number of reads mapping to exons only (eRPKM). Differentially

expressed genes (DEGs) were identified using the Bioconductor

Deseq2 package (Love et al, 2014) as genes whose q-value is lower

than 0.05. Functional annotation analysis to determine enriched

Gene Ontology categories was performed using the online tool at

http://software.broadinstitute.org/gsea/index.jsp. Gene set enrich-

ment analysis (GSEA) was performed using the Desktop tool of the

Broad Institute (http://software.broadinstitute.org/gsea/index.jsp)

with custom gene lists (Fig EV5C).

ChIP-seq

The preparation, processing, and sequencing of ChIP-seq samples

were performed as previously described (Sab�o et al, 2014). ChIP-seq

NGS reads were aligned to the mouse reference genomemm9 through

the BWA aligner (http://bio-bwa.sourceforge.net) using default

settings. Peaks were called using the MACS2 software (v2.0.10) with

the option “– mfold = 7,30 -p 0.00001 -f BAMPE”, thus outputting

only enriched regions with P-value < 10−5. Promoter peaks were

defined as all peaks with at least one base pair overlapping with the

interval between −2 kb to +2 kb from the nearest TSS. The presence

of canonical and variant E-boxes (CACGCG, CATGCG, CACGAG,

CATGTG) (Blackwell et al, 1993; Grandori et al, 1996; Perna et al,

2012; Guo et al, 2014; Allevato et al, 2017) in Myc ChIP-seq peaks

was scored in a region of 100 bp around the peak summit. When

comparing Myc ChIP-seq with H3K4me3, H3K4me1, or H3K27ac

histone marks to define peaks in active promoter or enhancers (Zhou

et al, 2011; Calo &Wysocka, 2013), we considered two peaks as over-

lapping when sharing at least one base pair (findOverlaps tool of the

comEpiTools R package). Motif discovery was performed using

MEME-ChIP suite (Bailey et al, 2009) with default parameters using

as input the regions � 100 bp around peak summits reported by

MACS2. For heatmap and intensity plots, we used bamCoverage from

deepTools 3.3.1 (Ramirez et al, 2016) to calculate read coverage per

10-bp bin using RPKM normalization option. Heatmaps were

performed through the functions computeMatrix followed by

plotHeatmap from deepTools using the normalized bigwig files.

Statistical analysis

All experiments were performed at least in biological triplicates.

Sample size was not predetermined, but is reported in the respective

figure legends. Wilcoxon’s test is used for non-normal distributions.

Fisher’s exact test is used for categorical data. Chi-squared test is

used for categorical data where the contingency table is 2xN where

N > 2. In the remaining cases, two-tailed Student’s t-test was used

to compare between two groups and expressed as P-values. Each

test was used when data met their assumptions of validity.

Data availability

The RNA-seq and ChIP-seq data described in this work are accessi-

ble through Gene Expression Omnibus (GEO) series accession

number GSE147639 (https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE147639); previously described ChIP-seq data
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(H3K4me3, H3K4me1, H3K27ac, Dnase I, RNAPII) (Sab�o et al,

2014) are accessible through the accession number GSE51011

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE51011).

Expanded View for this article is available online.
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