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Abstract

The Myc family of oncogenic transcription factors regulates myriad
cellular functions. Myc proteins contain a basic region/helix-loop-
helix/leucine zipper domain that mediates DNA binding and
heterodimerization with its partner Max. Among the Myc proteins,
c-Myc is the most widely expressed and relevant in primary B
lymphocytes. There is evidence suggesting that c-Myc can perform
some of its functions in the absence of Max in different cellular
contexts. However, the functional in vivo interplay between c-Myc
and Max during B lymphocyte differentiation is not well under-
stood. Using in vivo and ex vivo models, we show that while c-Myc
requires Max in primary B lymphocytes, several key biological
processes, such as cell differentiation and DNA replication, can
initially progress without the formation of c-Myc/Max heterodi-
mers. We also describe that B lymphocytes lacking Myc, Max, or
both show upregulation of signaling pathways associated with the
B-cell receptor. These data suggest that c-Myc/Max heterodimers
are not essential for the initiation of a subset of important biologi-
cal processes in B lymphocytes, but are required for fine-tuning
the initial response after activation.
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Introduction

In bone marrow (BM), B lymphocyte progenitors progress through a
series of well-defined differentiation stages associated with rear-
rangements of the B-cell receptor gene segments V(D)J. Several
transcription factors have been shown to play critical roles during
this process [1,2]. Among them, c-Myc, a member of the Myc family

(N-, L-, and c-Myc), has a prominent role in many biological func-
tions required for B lymphocyte development such as regulation of
cell cycle, cell growth, metabolism, or apoptosis [3,4]. c-Myc is
necessary throughout B-cell differentiation in vivo, and its deletion
in early B-cell progenitors prevents these cells from progressing
beyond the pre-B-cell stage [S]. At later stages in B-cell maturation,
c-myc expression is induced by mitogenic stimulation and is
required for cell proliferation [6], terminal differentiation, and
germinal center (GC) formation [7,8]. Accordingly, deregulation of
Myc has a major impact on human health. A large number of
human cancers show enhanced expression of one of the three myc
genes mediated by various mechanisms that include rearrange-
ments, mutations, or alterations of the signaling pathways that
control their expression [9-11]. In Burkitt’s lymphoma, a B-cell
lymphoma, c-Myc is translocated to one of the three immunoglobu-
lin loci and is overexpressed by regulatory elements of these loci
[12,13].

Myc proteins contain a basic region/helix-loop-helix/leucine
zipper (bHLHZip) domain that mediates DNA binding and
heterodimerization with the bHLHZip protein Max [14]. To activate
or repress target genes, c-Myc/Max heterodimers bind to conserved
DNA sequences called E-boxes [15-17]. Max can also heterodimer-
ize with another group of bHLHZ proteins, the MXD family and
MGA, which act as tumor suppressors and generally antagonize
Myc functions [18,19]. Thus, Max has a central role in modulating
the complex Myc protein network. Much of the scientific literature
assumes that c-Myc function relies on its ability to heterodimerize
with Max, although several reports have shown that c-Myc can
perform some functions in its absence (reviewed in Ref. [20]). For
instance, c-Myc has been shown to induce transcription from a
reporter gene containing Myc/Max binding sites in Max-deficient
PC-12 pheochromocytoma cells [21]. Furthermore, c-Myc-induced
apoptosis [22] or inhibition of Ras-mediated cell differentiation [23]
is Max-independent in this cell line. A study of Max mutations in
patients with hereditary pheochromocytoma, a rare neural crest
tumor, suggest that loss of Max correlates with metastatic potential
[24]. Max inactivation is also observed in small cell lung carcinoma

1 Department of Immunology and Oncology, Centro Nacional de Biotecnologia (CNB)-CSIC, Madrid, Spain

2 Centro Nacional de Investigaciones Oncoldgicas-CNIO, Madrid, Spain

3 Centro Nacional de Investigaciones Cardiovasculares-CNIC Carlos I1l, Madrid, Spain

*Corresponding author. Tel: +34 91 585 4562; E-mail: imoreno@cnb.csic.es
"These authors contributed equally to this work

© 2018 The Authors

EMBO reports 19: e45770|2018 1 of 15


http://orcid.org/0000-0001-9262-1282
http://orcid.org/0000-0001-9262-1282
http://orcid.org/0000-0001-9262-1282

EMBO reports

and is mutually exclusive with alterations in c-Myc [25]. Some
in vitro studies point to the possibility of Max-independent functions
of c-Myc in embryonic stem cells [26] and fibroblasts [27]. Finally,
in Drosophila, a myc mutant lacking the Max-interaction domain
retained partial activity [28]. Interestingly, the onset of B
lymphomas in eu-myc transgenic mice is attenuated by the overex-
pression of Max [29]. Despite all these data, there are no definitive
in vivo studies examining Myc/Max functional interrelationships,
likely due in part to the embryonic lethality associated with germ-
line deletions of Max [30]. In this report, we examined the in vivo
contribution of Max to c-Myc function in B lymphocyte differentia-
tion and in specific B-cell functions. We observed that Max has an
inhibitory effect in the absence of c-Myc. However, the absence of
both factors did not prevent the initiation of relevant biological func-
tions in primary B lymphocytes.

Results and Discussion
Generation of Max and c-Myc/Max conditional KO mice

To study Max function in B lymphocytes, we generated mice
homozygous for the max™* conditional allele (max™" mice) [31]
and bred them to either mbl-cre “knock-in” mice [32] or cdl19-cre
mice [33], to delete max in developing and mature B lymphocytes,
respectively. Cre recombinase deletes exons 4 and 5 in max, which
contain the HLHZip domain and the 3’untranslated region (3'UTR;
Fig 1A). To monitor and isolate those cells with max deletion, we
crossed the offspring with rosa265%/8” reporter mice [34] to gener-
ate  homozygous max™mb1¢ * ;r0sa265P/8®  (MaxKO-mb1),
maxV:cd19¢ * ;r0sa265P/8P (MaxKO-cd19) and control mice. Flow
cytometry analysis of green fluorescent protein (GFP) expression
allowed the rapid identification and isolation of B lymphocytes
that had deleted the max gene (Fig EV1A and B, and [35]). Condi-
tional double knock-out c-mycd”max™tmb1 * ;rosa268P 8P
(DKO-mb1) or c-myc”tmax™:ed19 * ;rosa265P/8%  (DKO-cd19)

