Max deletion destabilizes MYC protein
and abrogates Eu-Myc lymphomagenesis
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Although MAX is regarded as an obligate dimerization partner for MYC, its function in normal development and
neoplasia is poorly defined. We show that B-cell-specific deletion of Max has a modest effect on B-cell development
but completely abrogates En-Myc-driven lymphomagenesis. While Max loss affects only a few hundred genes in
normal B cells, it leads to the global down-regulation of Myc-activated genes in premalignant En-Myc cells. We show
that the balance between MYC-MAX and MNT-MAX interactions in B cells shifts in premalignant B cells toward a
MYC-driven transcriptional program. Moreover, we found that MAX loss leads to a significant reduction in MYC
protein levels and down-regulation of direct transcriptional targets, including regulators of MYC stability. This
phenomenon is also observed in multiple cell lines treated with MYC-MAX dimerization inhibitors. Our work
uncovers a layer of Myc autoregulation critical for lymphomagenesis yet partly dispensable for normal development.
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The MAX protein was first identified as a specific dimeri-
zation partner with members of the MYC oncoprotein
family (MYC, MYCN, and MYCL). Like MYC, MAX is a
member of the basic region helix-loop-helix zipper
(bHLHZ) class of transcriptional regulators, and the asso-
ciation of MYC with MAX is mediated by heterodimeriza-
tion between their two HLHZ domains. MYC-MAX
heterodimers bind DNA through direct contact of each
bHLHZ basic region with the major groove of E-box
DNA sequences (CANNTG) (for reviews, see Conacci-
Sorrell et al. 2014; Carroll et al. 2018). MYC does not
homodimerize or bind DNA under physiological condi-
tions and, aside from MAX, no other bHLHZ proteins
have been compellingly demonstrated to dimerize with
MYC. Because mutations in the MYC bHLHZ that pre-
vent association with MAX also block MYC’s major bio-
logical activities, it has been generally assumed that
MAX is required for MYC function. Indeed, studies in
the 1990s demonstrated that heterodimerization with
MAX is required for MYC’s DNA-binding and tran-
scriptional activities as well as for cell transformation
(Blackwood and Eisenman 1991; Blackwood et al. 1992;
Kretzner et al. 1992; Amati et al. 1993). Moreover, target-
ed deletion of Max in mice results in early postimplanta-
tion lethality, consistent with essential functions for Myc
and MycN during embryonic development (Shen-li et al.
2000). In addition to dimerizing with MYC family pro-
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teins, MAX also forms E-box DNA-binding heterodimers
with the MXD family and MNT and MGA proteins, all of
which act as transcriptional repressors.

Despite the apparent centrality of MAX for the func-
tions of multiple bPHLHZ transcription factors, there is ev-
idence that MAX loss of function can be tolerated and even
oncogenic in several biological contexts. For example,
pheochromocytoma cell lines can proliferate in the ab-
sence of MAX, and a subset of familial pheochromocyto-
mas is strongly associated with inactivation of MAX
(Hopewell and Ziff 1995; Comino-Méndez et al. 2011). In
addition, ~6% of human small cell lung carcinomas
(SCLC) exhibit loss of MAX, and introduction of MAX
into human SCLC lines lacking MAX arrests growth
(Romero et al. 2014). Last, in Drosophila melanogaster,
larval development is less compromised by loss of MAX
than by loss of MYC, and several critical activities of
MYC appear unaffected by MAX inactivation (Steiger
etal.2008). These findings suggest that there are functions
of MYC independent of MAX and that loss of MAX in
some settings can promote oncogenic conversion.

To investigate a MAX-independent role in MYC-in-
duced oncogenesis, we turned to Ep-Myc transgenic
mice, which model the 8;14 translocation found in Bur-
kitt’s B-cell lymphomas and have provided many insights
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into MYC-driven lymphomagenesis. The overexpression
of MYC produces a polyclonal increase in pre-B cells in
young mice, accompanied by reduced differentiation to
mature B cells (Harris et al. 1988). Earlier work using an
Ep-Max transgene established that overexpression of
MAX alone in murine lymphoid cells is nononcogenic
and results in reduced B-cell proliferation and numbers.
Importantly, in the context of an Ep-Myc transgene, aug-
mented expression of Max also attenuated B-cell lympho-
magenesis and reduced lymphoproliferation (Lindeman
et al. 1995), indicating that the ratio of MYC:MAX ex-
pression levels can influence MYC function. However,
the requirement for endogenous MAX in MYC-induced
tumorigenesis has not been determined. To address these
questions, we generated a conditional Max allele to eluci-
date Max function in lymphomagenesis and in B-cell
homeostasis.

Results

Max deletion partially impairs B-cell development

We constructed a Max targeting vector by inserting loxP
sites flanking exon 4 within a full-length Max genomic
clone. This region encodes nearly the entire helix 2 leu-
cine zipper region of Max necessary for dimerization
with MYC and other bHLHZ proteins (Fig. 1A), and
its Cre-mediated deletion results in a frameshift and trun-
cation within exon 5, leading to a 127-amino-acid protein
lacking the HLHZ domain. Expression of Cre in Max™/*
embryonic stem (ES) cells resulted in heterozygous dele-
tion of Max (Max®'*), and these ES cells were used to pro-
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duce chimeric mice. Extensive intercrossing of Max®/* F1
mice failed to produce any homozygous Max-null off-
spring, consistent with a previous report (Supplemental
Fig. S1A; Shen-li et al. 2000).