Figure 1. c-Myc/Max in B lymphocyte differentiation.
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mice were generated by breeding MaxKO-mb1 and MaxKO-cd19 mice
to mycd”mb1e " ;rosa265P/8P (MycKO-mb1) [5] or to c-mycd”%;
cd19° * ;105a265P/8 (MycKO-cd19) mice, respectively [6,35].
Genomic PCR on sorted GFP™ B lymphocytes from BM or spleen
of mice carrying mbI-cre or cd19-cre showed efficient deletion of c-
myc and max (Fig EV1A and B). Quantitative PCR analysis of c-myc
and max expression in these cells was consistent with the genomic
status of the different alleles (Fig EV1C). Moreover, Western blot-
ting confirmed the absence of Max protein in sorted mature GFP " B
lymphocytes from spleen of MaxKO-cd19 and DKO-cd19 mice; c-Myc
was also absent in B cells from spleen in MycKO-cd19 and DKO-cd19
mice (Fig EV1D). Surprisingly, the same analysis revealed a
substantial decrease of c-Myc expression in sorted GFP* MaxKO B
lymphocytes (Fig EV1D). This result suggests an indirect or direct
regulatory function of Max on Myc stability or mRNA regulation.

MaxKO B lymphocytes differentiate into mature B cells

c-Myc is expressed at the pro- to pre-B-cell stage in early B lympho-
cyte differentiation [36]. Our previous results showed that c-Myc-
deficient B lymphocytes fail to differentiate beyond the pre-B-cell
stage in MycKO-mbl mice ([5] and Fig 1B-H). To determine
whether B lymphocyte differentiation was affected upon max or c-
myc/max deletion, we used flow cytometry to analyze the different
B-cell subpopulations in the BM and the spleen of MaxKO-mbl,
MycKO-mb1, DKO-mb1 and c-myc™ * ;max™ * ;mb1 * ;rosa265P/&P
heterozygous control mice (HET-mbl). Max-, c-myc-, and c-myc/
max-deleted B lymphocytes (GFP*) were distinguished from non-
deleted (floxed, GFP™) cells based on their GFP expression. MaxKO
and DKO B lymphocytes (GFP ") were capable of differentiating into
pro-B, pre-B, immature, and mature B lymphocytes in the BM of
MaxKO-mb1 and DKO-mb1 mice (Fig 1B-C), which was in contrast
to the developmental block observed in MycKO-mbI mice ([5] and
Fig 1B-E). However, the absolute number of B cells in BM and
spleen was significantly lower in MaxKO-mb1 (BM 2.0 x 10°, spleen
1.8 x 10°) MycKO-mbl (BM 0.2 x 10°, spleen 0.5 x 10%) and

A Gene targeting strategy. Left: max genomic locus, targeting construct and max targeted locus. In vitro Flipase (Flip) deletion of the selectable markers lacZ and neo
results in @ max targeted locus with exons 4 and 5 (coding for bHLHLZip domain) flanked by two loxP sites (fl, flox allele). Arrows represent PCR primers used for
genotyping MaxF9 and MaxF10. Right: Genomic PCR analysis of tail DNA from F1 mice. PCR products of max wt (430 bp) and max flox (526 bp) alleles. M, 1 kb

ladder.

B-D Flow cytometry analyses of B-cell populations (GFP*) in bone marrow (BM) and spleen. Single-cell suspensions were prepared from BM (B, C) or spleen (B, D) of
MaxKO-mb1, MycKO-mb1, DKO-mb1, or heterozygous HET-mb1 control mice, stained with antibodies against the indicated markers, and analyzed by flow cytometry.
For BM analysis, cells were isolated from femora and tibiae. Pro-B cells (Ly-6¢~CD49b~ B220*IgM~CD43"), pre-B cells (Ly-6¢ CD49b~B220*IgM ~CD43"), immature
B cells (Ly-6c~CD49b~B220'"°lgM*CD43 "), and mature B cells (Ly-6c~CD49b~B220"IgM*CD43"), spleen follicular B cells (B220*CD23*CD21'™), marginal zone B cells
(B220*CD23CD21™), and immature (newly formedj/transitional stage 1) B cells (B220¥CD23~CD21'). To identify KO cells (GFP*), all the plots show gated GFP* B

lymphocytes.

Schematic representation of the gated populations in the flow cytometry plots in (B and D).
F-H Absolute numbers of B lymphocytes in bone marrow (F, G) and spleen (F, H) from MaxKO-mb1 (n = 6), MycKO-mb-1 (n = 3), DKO-mb1 (n = 5), and control HET-mb1
(n = 4) mice. Columns represent mean values and error bars standard deviations. The different B-cell populations were identified by flow cytometry as in (B-D).

Experiment representative of at least three independent experiments.

| Cell cycle analysis by flow cytometry of sorted GFP* pre- and pro-B (B220*IgM ™), immature (B220"°lgM™*), and mature (8220"IgM*) bone marrow B cells from
MaxKO-mb1, MycKO-mb1, DKO-mb1, and HET-mb1 control mice. Mice (n = 5) were injected (i.p.) with 200 pg of EdU and analyzed 4 h later. Single-cell suspensions
were prepared, stained, and sorted. Sorted cells were subsequently stained with propidium iodide for DNA content. Experiment representative of at least three

independent experiments. Dotted line is shown for EdU MFI comparison.

J Percentage of annexin-V*GFP* cells in the BM of MaxkO-mb1 (n = 5), MycKO-mb1 (n = 3), DKO-mb1 (n = 3), and control (n = 4) mice. Pro-B, pre-B, immature, and
mature B lymphocyte subpopulations were identified by flow cytometry as indicated in (E). Columns represent mean values and error bars standard deviations.

Experiment representative of at least three independent experiments.

Data information: Statistical analyses were performed using Student’s two-tailed unpaired t-test. *P < 0.05, **P < 0.01, ***P < 0.001.
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DKO-mb1 (BM 0.5 x 10%, spleen 0.6 x 10°) mice than in controls
(BM 0.7 x 10°, spleen 4.5 x 10° Fig 1F). As previously reported
[S], the presence of mature B lymphocytes in the spleen of MycKO-
mb1 is likely due to cells that have escaped Cre-mediated deletion.
Accordingly, the absolute numbers of differentiating B lymphocytes
were significantly lower in MaxKO-mb1, MycKO-mb1, and DKO-mb1
mice than in control mice (Fig 1G). We also detected a significant
decrease in the absolute numbers of follicular (HET 9.4 x 10° versus
MaxKO 2.3 x 10°, MycKO 6.3 x 10°, DKO 6.6 x 10%), immature
(HET 1.0 x 10° versus MaxKO 6.6 x 10*, MycKO 3.7 x 10°, DKO
6.1 x 10%), and marginal zone B cells (HET 3.2 x 10° versus MaxKO
1.9 x 10°, MycKO 5.8 x 10°, DKO 7.2 x 10%) in the spleen of
MaxKO-mb1, MycKO-mbl, and DKO-mb1 mice as compared with
control HET-mb1 mice (Fig 1H).