We next crossed Max™! mice with hemizygous Max
mb]1-Cre transgenic mice. Expression of the mbl gene is
restricted to B cells beginning at the early pro-B-cell stage,
and mb1-Cre and has been used extensively to study B-cell
development and function (Hobeika et al. 2006). MAX pro-
tein was detected in B220" splenocytes in Max™/ mice (re-
ferred to here as Max WT [wild type]) using an antibody
against the C terminus, while mb1-Cre; Max™! cells (re-
ferred to as Max knockout) did not express any protein re-
active with the antibody (Fig. 1B).

We examined the consequences of Max deletion on nor-
mal B-cell development by comparing Max WT with Max
knockout mice. Using flow cytometry to assess cell sub-
populations in the B-cell lineage (Supplemental Fig. S1B),
we noted a significant decrease in the numbers of B220-
positive, IgM™~, and IgM* B cells from Max knockout rela-
tive to WT (Fig. 1C). Notably, B220* IgM™ B cells (pre-B
cells) were nearly 10-fold lower in Max knockout samples
than in Max WT (Fig. 1D; Supplemental Table S1). More
detailed analysis of different stages of B-cell development
showed that while the proportions of prepro-B and pro-B
cells were approximately the same in mice of the two ge-
notypes, the percentage of pre-B, immature B, and mature
B cells was strikingly diminished in Max knockout mice,
indicating that loss of Max results in a significant block
in pro-B-to-pre-B-cell differentiation (Fig. 1D; Supplemen-
tal Table S1). This block in development is similar to that
seen upon Myc loss in B cells (Habib et al. 2007). In

£1/£1

Figure 1. Conditional deletion of Max in the B-cell lin-
eage. (A) Schematic depicting the location of loxP sites at
the Max locus. (B) Representative immunoblots for
MAX in B220* splenocytes from Max™ (wild-type
[WT]) and Max™® mbl-cre (knockout [KO]) animals.
(C) Representative flow plots showing B220" and IgM*
populations in CD45 gated bone marrow (BM) cells. (D)
Quantification of B lymphocyte precursor populations
in Max WT (n=5) and knockout (n=6) BM. (E) Dual im-
munofluorescence (IF) for MAX and B220 in spleens.
Quantification of MAX* B220* cells from MAX knock-
out spleens. n=3. Yellow arrowheads indicate MAX*
B220" cells in Max knockout. Total number of spleno-
cytes (F) and CD19* B220" cells (G) in Max WT and
knockout mice. WT 11 = 8; knockout n=9. (H) IF staining
for B220 and proliferation marker Ki67 in Max WT and
knockout spleens. (I) IF staining of germinal centers
(PNA)in Max WT and knockout spleens. Representative
image. n=3 animals per genotype. Scale bars, 100 nM.
All error bars represent SEM.
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addition, bone marrow (BM) precursors from Max knock-
out mice failed to efficiently differentiate into B220" cells
upon treatment with IL-7 in vitro (Supplemental Fig. S1C,
D). We also noted a compensatory increase in the percent-
ages of CD3" T cells and CD11b* myeloid cells (Supple-
mental Fig. S1E). To study mature B-cell populations, we
examined spleens of Max knockout mice. A majority
(~86%) of B220" cells lacked detectable MAX staining in
their nuclei (Fig. 1E), accompanied by reduced numbers
of total (Fig. 1F) and CD19* B220" splenocytes in Max
knockout spleens (Fig. 1G; Supplemental Fig. S1F). Indeed,
B220" areas in the spleen displayed reduced Ki67 staining,
especially in regions corresponding to germinal centers
(GCs) (Fig. 1H; Supplemental Fig. S1G). Since MYC is
known to play a critical role in GC formation and mainte-
nance (Calado et al. 2012), we stained spleens for PNA, a
GC B-cell marker. Although nonimmunized mice have
relatively few GCs, we still observed positive staining for
PNA in Max WT mice, which was absent in Max knockout
spleens (Fig. 11), suggesting that MAX plays a critical role
in GC formation. Our results suggest that Max is not es-
sential for Blymphocyte development and differentiation.
Of note, our data on BM development, splenic B-cell num-
bers, and GC phenotypes are largely consistent with a
recent study from the de Alboran laboratory (Pérez-
Olivares et al. 2018) using CD19-cre to delete Max.

We also found that depletion of Max in the T-cell line-
age using lck-cre led to marginally impaired differentia-
tion of double-negative (DN) to double-positive (DP)
thymocytes (Supplemental Fig. S1H). Taken together,
our data indicate that Max loss attenuates overall lympho-
cyte development rather than completely abolishing it.

Requirement for Max in activated lymphocytes
and Ep-Myc-induced lymphomagenesis

To study the requirement for Max in situations where Myc
expression is elevated, we activated B220" B cells in vitro
using bacterial lipopolysaccharides (LPSs). We found acti-
vation to be severely compromised in Max knockout mice,
and B cells exhibited little increase in cell size (Fig. 2A).
This was accompanied by reduced cell numbers, viability,
and apoptosis compared with LPS-treated controls (Fig.
2B-D; Supplemental Fig. S2E). Max knockout B cells also
failed to proliferate when activated with I[gM-j1 or a combi-
nation of anti-CD40/ IL-4 ex vivo (Supplemental Fig. S2A—
E). Similar effects on proliferation and cell size were ob-
served in Max™/ 1ck-Cre CD3* T lymphocytes stimulated
with anti-CD3 and anti-CD28 (Supplemental Fig. S2F,G).