To rule out the possibility that the presence of immature
(B220"°IgM * GFP ™) and mature (B220™IgM " GFP*) B cells in the BM
of mutant mice was due to B lymphocytes that had escaped Cre-
mediated deletion, we performed differentiation assays in vitro with
sorted B220"IgM ™~ GFP ™ cells from the BM of MaxKO-mb1 and control
HET-mb1 mice. We observed that MaxKO B lymphocytes generated
IgM ™ cells after 4 days in culture in the presence of interleukin (IL)-7
(Fig EV2). These results suggest that Max-deficient B lymphocytes,
unlike equivalent c-Myc-deficient cells [5], can progress through the
differentiation program, albeit less efficiently than normal B cells.

During early differentiation in the BM, B lymphocytes undergo V
(D)J recombination and proliferative expansion, mainly at the pro-
to pre-B-cell stage [36,37]. To test whether proliferation or apoptosis
could account for the observed differences in the absolute numbers,
we performed EdU incorporation assays in vivo and analyzed
annexin-V staining in B lymphocytes from the BM of MaxKO-mb1,
MycKO-mb1, DKO-mb1, and control HET-mb1 mice. Analysis of EAU
incorporation in sorted GFP™ B lymphocytes revealed a decrease in
the percentage of cells in S phase at the pro- and pre-B-cell stages
and a decrease in EQU fluorescence intensity in MaxKO, MycKO, and
DKO cells as compared with control cells [S-phase mean fluores-
cence intensity (MFI): 19,886 HET versus 5,172 MaxKO, 4,017
MycKO, 4,416 DKO (Fig 1I)]. Interestingly, MaxKO and DKO B
lymphocytes retained some capacity to proliferate when compared

Myc/Max interplay in cell differentiation ~ Mercedes Pérez-Olivares et al

with ¢-MycKO B cells. It is known that c-MycKO mature B cells are
more resistant to apoptosis than normal cells [35]. Consistent with
this, the level of apoptosis was significantly lower in mature B
lymphocytes from mutant mice than from control mice (Fig 1J).
Overall, these data show that a defect in proliferation could contri-
bute to the decrease in absolute numbers of B lymphocytes in the
BM and spleen of MaxKO-mb1, MycKO-mb1 [5], and DKO-mbI mice.

B-cell function in MaxKO and DKO B lymphocytes

Previous results have shown that c-Myc plays a major role in termi-
nal B lymphocyte differentiation [7,8]. Specifically, c-Myc-deficient
B cells cannot generate B220'°CD138™ cells [antibody-secreting cells
(ASCs)] or undergo immunoglobulin class switch recombination
(CSR) in vitro [8]. To test the functional interplay between Max and
c-Myc in these processes, we used cdl19-cre mice, which provide
higher absolute numbers of deleted mature B lymphocytes in the
spleen for analysis [8] than mbI-cre mice [5].

To generate B220"° CD138™ cells (plasmablasts) and induce CSR
to the IgG1 isotype, we sorted B220"GFP* mature B lymphocytes
from the spleen of MaxKO-cd19, MycKO-cd19, DKO-cd19, and
heterozygous c-myc " ;max™' " ;cd19°% * ;rosa2657/8®  (HET-cd19)
mice, and activated them with lipopolysaccharide (LPS) and IL-4.
We observed that the generation of B220°CD138"% cells from
MaxKO (5.5 x 10%), DKO (3.2 x 10°), and c-MycKO (1.1 x 10°) B
lymphocytes was lower than from control cells (4.8 x 10% Fig 2A
and B, and [8]). We analyzed the presence of B220"IgG1*GFP*
cells in the same cultures by flow cytometry, finding that MaxKO B
lymphocytes generated significantly less IgG1™ cells than control
cells (19.3 x 10> versus 22.1 x 10%). Further, DKO B cells
(5.4 x 10%) presented a more dramatic defect in CSR, which was
similar to that of c-Myc-deficient B cells (4.5 x 10%; Fig 2C and D,
and [8]). The levels of apoptosis and the activation marker CD69 in
these cells were similar for all the genotypes (Fig 2E-H). Based on
these data, we conclude that both c-Myc and Max are required to
achieve normal levels of plasmablasts and CSR. However, in the
absence of Max or c-Myc/Max, B cells in cd19-cre mice can still
generate plasmablasts and perform CSR.

Figure 2. Role of c-Myc/Max in B lymphocyte function and the immune response.

A-D Flow cytometry analysis and absolute numbers of B220'°CD138* (plasmablasts) (A, B) and B220*IgG1* switched B cells (C, D) from HET-cd19 (n = 6), MaxKO-cd19
(n = 8), MyckO-cd19 (n = 4), and DKO-cd19 (n = 5) mice. Spleen B220*GFP* B lymphocytes were sorted and activated in vitro with LPS plus IL-4 for 72 h. Cells were
stained with monoclonal antibodies against the indicated markers and analyzed by flow cytometry. Columns represent mean values and error bars standard
deviations. Experiment representative of at least three independent experiments.

E Spleen B220*GFP* B lymphocytes from (A) or

(C) were stained with 7AAD and annexin-V to monitor apoptosis. 7-AAD™ annexin-v~ (alive), 7-AAD™ annexin-v* (early
apoptotic), 7-AAD* annexin-v* (late apoptotic), 7-AAD* annexin-v_ (necrosis).

F Relative numbers of live, early apoptotic, late apoptotic, and necrotic cells from (E). Error bars are standard deviations (n = 4).
CD69 surface expression in purified B220*GFP* mature spleen cells. Sorted B cells were activated in vitro with LPS plus IL-4 for 72 h, stained and analyzed by flow
cytometry. The solid gray peak represents the expression levels of CD69 marker in non-activated mature B lymphocytes at Day O.

H Relative numbers of CD69* B lymphocytes in the cultures from (G) (n = 4). Error bars represent standard deviations. Experiment representative of at least three

independent experiments.

| Analysis of germinal center (GC) formation in the spleen of Maxk0-cd19, MycKO-cd19, DKO-cd19, and heterozygous control mice immunized with TNP-KLH.
Representative images of frozen spleen sections stained with IgM (gray/blue), PNA (GC marker; red), and GFP (Max-, c-Myc- or c-Myc/Max-deficient B cells; green).

Scale bar, 80 pum.

J Upper, number of GCs per mouse in spleen sections of immunized MaxkO-cd19 (n = 3 mice, n = 186 follicles analyzed), MyckO-cd19 (n = 3 mice, n = 178 follicles
analyzed), DKO-cd19 (n = 3 mice, n = 191 follicles analyzed), and heterozygous control mice (n = 3 mice, n = 203 follicles analyzed). Lower, frequencies of GC
(PNA*) GFP* (deleted cells) or GFP~ (non-deleted cells) in immunized MaxK0-cd19 (n = 13 GCs), MyckO-cd19 (n = 21 GCs), DKO-cd19 (n = 27 GCs), and
heterozygous control (n = 62 GCs) mice. Analysis was performed at 13 days post-immunization. Error bars are standard deviations.

Data information: Statistical analyses were performed using Student’s two-tailed unpaired t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Max and c-Myc are required for normal generation of
germinal centers

The generation of GCs is a hallmark of a competent and robust T-
dependent immune response. c-Myc has been previously shown to
be necessary for the generation of these structures [7,8]. To test
whether Max-deficient B lymphocytes were capable of generating
GCs, we immunized homozygous MaxKO-cd19, MycKO-cd19, DKO-
cd19, and HET-cd19 control mice with the T-dependent antigen
2,4,6-trinitrophenyl hapten-keyhole limpet hemocyanin (TNP-KLH).
After 12 days, we observed the presence of GCs (as indicated by
peanut agglutinin staining, PNA) in the spleens of all immunized
mice (Fig 2I), whereas mutant and control mice injected with phos-
phate-buffered saline (PBS) did not generate GCs (Fig EV3A and B).
We observed that the cell density of B cells (GFP*) in the spleen
GCs in immunized MaxKO-cd19, MycKO-cd19, and DKO-cd19 mice
was lower than in equivalent HET-cd19 control mice (Fig 2I). The
number of GL-7* B cells was also decreased in all mutant mice
(Fig EV3C and D). Moreover, the number of GCs per mouse in
spleen sections of MaxKO-cd19, MycKO-cd19, and DKO-cd19 mice
was lower than in control mice (Fig 2J). An analysis of the presence
of GC GFP* (deleted) and GFP~ (non-deleted) cells showed that the
majority of the cells present in the GCs of homozygous MaxKO-
cd19, MycKO-cd19, and DKO-cd19 mice were non-deleted B cells
(GFP~; Fig 2J). These results lead us to conclude that both Max and
Myc are necessary for normal generation of the GC.

MaxKO and DKO mature B lymphocytes undergo few cell
divisions before ceasing proliferation

c-Myc has been widely shown to control cell proliferation mainly
through the regulation of the G1-S transition of the cell cycle [38].
c-Myec-deficient B lymphocytes cannot proliferate upon in vitro acti-
vation [6,8]. To evaluate the contribution of Max and c-Myc to this
process, we examined the capacity of MaxKO, c-MycKO, and c-Myc/
Max DKO mature B lymphocytes to proliferate in vitro. With this
aim, sorted B220"GFP* cells from the spleens of MaxKO-cd19,
MycKO-cd19, DKO-cd19, and HET-cd19 control mice were activated
with LPS and IL-4, and cell division was monitored with a cell
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tracking dye. Unexpectedly, MaxKO and DKO mature B lymphocytes
showed some capacity to undergo cell division (24 cell divisions),
whereas c-MycKO cells did not divide (Fig 3A), as previously shown
[8]. Accordingly, we observed a similar absolute number of MaxKO
(14.8 x 10*) and DKO (15.5 x 10%) B cells in 3-day cultures,
although no increase in B-cell number was detected in c-MycKO
cultures (Fig 3B and [8]). Interestingly, the smaller B-cell size previ-
ously observed in c-MycKO B lymphocytes [6] was compensated
slightly in DKO B cells and was not seen in MaxKO cells (Fig 3C and
D). These results show that c-Myc and Max are both required for
normal levels of cell proliferation; however, in the absence of c-Myc,
Max plays a strong inhibitory role, either alone or in collaboration
with other proteins of the Myc network [18], as observed in c-MycKO
B cells. The capacity of B lymphocytes to undergo a limited number
of cell divisions in the absence of Max or c-Myc/Max suggests that c-
Myc itself is not capable of regulating proliferation, supporting the
notion that c-Myc requires Max for its normal proliferative function.
In addition, this capacity could explain the better competence of
MaxKO and DKO B cells to differentiate (Fig 1), in contrast to the
early developmental block observed in c-MycKO B lymphocytes [5].

To better understand the proliferative defect observed in the
mutant cells, we monitored the cell cycle in vitro by EAU incorpora-
tion and propidium iodide staining. We observed that the percent-
age of B lymphocytes in S and G2/M phases was appreciably lower
in MaxKO, c-MycKO, and DKO cells than in control cells (Fig 3E).
This effect was less dramatic than in pro-and pre-B cells (Fig 11),
probably due to the prominent proliferative expansion at this stage
in vivo and the different cell contexts (in vitro versus in vivo). The
observed differences in EdU incorporation and the cell cycle
between mutant and control cells prompted us to next investigate
the replication machinery of these cells.

The role of Max in the regulation of DNA replication

Replication origins are frequently located at or around gene promot-
ers, underscoring the link between replication and transcription
[39]. c-Myc influences DNA replication through transcription-depen-
dent and transcription-independent mechanisms. In addition to
regulating the activity of cyclin-dependent kinases at the G1/S

Figure 3. Distinct roles of c-Myc and Max in the proliferation in mature B lymphocytes.

A Number of cell divisions in activated mature B lymphocytes. Sorted B220*GFP* spleen cells from HET-cd19 (n = 5), MaxKO-cd19 (n = 5), MyckO-cd19 (n = 3), and
DKO-cd19 (n = 3) mice were stained with a cell tracer, activated in vitro with LPS plus IL-4 for 72 h, and analyzed by flow cytometry. Experiment representative of

at least three independent experiments.

m o 0O ®

Cell counts from the cultures in (A) (n = 5). Error bars are standard deviations.