To ascertain whether Max loss affects MYC-driven lym-
phomagenesis, we crossed our Max conditional allele with
Ep-Myc mice in which the Myc transgene is predominant-
ly restricted to the B lymphoid lineage (Adams et al. 1985;
Harris et al. 1988). While all of the Ep-Myc Max WT ani-
mals developed B-cell lymphomas with a median survival
0f 97 d, none of the Ep-Myc Max knockout mice developed
lymphoma even out to 300 d (Fig. 2E, data not shown). Pre-
malignant Ep-Myc BM B-cell precursors exhibited devel-
opmental defects, including a block at the pre-B-cell
stage (Langdon et al. 1986); however, our analysis of BM
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populations failed to show an expansion of a pre-B-cell pop-
ulation in Epu-Myc Max knockout mice (Fig. 2F; Supple-
mental Table S1). In addition, B220" cells from En-Myc
Max knockout mice were smaller than En-Myc controls
and exhibited decreased total RNA content (Supplemental
Fig. S2H,I). Augmented spleen size and splenocyte num-
bers are typical of En-Myc-induced B-cell lymphomagene-
sis (Harris et al. 1988). Compared with Ep-Myc Max
knockout mice, En-Myc Max WT mice exhibited in-
creased spleen size and significantly increased numbers
and cell size of total and B220* CD19" splenocytes (Fig.
2G-J). Ep-Myc Max knockout B220" splenocytes also had
an increased proportion of mature IgM- and IgD-positive
B cells when compared with WT controls (Fig. 2K), indicat-
ing that the Max knockout cells do not exhibit the defects
in differentiation characteristic of premalignant Ep-Myc
cells. These data demonstrate that Ep-Myc lymphomagen-
esis is severely compromised in the absence of Max.

Max loss affects E2F targets and proinflammatory
pathways in B cells

To determine the effects of Max loss on the transcription-
al program of normal and Ep-Myc-expressing B cells, we
performed RNA sequencing (RNA-seq) using B220" cells
of the four genotypes described above (normalized counts
in Supplemental Table S2). Strikingly, Max deletion in
normal B cells doesn’t completely phenocopy Myc loss
in B cells. First, MAX depletion does not perturb the ex-
pression of B-cell lineage transcription factors (Supple-
mental Fig. S3A), in contrast to MYC loss, which was
shown previously to down-regulate expression of factors
such as EBF and PAX5 (Vallespinds et al. 2011). Second,
Max knockout B cells exhibit a significant up-regulation
of genes involved in proinflammatory pathways (Fig.
3A; Supplemental Fig. S3B). Max knockout B220* cells
were also consistently larger than controls (Supplemental
Fig. S3C). Taken together, our data suggest that these
cells are in a quasiactivated state, possibly related to the
loss of repressive MAX dimers (e.g.,, MNT-MAX see be-
low), compensating for the absence of MYC-MAX func-
tion. Interestingly, a majority of genes that exhibit
decreased expression upon Max knockout are cell cycle-
related (Fig. 3B) and include E2F targets. Consistent
with the loss of GC cells (Fig.1H,I), a group of genes cru-
cial for GC maintenance is also down-regulated in Max
knockout B cells (Supplemental Fig. S3D). Not surpris-
ingly, several gene sets that were significantly enriched
for in our analysis overlapped with those reported recent-
ly in Max knockout B cells (Supplemental Fig. S3E,F;
Pérez-Olivares et al. 2018). We think it is likely that
any differences in the differentially expressed genes in
our study compared with that of Pérez-Olivares et al.
(2018) are due to the use of distinct Cre drivers (CD19
vs. mbl).

To identify direct MYC-MAX and MNT-MAX targets,
we carried out genomic occupancy analysis using
CUT&RUN (cleavage under targets and release using nu-
clease) on Max WT and knockout B cells. CUT&RUN se-
quencing uses a combination of antibody targeted
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controlled cleavage and nuclease-based release of DNA
fragments to analyze protein occupancy on DNA (Skene
and Henikoff 2017; Janssens et al. 2018). Peaks that were
called in two independent experiments were used for anal-
ysis. MAX was found to bind to ~11,000 gene loci (within
+5 kb of the transcription start site [TSS] or within the
gene body) in WT B cells. There was an overall reduction
in MAX and MNT binding in Max knockout cells when
compared with WT (Fig. 3C). MYC occupancy appeared
to be lower than MAX and MNT occupancy in WT B cells
but was also markedly decreased in MAX-null B cells (Fig.
3C). The decrease in MAX binding at a representative gene
(Cbx5) is shown in Figure 3D. The residual MAX binding
observed in Max knockout B cells was most likely derived
from a fraction of B cells that escaped Cre-mediated dele-
tion of Max (~14%) (see Fig. 1E). In addition to the E-box
motif, MEME and HOMER analysis revealed a significant
enrichment for E2F motifs in MAX-bound regions in WT
B cells compared with the IgG control (Fig. 3E; Sup-
plemental Fig. S4A). We observed a substantial overlap
between MAX, MYC, and MNT binding in WT B cells
(Supplemental Fig. S4B; Supplemental Table S3). Gene
set enrichment analysis revealed that cell cycle, E2F tar-
get, and MYC target gene sets were enriched for in the
MNT-MAX-MYC-bound gene populations (Fig. 3F).
Around 40% of inflammatory response-related genes ap-
peared to be directly bound by MNT-MAX. Therefore,
the effects of Max inactivation on up-regulation of inflam-
matory genes (Fig. 3A; Supplemental Fig. S3B) are likely
direct.