Photographs of B-cell cultures from (A). Scale bar, 500 pum. 4x magnification.

Forward scatter (FSC) histograms of activated B lymphocytes from (A). An arbitrary dashed line is shown for comparison.

Cell cycle analysis of sorted B220"GFP* B lymphocytes activated in vitro. Cells were activated as in A and EdU was added 4 h before harvesting. Cells were stained

with propidium iodide to measure DNA content. Experiment representative of at least three independent experiments. An arbitrary dashed line shows the
difference of EdU MFI. S-phase mean fluorescence intensity (MFI): 7,871 HET, 6,512 MaxKO, 5860 MycKO, 6,420 DKO.
F, G Representation of labeling with nucleotide analogues CldU (red) and IdU (green) and photographs of DNA fibers from sorted B220*GFP* B lymphocytes activated as

in (A) for 48 h. Scale bar, 10 pm.

H Fork rate of DNA fibers from primary B lymphocytes sorted and activated as in (G). Data are pooled from three replicate experiments. Horizontal bars represent
median values. 150-250 forks were measured per condition. ***, P < 0.001; **, P < 0.01. Statistical significance was assessed using non-parametric, one-way

ANOVA Kruskal-Wallis test followed by Dunn’s post-test.

| Western blotting of DNA replication proteins in activated B lymphocytes from (F, G). Sorted B220*GFP* spleen cells were activated in vitro with LPS plus IL-4 for
72 h. MEK2, SMC1 are shown as loading controls. Red arrows indicate the absence of Cdc7 and pSer40-MCM2 in MycKO B cells. The blots shown are representative

of three independent experiments.

Source data are available online for this figure.
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transition, c-Myc may create a chromatin environment that favors
the assembly of pre-replication complexes (pre-RCs) at origins.
Indeed, c-Myc has been reported to physically interact with the pre-
RC proteins CDC6 and MCM and to promote the association of
CDC45 to chromatin, a key step in the activation of the CMG
(Cdc45-MCM-GINS) helicase [40].

We assessed the participation of c-Myc and Max in DNA replica-
tion in activated mature B lymphocytes using stretched DNA fibers.

Myc/Max interplay in cell differentiation
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Fork speed was strikingly lower in c-MycKO cells (median 0.28 kb/
min) than in control cells (0.88 bb/min) and was decreased to a
lesser extent in MaxKO and DKO cells (0.66 and 0.54 kb/min,
respectively; Fig 3F-H).

No significant differences were found in the amount of MCM3,
MCM4, MCM6, CDC45, and PSF2 proteins between control, MaxKO-,
c-MycKO-, and DKO-activated B lymphocytes (Fig 31 and
Appendix Fig S1). However, we detected a substantial decrease in the
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level of CDC7 in c-Myc-deficient B lymphocytes (Fig 3I). CDC7 is the
catalytic component of the Dbf4-dependent kinase (DDK), responsible
for MCM phosphorylation and activation. Indeed, DDK-mediated
MCM2 phosphorylation at Ser40 was absent in c-MycKO B cells and
the total levels of MCM2 protein were also low (Fig 31 and
Appendix Fig S1). The loss of CDC7 provides a plausible explanation
for the severe decrease in DNA replication in c-MycKO mature B
lymphocytes. RNA-Seq did not reveal differences in cdc7 expression
between c-MycKO B cells and control cells (Dataset EV1), despite the
presence of an E-box located at 328 nt from the transcription start site
of the cdc7 gene [41]. Thus, the dramatic decrease in CDC7 protein
might be attributed to post-transcriptional mechanisms. The unex-
pected finding of reduced levels of c-Myc in MaxKO B cells provides a
new context to explain this result. We speculate that, in the absence
of c-Myc and Max, B lymphocytes are capable of initiating different
functions, such as the regulation of CDC7; however, both factors are
required to fine-tune this function. We hypothesize that, in the
absence of c-Myc, Max alone or with other members of the Myc
network downregulates CDC? levels.

Gene expression profiles in MaxKO, c-MycKO, and
DKO B lymphocytes

In an effort to determine the genes regulated by c-Myc, Max, or both,
we performed transcriptome profiling in mature B lymphocytes from
MaxKO-cd19, MycKO-cd19, DKO-cd19, and control HET-cd19 mice.
Accordingly, RNA-Seq was performed in sorted primary B lympho-
cytes (B220" GFP ') isolated from the spleen of these mice and acti-
vated with LPS and IL-4 (Fig 4). We identified 2,604, 3,313, and
2,559 differentially expressed genes (DEGs; P < 0.01) in B cells from
MaxKO-cd19, MycKO-cd19, and DKO-cd19 mice, respectively, when
independently compared with HET-cd19 B cells (Fig 4A and Dataset
EV1). Venn diagram analysis revealed 1,921 genes that were simulta-
neously deregulated in MaxKO, c-MycKO, and DKO B lymphocytes
(Fig 4B). We observed a similar gene expression profile of previ-
ously reported genes [8] affected in MycKO-cd19 mice (Fig EV4A).
Hierarchical clustering analysis of all DEGs for the three experimen-
tal conditions showed that MaxKO and DKO B lymphocytes clustered
closer to each other than to c-MycKO (Fig 4C). To enhance the
biological relevance, we calculated the number of overlapping DEGs
with > 1.5- and < —1.5-fold change among the 1,921 genes. In total,
1,445 DEGs were common for all three conditions (797 up-, 648
downregulated), suggesting a high degree of overlap between c-Myc
and Max regulatory networks (Fig 4D and Dataset EV2).

We next carried out functional classification analyses of altered
genes (£1.5-fold and P < 0.01) using the DAVID Bioinformatics
Resources [42] through classification into Gene Ontology (GO)

Figure 4. RNA-sequencing analyses in mature B lymphocytes.
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categories [false discovery rate (FDR) < 0.05], based on biological
processes and molecular functions, as well as KEGG (Kyoto Encyclo-
pedia of Genes and Genomes) pathways [43] (Figs 5A and B, and
EV4B, Dataset EV3). RNA-Seq data were validated by qPCR analysis
of randomly chosen up- or downregulated genes. Noteworthy, the
same analyses did not reveal differences in cdc7 expression between
c-MycKO B cells and control cells (Fig 5C). We observed that down-
regulated genes in all three conditions were involved in several
functional categories, with ribosome pathways, representing the
largest groups with a high significance (FDR 2.72 x 10~%'; Fig 5B).
All of these genes were more affected in c-MycKO B lymphocytes
than in equivalent MaxKO or DKO cells. Other pathways, such as
oxidative phosphorylation or metabolic pathways, were also identi-
fied in the pool of downregulated genes (Figs 5B and EV4B).