When we correlated MAX occupancy with gene expres-
sion changes in Max-null cells, we found that ~76% of the
genes down-regulated in Max-null cells were occupied by
MAX in WT cells, while ~65% of up-regulated genes were

directly bound by MAX (Fig. 3G). Remarkably, 84% of
MAX-bound genes were not differentially expressed in
Max knockout B cells, including the majority of MAX-
bound E2F target genes. Expression of E2F1-3 and
phosphorylation of Rb were also unaffected by Max loss
(Supplemental Fig. S4C,D). The lack of change in expres-
sion of a majority of MAX-bound genes may be due to
loss of binding by both the transcriptionally activating
(MYC) and repressive (MXD, MNT, and MGA) heterodi-
merization partners of MAX and is consistent with the
weak effects of MAX deletion on B-cell differentiation.
Consistent with this idea, we observed that the expression
of MYC and E2F target genes that are cobound by MYC,
MNT, and MAX remained unchanged upon the deletion
of Max (Supplemental Fig. S4E). Another possibility is
that E2Fs themselves can compensate for loss of MYC-
MAX at key promoters. Indeed, we see E2F1 occupancy
at target genes Cbx5 and Ncl in Max knockout cells, al-
though at reduced levels. This is in contrast to the near
elimination of MYC, MAX, and MNT occupancy (Fig.
3D; Supplemental Fig. S4F).

Max loss destabilizes MYC protein

To determine whether the gene expression changes and
decreased MYC occupancy in Max knockout cells are
solely due to the inability of MYC to bind DNA without
MAX, we measured MYC levels in Max knockout B cells.
While Myc mRNA levels were not affected by Max dele-
tion (Fig. 4A), we observed a striking reduction in MYC
protein levels in MAX knockout cells (Fig. 4B; Supplemen-
tal Fig. S4G). This result was surprising in light of previous
studies indicating that MYC is subject to negative autor-
egulation in normal B cells (Grignani et al. 1990).
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Figure 3. Gene expression profiling and genomic
occupancy of MAX in B cells. (A, B) Hallmark gene
set enrichment for pathways up-regulated (A) and
down-regulated (B) in Max knockout (KO) B cells
relative to WT B cells. (C) Next-generation se-
quencing (NGS) plots depicting genomic occupan-
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Importantly, we found that treatment of B cells with the
proteasomal inhibitor MG132 resulted in near-complete
restoration of MYC levels in Max knockout B cells (Fig.
4C,D). Taken together, these results strongly suggest
that MAX influences MYC stability.

Phosphorylation of AKT (p-AKT) and subsequent phos-
phorylation of GSK3p (p-GSK3p) at Ser9 is known to in-

>
w
(9]

crease MYC stability (Cross et al. 1995; Farrell and
Sears 2014). Because levels of both p-AKT Ser473 and
p-GSK3p (Ser9) appeared to be higher in MAX knockout
B cells (Supplemental Fig. S4D,H), we surmise that
MAX loss regulates factors independent of GSK3p-medi-
ated regulation of MYC stability. To obtain a snapshot
of MYC stability at a single cell level, we stained splenic

Figure 4. MYC stability upon MAX loss in normal and
premalignant B cells. (A,B) mRNA (A) and protein (B) lev-
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Figure 5. Max loss leads to a global down-regulation of the Myc signature in En-Myc premaligant cells. (A) Summary of total differen-
tially expressed genes in Max knockout normal and premalignant B cells. (B) Principal component analysis of all four genotypes.
(EWT) Eu-Myc Max WT; (EKO) Eu-Myc Max knockout; (WT) Max WT; (KO) Max knockout. (C,D) Hallmark gene set enrichment for path-
ways up-regulated (C) and down-regulated (D) in Eu-Myc premalignant Max knockout B cells. (E) Heat map representation of global tran-
scriptional changes in Eu-Myc premalignant Max WT and Max knockout cells. Representative genes from important categories are
labeled. (F,G) Venn diagram (F) and volcano plot (G) of differentially expressed genes that are directly bound by MYC. (H,I) Volcano plots
depicting the proportion of differentially expressed inflammation-related genes (H) and E2F target genes (I) that are directly bound by MYC

in Eu-Myc premalignant cells.

B220" cells from Max WT and knockout mice to assess
MYC protein levels and observed a significant reduction
in MYC levels in cells from Max knockout mice, similar
to immunoblots on whole-cell extracts (Fig. 4E,F; Supple-
mental Fig. S41I).

We next examined whether Max deletion in prema-
lignant Ep-Myc cells impacts MYC levels in a similar
fashion. Although mRNA levels were reduced by
50% (Fig. 4G; Supplemental Fig. S5A), we observed a
striking decrease in MYC protein levels and half-life
(Fig. 4H; Supplemental Fig. S5B-D). Overall, this indi-
cated that Max deficiency has a profound effect on
MYC stability in both normal and premalignant
settings.

Max loss leads to a global down-regulation of the MYC
signature in En-Myc-expressing premalignant cells

Given the profound effect on MYC protein levels, we hy-
pothesized that the loss of MYC stability would have a
widespread effect on the transcriptional profile of prema-
lignant Max-null cells. Indeed, in contrast to normal B
cells, where the loss of Max affects the expression of
~550 genes (twofold change cutoff, false discovery rate
[FDR] <0.05), MAX depletion in Eu-Myc mice causes a dra-
matic shift in the expression of thousands of genes (Fig.
5A), with Ep-Myc Max WT cells occupying a space dis-
tinct from the other genotypes in a principle component
analysis plot (Fig. 5B). Whereas genes up-regulated in
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Ep-Myc Max knockout cells showed a close alignment
with signatures enriched in normal B cells lacking Max
(Fig. 5C), genes down-regulated in Ep-Myc Max knockout
cells revealed a significant enrichment for MYC signa-
tures (Fig. 5D). This translated to robust differences in ex-
pression where Ep-Myc Max knockout and Max WT
profiles closely resemble each other and are nearly the in-
verse of the Eu-Myc Max WT (Fig. 5E). Interrogation of a
publicly available ChIP-seq (chromatin immunoprecipita-
tion [ChIP] combined with high-throughput sequencing)
data set in B cells (Sabo et al. 2014) revealed that 73% of
the genes known to be bound by MYC in Ep-Myc prema-
lignant cells are differentially expressed in Eu-Myc Max
knockout B220" cells (Fig. 5F,G; Supplemental Fig. S5E).
We also observed that in contrast to normal B cells, a sub-
stantial proportion of MAX-regulated inflammation-relat-
ed genes are directly bound by MYC (Fig. 5H). In addition,
a large fraction of MYC-bound E2F targets (Fig. 5I; Kule-
shov et al. 2016) are down-regulated in Eu-Myc Max
knockout cells. This may be due partly to the decrease
in E2F1-3 expression in knockout cells (Supplemental
Fig. S5F).

MAX loss or inhibition of MYC-MAX dimerization
results in repression of MYC stability factors

Since MAX loss appeared to have a significant impact on
MYC stability, we wanted to identify effectors down-
stream from MYC-MAX that may form a positive feed-
back loop to maintain MYC protein levels. While MYC
proteins generally have short half-lives (on the order of
20-30 min), MYC half-life increases in several Burkitt’s
lymphoma lines and ES cells (Hann and Eisenman 1984;
Gregory and Hann 2000; Cartwright et al. 2005). The
rate of MYC protein degradation is mediated by several
factors that interfere with signals triggering MYC ubiqui-
tination and proteasomal degradation (Farrell and Sears
2014). We noted in our RNA-seq data that genes encoding
MYC stability factors, including Btrc, Cip2a, and Set, are
up-regulated in Ep-Myc cells relative to normal B220*
cells and down-regulated in Ep-Myc Max knockout B cells
(Fig. 6A). Moreover, the promoters of these genes are
directly bound by MYC in premalignant cells (Fig. 6B;
Supplemental Fig. S6A). CIP2A and SET are inhibitors of
protein phosphatase 2A (PP2A), which normally dephos-
phorylates the stabilizing phospho-Ser62 (S62) within
the conserved Myc box 1 phospho-degron. CIP2A and
SET are often overexpressed in tumors and block PP2A ac-
tivity, resulting in persistence of phospho-S62 and MYC
(Junttila et al. 2007; Junttila and Westermarck 2008; Wie-
gering et al. 2013). BTRC functions to enhance MYC
stability via ubiquitylation (Popov et al. 2010).

To confirm whether these genes are regulated by MYC-
MAX in tumor lines, we treated Daudi and P493 human
B-cell lymphoma lines (Schuhmacher et al. 2001) with
10058-F4 (referred to here as Myci), a small molecule re-
ported to inhibit MYC-MAX heterodimerization (Yin
etal. 2003). We observed a decrease in MYC protein levels,
accompanied by reduced proliferation and a down-regula-
tion of the stability factors in Myci-treated cells (Fig. 6C;
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Supplemental Fig. S6B-E). While Myc RNA levels were
only moderately reduced (Supplemental Fig. S6F), MYC
phospho-Ser62 levels were nearly eliminated upon Myeci
treatment (Fig. 6D). In addition, a time course of MYC
degradation following cycloheximide treatment in P493-
6 cells revealed that MYC half-life is reduced in Myci-
treated cells (Supplemental Fig. S6G,H).

Similar results were obtained in HCT116 colon adeno-
carcinoma cells, where proliferation and MYC protein
levels were diminished upon treatment with Myci (Fig.
6E-G). To extend this analysis, we used PSN1 pancreatic
and NCI-H23 lung adenocarcinoma human tumor lines
and observed similar effects (Supplemental Fig. S7TA-D).
Consistent with genomic occupancy data in Ep-Myc cells,
ENCODE data show that MAX is directly associated with
the promoter-proximal regions of the BTRC, CIP2A, and
SET genomic loci in HCT116 cells (Supplemental Fig.
S7E). To rule out the possibility that the MYC stability
phenotype is specific to 10058-F4, we used the MS-008
probe that promotes homodimerization of MAX and also
observed decreased MYC protein levels. This is consistent
with a recent study showing the same effect on MYC
stability (Supplemental Fig. S7F-H; Struntz et al. 2019).
In addition, induction of Omomyc, a peptide that binds
to MYC’s bHLH region, also led to decreased MYC protein
levels, suggesting that the effect on MYC stability is not
due to a lack of binding at its dimerization interface (Fig.
6H,L; Supplemental Fig. S7I; Beaulieu et al. 2019).

MYC degradation in inhibitor-treated cells is dependent
on FBW7 and phosphorylation of MYC T58

To confirm that the decrease in MYC protein levels is in-
deed through the loss of multiple stability factors that af-
fect Fbw7 activity, we examined MYC levels in HCT116
colon cancer cells lacking the FBW7 ubiquitin ligase
known to target MYC for degradation (Welcker et al.
2004; Yada et al. 2004). We found that MYC turnover in
FBW7~/~ HCT116 is largely unaffected by treatment
with the dimerization inhibitor compared with the rapid
turnover in control HCT116 cells treated with inhibitor
(Fig. 7A-C). Moreover, CIP2A levels are unchanged in
FBW7-null cells upon Myci treatment, whereas they
decrease in Myci-treated WT HCT116 cells (Fig. 7D;
Supplemental Fig. S7]). This supports the notion that dis-
ruption of MYC-MAX dimerization does not affect MYC-
MAX-mediated transcription alone; it also augments
degradation of MYC in cells. Our data suggest that the ac-
tivity of the FBW7-SCF ubiquitin complex significantly
contributes to the decreased stability of MYC.