Gene Ontology analysis of significantly upregulated DEGs
revealed an enrichment of immune-related and transcriptional
processes (Fig EV4B). The major pathways for upregulated genes in
all three conditions included regulation of actin cytoskeleton [44],
B-cell receptor [45], NF-kB [46], and MAPK signaling [47], among
others (Fig 5B). These data suggest that the absence of c-Myc, Max,
or both, in B cells results in the upregulation of genes involved in
different signaling pathways. B-cell receptor signaling [48] or LPS
activation of Toll-like receptor 4 [49] induces the canonical NF-xB
pathway [46] and MAPK signaling [47]. These pathways promote
reorganization of the actin cytoskeleton [44] and upregulate the
transcription of c-myc, among other genes [48,50]. It is possible that
mutant B cells are not capable of processing the activation signal
and/or that the absence of c-Myc/Max might prevent these factors
from inducing a negative feedback loop to modulate the response,
as seen in immature B cells [51]. We postulate that the presence of
Max only (c-MycKO B cells) enhances this phenotype by occupying
E-boxes and preventing normal regulation of the activation signal.
In addition, major defects in ribosome components and function
likely contribute to hamper the ability of B lymphocytes to perform
their biological functions.

We next compared the results of our gene analysis (Fig 5B) with
previously reported c-myc expression data in primary mouse B cells
[52] and T lymphocytes [53] (Fig EV5). Despite the differences in
cell type, genetic background, nature of stimulus, kinetics, and
methodology, we found striking similarities in the upregulated and
downregulated pathways between our data and those of c-Myc-
deficient T cells [53]. We observed that metabolic and ribosome
pathways were downregulated, whereas signaling pathways such as
NF-«B and MAPK were clearly upregulated in T lymphocytes lack-
ing c-Myc (Fig EVS). In addition, LPS-activated primary B lympho-
cytes [52] showed the opposite pattern of pathway expression when
compared with our findings in c-MycKO B lymphocytes stimulated

A Bar plot showing the number of DEGs (adj. P-value < 0.01, FC +15 in red, 1.5 < FC > —1.5 in white, FC < —15 in blue). Sorted B220*GFP* spleen B cells from MaxKO-
¢d19, MycKO-cd19, DKO-cd19, and control HET-cd19 mice were activated with LPS plus IL-4 for 72 h and analyzed. Two samples for each condition were used.

B Venn diagrams showing the number of common DEGs in all conditions.

Hierarchical clustering heatmap of DEGs in any comparison (two samples per condition). Dark blue in left panel indicates significance for that contrast column. Color
code: Red represents upregulation; white, unchanged; and blue, downregulation of expression. Gender: color code for genetic condition. Pink are female and blue

color male mice. Colour key (—2 to 2): raw Z-score.

D Venn diagrams of up- (left) and downregulated genes (right) for all three conditions (+1.5-FC and P < 0.01). Heatmaps of genes only deregulated in MaxKO-cd19,

MycKO-cd19, or DKO-cd19 mice are shown. Color code is the same as (C).
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Figure 5. Major up- and downregulated pathways in mature B lymphocytes.

Myc/Max interplay in cell differentiation

EMBO reports

A Enrichment analysis of KEGG pathways (FDR < 0.05) of up- or downregulated genes common for all three conditions (+1.5-FC and P < 0.01). Relevant pathways are

labeled in bold.

B Heatmaps of genes involved in the relevant pathways indicated in (A). Color code: Red represents upregulation; white, unchanged; and blue, downregulation of

expression.

C gPCR analysis of up- and downregulated genes from (B). Pooled RNA was prepared from sorted B220*GFP* spleen B cells of MaxKO-cd19 (n = 4), MycKO-cd19 (n = 4),
or DKO-cd19 (n = 4) and control HET-cd19 (n = 4) mice activated as in Fig 4A. Genes were randomly selected, and qPCR was performed using specific primers for cd72,
med13l, card11, ssh2, cdc7, mrpl12, rpl39, and cysc. max and c-myc were included as controls, and actin was used for normalization. Error bars are standard deviations.

with LPS plus IL-4 (Fig EV5A). These results suggest that c-Myc
function follows a similar pattern in B and T lymphocytes.

We identified 45 down- and 49 upregulated genes that were
altered only in B lymphocytes from MycKO-cd19 mice and would
theoretically correspond to induced or repressed genes, respectively,
by c-Myc only (Fig 4D). Downregulated genes corresponded to a
variety of molecular pathways (Fig EV4C), whereas upregulated
genes were involved in the regulation of transcription, covalent
chromatin modification, and histone methyltransferase activity (H3-
K4-specific; Fig EV4C). The up- or downregulated gene sets in
MaxKO-cd19 or DKO-cd19 mice only did not show statistical signifi-
cance in the enrichment analysis.

RNA-Seq data revealed a more similar gene expression profile
between MaxKO and DKO than between either and c-MycKO B cells
(Figs 4 and 5). This finding correlated with the similar phenotype
observed in MaxKO and DKO B lymphocytes for cell differentiation,
proliferation, and DNA replication (Figs 1 and 3). Functional compen-
sation among the different Myc family members is unlikely since we
did not observe significant differences in n- and l-myc expression
between all the mutants and the heterozygous controls (Dataset EV1).

Considering all the RNA-Seq data, the number of pathways regu-
lated by c-Myc and Max is limited and similar in different cell types.
c-Myc requires Max to regulate a selected number of genes that can
subsequently, indirectly, amplify the signal, as described [17].