To complement these data, we asked whether overex-
pression of a T58A phospho-site mutant would have a
similar effect. We ectopically expressed either MYC or
MYCT®84 in HCT116 cells and treated them with a higher
concentration (75 pM) of Myci to compensate for higher
levels of MYC in these cells. Cells were harvested after
24 h, and we found that MYCT®®*_expressing cells main-
tained higher levels of MYC and CIP2A expression upon
Myeci treatment when compared with MYC-expressing
controls (Fig. 7E,F; Supplemental Fig. S7K).
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Last, we asked whether the MYC paralogs N-MYC and
L-MYC are also destabilized by loss of heterodimeriza-
tion. A previous study reported a decrease in N-MYC in
SKNBE neuroblastoma cells treated with 10058-F4 (Zirath
et al. 2013). We extended our analysis to another Mycn-
amplified neuroblastoma line (IMR-32) and the Mycl-
amplified small cell lung cancer line NCI-H2141. Treat-
ment with Myci leads to a reduced growth and a decrease
in N-MYC and L-MYC protein, respectively (Supplemen-
tal Fig. SSA-D).

Discussion

Our in vivo studies on Max loss in normal B cells and Ep-
Myc-driven lymphomagenesis offer several insights into
the context-dependent function of MAX. Surprisingly,
the major hallmarks of normal B-cell differentiation are
largely unperturbed by Max loss. The fact that MYC pro-
tein is destabilized and nearly absent in the Max-null
B cells makes it unlikely that MYC is functioning
independently of MAX. The likely scenario is that in
Max knockout cells, loss of repressive MAX-MXD heter-
odimers may serve to partially compensate for diminished
MYC activity. For example, MNT binds thousands of pro-
moters in normal B cells, and its binding is partially atten-
uated in MAX knockout cells (Fig. 3C). This alleviation of
repression may also underlie the indirect activation of
proinflammatory pathways in Max-null B cells, although
it is certainly possible that loss of MYC-MAX activation
might also contribute to this phenotype (Casey et al.
2016). Several lines of evidence suggest that the loss of re-
pressive heterodimers might partly rescue the loss of
MYC-MAX. First, deletion of Myc in B cells has a similar
yet more severe phenotype than the one that we observed

Time (hours)

sent SEM.

[ GFP
M Omomyc

upon depletion of Max (Habib et al. 2007; Vallespinds
et al. 2011; Pérez-Olivares et al. 2018). Second, this result
is similar to that seen upon inactivation of MAX in Droso-
phila melanogaster, where larval development is less
compromised by loss of MAX than by loss of MYC (Steiger
et al. 2008). Moreover, the arrest of larval growth as a re-
sult of MYC deletion is partially rescued by loss of
MNT. Another possibility is that the requirement for
MYC activity is rather minimal or readily compensated
for by factors such as E2Fs in normal B-cell progenitors.
This is reasonable because a significant overlap between
E2F- and MYC-regulated genes has been noted in several
systems. For example, MYC drives proliferation in E2f1-
3-deficient retinal progenitor cells (Chen et al. 2009). Sim-
ilarly, combined deletion of Myc and E2f1-3 disrupts crypt
villus integrity in the intestine, whereas neither Myc abla-
tion nor E2f1-3 ablation alone has an effect (Liu et al.
2015). Our own data suggest a similar compensatory
mechanism might exist in B cells, as E2F1 still binds
E2F targets such as Cbx5 and Ncl even upon Max deletion.

However, we did observe nominal effects on normal
B-cell development upon B-cell-specific deletion of Max.
This is evidenced by decreased B-cell population sizes in
both the BM and spleen, with a nearly complete loss of
GC cells in the latter. Overall, our findings suggest that
MYC-MAX genomic binding and transcriptional activity
is not absolutely required for several key aspects of early
B-cell differentiation. Nonetheless, deletion of Max atten-
uates certain processes where MYC is critically required,
such as GC formation.

Consistent with the GC phenotype, we observed a
heightened requirement for Max in situations where
MYC levels are elevated. Max-null B cells fail to grow in
size or proliferate upon ex vivo stimulation with agents
such as LPS and CD40/Il-4. In the context of Eu-Myc,
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depletion of Max leads to an unstable pool of MYC and
largely reverses the transcriptional effects of MYC, lead-
ing to complete abrogation Epu-Myc-driven lymphomagen-
esis. In addition, we found evidence for MYC-MAX
cooperation with E2F factors in driving the proliferation
of premalignant B cells. Max loss leads to a down-regula-
tion of E2f1-3 and subsequent expression changes of sever-
al E2F targets. The inability of Ep-Myc Max knockout
B220* cells to undergo malignant transformation strongly
suggests that Myc-driven tumorigenesis in vivo absolute-
ly requires Max. This is in contrast to cancers such as
GIST (gastrointestinal stromal tumors), where Max loss
drives proliferation (Schaefer et al. 2017). A similar tu-
mor-suppressive role has been ascribed to Max in SCLC
(Romero et al. 2014). Based on our results, it is reasonable
to assume that these tumors are not dependent on MYC
for their growth. Indeed, inactivating mutations of MAX
are mutually exclusive with MYC paralog amplifications
(Romero et al. 2014). In such a situation, MXD-MAX ge-
nomic binding and repression might be more widespread
than MYC-MAX activity. Hence, MAX loss in these tu-
mors could conceivably lead to derepression at subsets
of E-box-containing promoters, resulting in activation of
pro-oncogenic pathways.

Our experiments across a broad spectrum of tumor lines
revealed that disruption of MYC-MAX dimerization has
an effect on MYC stability similar to those seen in vivo.
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this circuit via Max deletion leads to destabili-
zation of MYC protein and loss of the MYC
signature expression. Hence, no tumors arise
in knockout mice.