The generation of c-MycKO, MaxKO, and DKO mouse models
allowed us to individually assess the role of c-Myc and Max in dif-
ferent biological processes in B lymphocytes. It should be noted that
the mixed background of these models can play an important role in
the observed differences in phenotype and gene expression. The
unexpected reduction of Myc protein in MaxKO mature B cells,
despite normal levels of c-myc RNA (Fig 5C), reveals potential new
mechanisms of Myc regulation that will be examined in a future
study. Nevertheless, our results show that c-Myc needs Max not only
as heterodimer to perform its normal function in mature B lympho-
cytes, but also for mRNA translation and/or protein stability. This
might provide an explanation for why MaxKO and DKO mature B
cells are phenotypically closer when compared against c-MycKO B
cells. c-MycKO B lymphocytes present the most severe phenotype of
all the mutant phenotypes analyzed in this report, which is consis-
tent with other studies [5,8]. c-MycKO B lymphocytes seem to
uncover the antagonistic role of Max by binding to E-boxes, likely in
association with proteins of the MXD family or MGA [18,19]. Our
data suggest that c-Myc/Max heterodimers are the main effectors of
Myc functions in primary B lymphocytes. Interestingly, MaxKO and
DKO mature B lymphocytes can still initiate relevant biological
functions such as proliferation or cell differentiation. We propose
that the first stages of these processes are not as strictly dependent
on c-Myc/Max heterodimers, but these factors are required to main-
tain, amplify, or fine-tune these functions after the initial activation.

© 2018 The Authors

Materials and Methods

Generation of max" mice and genotyping

The targeting construct was generated by the European Mouse
Mutagenesis Consortium (Fig 1). The max gene contains five exons
encoding a protein of 160 amino acids. Cre recombinase deletes
exons 4 and 5 (aa: 57-160) containing the HLHZip domain and the
3'UTR. A total of 10” G4 (129S6/SvEv x C57Bl/6NTac) F1 ES cells
[54] were transfected with 30 ug of linear DNA and plated on 10°
mitomycin-C treated neo-resistant mouse embryonic fibroblasts/
plate in KO-DMEM (GIBCO) containing 15% HyClone serum,
murine embryonic tested (Thermo), GlutaMAX (GIBCO), 2-mercap-
toethanol (GIBCO), MEM NEAA (GIBCO), penicillin/streptomycin
(GIBCO), and 10® U/ml LIF (Millipore). At 24 h post-electropora-
tion, the medium was replenished and 200 pg/ml G418 was added.
After 8 days, 96 clones were picked and correctly targeted mutations
were genotyped by long-range PCR with specific primers for 3’ and
5’ homology arms. Clones were tested for mycoplasma (MycoAlert
Kit, Lonza) and the correct euploid karyotype. Embryonic day 2.5
embryos were collected from superovulated C57Bl/6N female mice.
Microinjected embryos were transferred into pseudopregnant CD-1
females. Chimeras (95%) were identified based on coat pigmenta-
tion and two were confirmed positive after genotyping. Mice were
genotyped by PCR analysis of tail genomic DNA. Primers MaxF9
and MaxF10 were used to amplify max floxed (526 bp) and wt
(430 bp) alleles. Genomic DNA of sorted B220"GFP™ B cells from
spleen or BM was isolated and floxed, and deleted max alleles
(589 bp) were amplified using MaxNull_2F and MaxFlox_2R.
Primers GAPDH 5’and GAPDH 3’ were used for DNA normalization.
Primer sequences are detailed in Appendix Table S1. myc™%cd197¢ *;
r0sa265P/8P  (MycKO-cd19) mice were previously reported [35].
MycKO-cd19, MaxKO-cd19, DKO-cd19, MycKO-mbl, MaxKO-mb1, and
DKO-mb1 mice are on a 129 x C57Bl6 mixed background. For all
experiments, 8- 10-week-old mice were used.

Cell sorting and cell culture conditions

Freshly isolated cells from BM and spleen were incubated in NH4Cl
buffer to lyse erythrocytes and were then stained with anti-B220-PE-
Cy7 (Biolegend) and anti-IgM-PE (Southern Biotech) antibodies or
anti-B220-PE-Cy7 only, in PBS with 2% fetal bovine serum (FBS).
Cells were sorted (> 97% purity) based on the expression of GFP
and different combinations of the aforementioned antibodies on a
FACSAria Ilu sorter (BD Biosciences). For in vitro B-cell differentia-
tion assays, sorted BM GFP " B220"IgM™~ B lymphocytes were plated
(4 x 10° cells/well) in RPMI 1,640 medium (GIBCO) with 15% FBS,
2-mercaptoethanol, penicillin/streptomycin and supplemented with
recombinant murine IL-7 (10 ng/ml), murine stem cell factor
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(10 ng/ml), and rFIt3 ligand (10 ng/ml; all from Peprotech) for
4 days. For in vitro activation of mature B lymphocytes, sorted
spleen GFP*B220" B lymphocytes were cultured (10° cells/well) in
RPMI 1,640 medium with 15% FBS, 2-mercaptoethanol, penicillin/
streptomycin and were activated with LPS (20 pg/ml; Sigma-
Aldrich) and IL-4 (20 ng/ml; R&D Systems). Activated cells and
supernatants were harvested after 72 h.

Flow cytometry

Single-cell suspensions were incubated in NH,Cl buffer to lyse erythro-
cytes and were antibody-stained in PBS with 2% FBS. Antibodies used
were from Biolegend (B220-PE-Cy7, IgD-Alexa Fluor 647), eBioscience
(CD49b-biotin, IgG1-PE, IgM-APC, GL-7-biotin), Beckman Coulter
(B220-APC, Ly-6C-biotin,), BD Pharmingen [CD21-APC, CD23-PE,
CD43-PE-Cy7, CDG69-biotin, CD138 (Syndecan-1)-PE, IgG1-PE], and
Southern Biotech (IgM-PE). Biotinylated antibodies were developed
with streptavidin-eFluor 450 (eBioscience) and streptavidin-PE or
streptavidin-APC (Beckman Coulter). BM B-cell populations were
characterized as pro-B cells (Ly-6¢c CD49b B220*IgM CD43 "), pre-B
cells (Ly-6c CD49b B220"IgM CD437), immature B cells (Ly-6¢~
CD49b’BZZOlOIgM+CD43’), and mature B cells (Ly-6¢c CD49b
B220"IgM * CD43 ). Spleen B lymphocytes were identified as follicular
B cells (B220"CD23"CD21™), marginal zone B cells (B220"CD23~
CD21"), and immature (newly formed/transitional stage 1) B cells
(B220*CD237CD21%). Cell death was monitored using annexin-V-
eFluor 450 or annexin-V-APC (Immunostep) and 7-aminoactinomycin
D (7-AAD; Beckman Coulter) and distinguished as live (7ZAAD™
annexin-V~), early apoptotic (ZAAD™ annexin-V "), late apoptotic
(7AAD" annexin-V*), and necrotic (ZAAD* annexin-V ) cells. Cell
cycle parameters were assessed directly by measuring DNA synthesis
via EdU incorporation 4 h after intraperitoneal (i.p.) injection (200 pg)
using the Click-iT Plus EAU Pacific Blue (picolyl azide) Flow Cytome-
try Kit (ThermoFisher Scientific) for in vivo assays or after 4 h (at
10 uM) for in vitro studies on activated mature B lymphocytes. Cells
were then stained with propidium iodide (Beckman Coulter) to
measure DNA content. Cell proliferation was monitored with the Cell-
Trace Violet Cell Proliferation Kit (ThermoFisher Scientific).