No
tumor
growth

This is accompanied by a decrease in expression of genes
that promote MYC stability. In addition, we observed
that MYC degradation is reduced in inhibitor-treated
FBW7~/~ or MYC T58A cells. Taken together, these data
indicate that MYC stability is at least partially regulated
via an FBW7-dependent degradation pathway. Recent
studies have shown that MYC forms phase-separated
structures on chromatin (Boija et al. 2018). Failure to
dimerize with MAX might hinder MYC’s ability to form
such higher-order complexes or phase-separated struc-
tures. This in turn could expose lysines in MYC that
may contribute to enhanced MYC degradation. Regard-
less of the mechanism, these findings suggest that specific
MYC-MAX dimerization inhibitors will be doubly effica-
cious, targeting both MYC-driven transcription and MYC
protein levels. By eliminating MYC, dimerization inhibi-
tors would suppress transcription-independent functions
of MYC, such as those mediated by MYC-nick (Conacci-
Sorrell et al. 2010). This additional layer of autoregulation
of MYC stability is likely to have broad mechanistic con-
sequences during tumor initiation. Our data lend support
to the notion that transcriptional up-regulation of PP2A
inhibitors by MYC may lead to enhanced MYC stability
and function in premalignant settings to facilitate trans-
formation even in the absence of genomic alterations of
Myc (Junttila and Westermarck 2008; Khanna et al.
2009). It will therefore be important to closely examine



the consequences of MYC inhibition in cancers where
PP2A is lost and/or regulators such as CIP2A and SET
are overexpressed. However, it is also possible that MYC
activation of several factors simultaneously reinforces
MYC stability so deregulation of any one factor might
not be sufficient to reduce MYC levels.

In summary, our data suggest that loss of Max in vivo
disables MYC activity through inhibition of direct MYC
association with genomic DNA and through destabiliza-
tion of the MYC protein itself. We surmise that increased
MYC degradation is facilitated at least in part by de-
creased MYC-MAX activity at the promoters of genes
such as Cip2a, whose protein products normally serve to
stabilize MYC by attenuating FBW7-mediated proteaso-
mal degradation (Fig. 7G; Junttila et al. 2007). In this sce-
nario, MYC-MAX heterodimers drive a feed-forward
circuit that reinforces high MYC expression in tumors
as diverse as B-cell lymphomas and colon adenocarcino-
mas. In fact, a recent study shows that MYC regulates
the kinase PIk1 to maintain its stability in an aggressive
form of lymphoma (Ren et al. 2018). In colorectal cancer,
MYC has been shown to activate USP28, a deubiquitinase
that in turn stabilizes MYC, JUN, and NOTCH (Diefen-
bacher et al. 2014). Disruption of this circuit (for example,
in Ep-Myc Max-null B cells) results in loss of MYC protein
expression and a complete abrogation of lymphomagene-
sis. In the case of normal B cells, where MYC activity
might partially be compensated for loss of MXD-MAX in-
teractions, this feedback regulation might not be as cru-
cial except in contexts where B cells are activated (Fig.
7G). Taken together, our data underscore the complex cir-
cuitry and the integrated context-dependent functions of
MAX and the broader MYC network.

Materials and methods

Mouse strains and tissue processing

All mice were housed and treated according to the guidelines pro-
vided by the Fred Hutchinson Institutional Animal Care and Use
Committee. For Max conditional mice, clonal G418R targeted ES
cell lines were produced, and integration of the targeting vector
was verified by genomic PCR and Southern blotting. Ep-Myc
mice were purchased from Jackson Laboratories. Max™/f,
mbl-cre, Ick-cre, and Ep-Myc mice were maintained on a mixed
129/C57BL6 background after crossing. For BM studies, cells
from 5- to 10-wk-old mice were flushed from femurs and tibiae
using a 27.5-gauge needle under sterile conditions for subsequent
use in stimulation experiments and flow cytometric analyses.
Spleens and thymic tissue were harvested under aseptic condi-
tions from 5- to 10-wk-old mice, and single-cell suspensions
were made for isolation of purified populations. For immunohis-
tochemistry and immunofluorescence, spleens were fixed in for-
malin and embedded in paraffin blocks.

Cell culture and in vitro experiments

Daudi, P493-6, and SKNBE cells were grown in RPMI with 10%
FBS. NCI-H23, PSN-1, HCT116, PT67, and 293FT lines were
maintained in DMEM with 10% FBS. NCI-H2141 cells were cul-
tured in DMEM with 20% FBS supplemented with insulin and
pyruvate. For MYC and MYC T58A expression, retrovirus was
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made using the PT67 packaging line with pBabe-puro-MYC and
pBabe-puro-MYCT58A  retroviral constructs. HCT116 cells
were then transduced with pBabe-puro-MYC and pBabe-puro-
MYCT58A retrovirus, and experiments were performed after
puromycin selection for at least 3 d. For Omomyc studies,
PpSLIK-hygro-OMOMYC and pSLIK-hygroGFP lentiviral particles
were made using 293FT cells and p-VSV-G and pPAX2 packaging
vectors. HCT116 cells were transduced, and experiments were
performed after 100-ng/mL hygromycin selection for 1 wk. Omo-
myc expression was induced by treatment with 2 ng/mL doxycy-
cline for 2 d.

Flow cytometry and cell sorting

For B-cell developmental studies, cells harvested from the BM
and spleen were stained with fluorochrome-conjugated antibod-
ies against B-cell lineage-specific markers (B220, CD19, IgM,
and CD43), pan-T-cell marker CD3, and myeloid marker
CD11b. Viability was assessed using DAPI, and leukocytes
were gated upon using forward and side scatter parameters. For
mature B-cell population studies, splenocytes were stained with
fluorochrome-conjugated antibodies against B220, CD19, IgM,
and IgD. B cells were sorted from spleens using AutoMACS
mouse B220" beads. Purified B220" cells were then used for imag-
ing, ex vivo stimulation, RNA-seq, and CUT&RUN experiments.
For T lymphocyte studies, thymocytes were stained with anti-
bodies against CD4 and CD8. All populations were analyzed on
a BD FACS Canto II. See Supplemental Table S4 for details on
the antibodies used.

Cell growth assays

Trypan blue-negative cells were counted at fixed time points to
assess cell growth. Cell Titer Glo and Caspase Glo luciferase as-
says (Promega) were used to assess cell growth and apoptosis for
ex vivo stimulated B cells. For growth curves of adherent cell
lines, cells were seeded in 96-well dishes and imaged at fixed
time intervals on either an Incucyte S3 or Incucyte zoom. Percent
confluence was used as a measure of cell growth.

Immunohistochemistry and immunofluorescence

Immunohistochemistry was performed on 5-um-thick paraffin-
embedded mouse spleen sections. Following heat-induced anti-
gen retrieval, sections were incubated with primary antibodies
followed by Alexa-conjugated secondary antibodies (Invitrogen).
For immunofluorescent staining, sorted cells were cytospun on
charged slides and fixed in 4% formaldehyde. Following primary
incubation, Alexa-conjugated secondary antibodies (Invitrogen)
were used, and slides were mounted using Prolong Gold antifade
with DAPL Images were acquired using a Nikon E800 micro-
scope, and image analysis and intensity measurements were per-
formed using Image]. See Supplemental Table S4 for a list of the
antibodies used.

Western blots and inhibitor studies

For Western blots, cells were lysed in RIPA buffer with protease
and phosphatase inhibitors and reduced in LDS buffer. For inhib-
itor studies, cells were treated with the MYC inhibitor 10058-F4
or the Max probe MS-008 for 2 d prior to harvest unless noted oth-
erwise. For cycloheximide chase experiments, cells were treated
with 5 pg/uL cycloheximide and immediately lysed in RIPA buff-
er at specified time points. For MG132 studies, cells were treated
with 10 pM MG132 for 2 h prior to lysis. Densitometry for all
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blots was performed using Image]. See Supplemental Table S4 for
details on the antibodies used.

gRT-PCR, RNA-seq, and analysis

All RNA isolation was performed using the Direct-zol RN A mini-
prep kit (Zymoresearch). For gqRT-PCR, 500 ng to 2 pg of input
total RNA was used, cDNA was generated using the Revertaid
cDNA synthesis kit (Thermo Fisher), and a Bio-Rad iCycler
was used. Either SYBR Green or FAM probe-based methods
were used. For RNA-seq, B220" cells were purified using B220*
microbeads (AutoMACS) from spleens of 5- to 6-wk-old mice
from all genotypes. Following RNA isolation, total RNA integrity
was checked using an Agilent 4200 TapeStation and quantified us-
ing a Trinean DropSense96 spectrophotometer (Caliper Life Sci-
ences). Libraries were prepared using the TruSeq version 2 RNA
sample preparation kit with 500 ng of input RNA. Paired-end se-
quencing was performed on an Illumina HiSeq 2500. Reads that
didn’t pass Illumina’s base call quality threshold were removed.
Reads were then aligned to mm10 mouse reference genome using
TopHat version 2.1.0. Counts were generated for each gene using
htseq-count version 0.6.1p1 (using the “intersection-strict” over-
lapping mode). Genes that didn’t have at least one count per
million in at least three samples were removed. Data were normal-
ized, and comparisons were conducted using the exact test meth-
odin edgeR version 3.18.1. Gene ontology analysis was performed
using hallmark data sets on mSigDB (Subramanian et al. 2005; Lib-
erzon et al. 2015). Heat maps were generated using Morpheus
(https://software.broadinstitute.org/morpheus).

CUT&RUN studies

For chromatin occupancy studies, primary mouse B cells isolated
from spleens were prepared fresh. Cells were bound to ConA
beads, permeabilized, and incubated overnight with antibodies
against MYC, MAX, MNT, and E2F1. One million cells were
used per immunoprecipitation, and the CUT&RUN protocol
was followed (Janssens et al. 2018). Using an Illumina HiSeq
2500 instrument, 25 x 25 paired-end sequencing was performed
(5 million-10 million reads), and sequences were aligned to the
mm10 reference genome assembly using Bowtie2.

Normalization was performed based on library size. Peak call-
ing used a threshold peak calling script to differentiate signal to
noise (Kasinathan et al. 2014). This processing was carried out
with Bedtools, custom R scripts defining genome position, and
the GenomicRanges R package. Peaks were identified as being as-
sociated with a gene if they were within +5 kb from the TSS. For
MYC, MNT, and MAX peak calling in WT B cells, peaks called
in two independent experiments were intersected to mitigate
background issues. Genomic plots were made using ngs.plot
(Shen etal. 2014) or the R package ggplot2. Heat maps for genomic
binding were made ranking genes according to log fold change in
expression from the RNA-seq experiment. De novo enrichment
for sequence specificity was determined using Homer (Heinz
et al. 2010) and MEME-ChIP (Machanick and Bailey 2011).

Data availability

MYC-binding data from premalignant cells were obtained from
Sabo et al. (2014) (Gene Expression Omnibus [GEO] accession
no. GSE51004; https://www.ncbi.nlm.nih.gov/geo/query/acc
.cgi?acc=GSE51004). RNA-seq data from this study are available
from GEO under accession number GSE132773. CUT&RUN
data from this study are available from GEO under accession
number GSE132967.
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