Immunization

T-cell-dependent immunization was performed in 6- to 8-week-old
mice using 200 pg of TNP-KLH (Biosearch Technologies) in Imject
Alum (ThermoFisher Scientific) at a 1:1 ratio in 0.2 ml of PBS by
i.p. injection. Mice injected with PBS were used as controls. Mice
were analyzed 13 days after immunization.

Tissue immunofluorescence

Freshly isolated spleens were immersed in OCT and frozen with
liquid nitrogen. Cryostat sections (10 um) were fixed in 4%
paraformaldehyde [10 min, room temperature (RT)]; blocked with
PBS containing 2% fetal calf serum, 2% bovine serum albumin, and
10% goat serum (30 min, RT); and stained with FITC-conjugated
PNA (Vector Laboratories), Cy3-conjugated Fab fragment goat anti-
mouse IgM (p heavy chain-specific; Jackson ImmunoResearch Labo-
ratories), or a rabbit anti-GFP antibody (A-11122, ThermoFisher
Scientific) followed by Alexa647-conjugated goat anti-rabbit IgG

12 of 15 EMBO reports 19: e45770 | 2018

Myc/Max interplay in cell differentiation

Mercedes Pérez-Olivares et al

(Southern Biotech) at RT. Sections were then mounted in Fluoro-
mount (Southern Biotech) and imaged on a Zeiss Axiovert LSM 510-
META inverted microscope with 20x/air objective. Images were
analyzed using LSM 510 software (Zeiss). GC analysis and quan-
tification were done using FiJi software (ImageJ, NIH). For each
mouse model, GCs were identified as PNA* in a comparable
number of follicles on spleen sections; colocalization analysis of
PNA/GFP was used to determine the presence of GFP™" cells at GCs
in the tissue sections. The frequency of GC GFP* and GC GFP™ cells
was calculated as (number of GC GFP* /total number of GC) x 100
and (number of GC GFP™ /total number of GC) x 100, respectively.

Analysis of replication fork rate in stretched DNA fibers

Sorted spleen B220"GFP* B lymphocytes were isolated by flow
cytometry and stimulated to proliferate with LPS and IL-4. After
48 h, cells were sequentially pulse-labeled with the BrdU analogs
CldU and IdU for 20 min. DNA fibers were spread in buffer contain-
ing 0.5% SDS, 200 mM Tris pH 7.4 and 50 mM EDTA, as described
[55]. CIdU and IdU tracks were detected by immunofluorescence
with anti-BrdU antibodies (Abcam ab1791 for CldU; Beckton-Dick-
inson 347580 for 1dU). Fiber integrity was assessed with an anti-
ssDNA antibody (Millipore Mab3034). Slides were examined with a
Leica DM6000 B microscope.

Preparation of whole-cell extracts and immunoblots

Whole-cell extracts were prepared by resuspending cells in Laemmli
sample buffer followed by sonication (2 x 30 s in a Branson Digital
sonifier set to 20% amplitude). SDS-PAGE and immunoblotting
were performed following standard protocols. Primary antibodies
were sourced as follows: MCM2 and MCM3 [56]; MCM4 and MCM6
[57]; pS40-MCM2 (Abcam ab133243), CDC6 (Millipore 05-550);
CDC7 (Abcam ab108332); CDC45 and PSF2 [58]; MEK2 (BD Bio-
sciences Pharmingen 610236); and SMC1 [59].

Gene expression analysis

Sorted spleen B220"GFP" B lymphocytes were isolated by flow
cytometry and stimulated with LPS and IL-4 for 3 days. Total RNA
was extracted using the RNeasy Micro Kit (Cat No./ID: 74004,
Qiagen), and cDNA was generated with avian myeloblastosis virus
reverse transcriptase using random hexamers (SuperScript™ III
First-Strand Synthesis System, Cat 18080051, ThermoFisher). cDNA
was used for real-time PCR with specific primers (Appendix Fig S2).
gPCR was performed in an ABI Prism 7700 using SYBR-green
core reagents and results were analyzed with SDS software v1.9.
Relative gene expression was normalized to that of B-actin. For BM B
cells, total RNA was extracted from sorted B220"IgM"GFP* B
lymphocytes.

RNA-Seq library preparation, sequencing, and generation of
FastQ files

Total RNA (200 ng) was used to generate barcoded RNA-Seq
libraries using the NEB Next Ultra RNA library Prep Kit for [llumina
(New England Biolabs) after poly A+ RNA selection using oligo-d
(T),5 magnetic beads. The size of the libraries was checked using
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the Agilent 2100 Bioanalyzer DNA 1000 chip, and their concentra-
tion was determined using the Qubit® fluorometer (Life Technolo-
gies). Libraries were sequenced on a HiSeq2500 (Illumina) to
generate 60-base single reads. FastQ files for each sample were
obtained using CASAVA v1.8 software (Illumina).

RNA-Seq analysis

Sequencing adaptor contaminations were removed from reads
using cutadapt software, and the resulting reads were mapped
and quantified on the transcriptome (Ensembl GRCm38, gene-
build 82) using RSEM v1.2.3 [60]. Genes with at least 1 count
per million in at least two samples were considered for statistical
analysis. Data were TMM normalized and transformed with func-
tion voom for differential expression test using the bioconductor
packages edgeR [61] and limma [62]. We considered as differen-
tially expressed those genes with a Benjamini-Hochberg-adjusted
P-value < 0.01. Batch effects were accounted for by using a
random variable in the model. A functional analysis on differen-
tially expressed genes was performed using DAVID GO [42] and
R package GOplot [63].

Statistical analyses

All the statistic analyses were performed using Student’s two-tailed
unpaired t-test (Prism 6.0; GraphPad) except for fiber analyses
(Fig 3H) where statistical significance was assessed using non-para-
metric, one-way ANOVA Kruskal-Wallis test followed by Dunn’s
post-test.

Data availability

RNA-sequencing data are deposited in Gene Expression Omnibus
database GSE115915.

Expanded View for this article is available online.
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