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MYC acetylated lysine residues drive
oncogenic cell transtormation and regulate
select genetic programs tor cell adhesion-
independent growth and survival

Matthew Hurd,'” Jeffrey Pino,"” Kay Jang,' Michael M. Allevato,! Marina Vorontchikhina,!
Wataru Ichikawa,' Yifan Zhao,' Ryan Gates,' Emily Villalpando,' Michael J. Hamilton,'
Francesco Faiola,! Songqin Pan,>> Yue Qi,* Yu-Wen Hung,*® Thomas Girke,>* David Ann,*®
Victoria Seewaldt,>® and Ernest Martinez'"*

'Department of Biochemistry, 2Institute for Integrative Genome Biology, >Department of Botany and Plant Sciences, University of
California Riverside, Riverside, California 92521, USA; *Department of Diabetes Complications and Metabolism, *Irell and
Manella Graduate School of Biological Sciences, °Department of Population Sciences, Beckman Research Institute,
Comprehensive Cancer Center, City of Hope, Duarte, California 91010, USA

The MYC oncogenic transcription factor is acetylated by the p300 and GCN5 histone acetyltransferases. The sig-
nificance of MYC acetylation and the functions of specific acetylated lysine (AcK) residues have remained unclear.
Here, we show that the major p300-acetylated K148(149) and K157(158) sites in human (or mouse) MYC and the
main GCN5-acetylated K323 residue are reversibly acetylated in various malignant and nonmalignant cells. On-
cogenic overexpression of MYC enhances its acetylation and alters the regulation of site-specific acetylation by
proteasome and deacetylase inhibitors. Acetylation of MYC at different K residues differentially affects its stability
in a cell type-dependent manner. Lysine-to-arginine substitutions indicate that although none of the AcK residues is
required for MYC stimulation of adherent cell proliferation, individual AcK sites have gene-specific functions
controlling select MYC-regulated processes in cell adhesion, contact inhibition, apoptosis, and/or metabolism and
are required for the malignant cell transformation activity of MYC. Each AcK site is required for anchorage-inde-
pendent growth of MYC-overexpressing cells in vitro, and both the AcK148(149) and AcK157(158) residues are also

important for the tumorigenic activity of MYC transformed cells in vivo. The MYC AcK site-specific signaling
pathways identified may offer new avenues for selective therapeutic targeting of MYC oncogenic activities.
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The MYC proto-oncogene (also known as ¢-MYC) is am-
plified or activated in numerous human cancers, often
leading to overexpression of the MYC oncoprotein, which
correlates with increased tumor aggressiveness and poor
prognosis (Vita and Henriksson 2006; Dang 2012; Schaub
et al. 2018). MYC overexpression drives malignant trans-
formation of various cell types in vitro and tumor initia-
tion and maintenance in mouse models (Dang 2012;
Gabay et al. 2014). In normal cells and tissues, MYC is
tightly regulated by various upstream growth factor and
mitogenic signaling pathways. MYC is essential for early
development and for self-renewal and pluripotency of em-
bryonic stem cells and plays a critical role in adult stem
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cell compartments of various regenerating tissues (Taka-
hashi and Yamanaka 2006; Laurenti et al. 2009; Chappell
and Dalton 2013). Indeed, MYC regulates many cellular
processes in a context-dependent manner, including cell
division, growth, apoptosis, metabolism, adhesion, and
differentiation by regulating a large number of genes in
mammalian cells (Grandori et al. 2000; Dang 2012; Tan-
sey 2014).

MYC is a member of the MYC/MAX/MAD network of
basic-helix-loop-helix/leucine zipper (P HLHZ) transcrip-
tion regulators. MYC binds E-box (CACGTG or CAN
NTG) and more degenerate DNA elements, including
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non-E-box sequences (e.g., AACGTT) as an obligatory het-
erodimer with the bHLHZ partner MAX; the MYC:MAX
heterodimer can also be recruited indirectly to promoters
via interactions with other chromatin/DNA-binding pro-
teins (Blackwood and Eisenman 1991; Amati et al. 1992,
1993; Grandori et al. 2000; Sabo and Amati 2014; Allevato
etal. 2017; Pellanda et al. 2021). MYC (but not MAX) has a
transcription regulatory domain at its N terminus that is
unstructured and harbors the phylogenetically conserved
MYC boxes (MBs) I-IV (MBI-IV). These MB amino acid se-
quences are important for MYC interaction with many co-
factors, including histone acetyltransferases (HATs) and
histone deacetylases (HDACs), as well as components of
the general transcription machinery and transcription
elongation factors, among others (Kalkat et al. 2018).
Through these interactions, MYC is thought to regulate
(activate or repress) transcription of specific genes or stim-
ulate global transcription by all three RNA polymerases (I-
I1I), leading to “amplification” of the transcriptional out-
put of all active genes in specific cell types and contexts
(Dang 2012; Lin et al. 2012; Nie et al. 2012; Tansey 2014;
Walz et al. 2014; de Pretis et al. 2017; Lourenco et al. 2021).

The MYC protein is highly unstable in normal cells
(with a half-life of ~20 min) and is rapidly degraded by
the ubiquitin-dependent proteasome system. MYC pro-
tein stability is regulated in response to growth signaling
pathways by a variety of post-translational modifications
(PTMs), including phosphorylation, O-linked glycosyla-
tion, SUMOylation, ubiquitination, and acetylation.
Some of the PTMs of MYC have been shown to interplay
to regulate not only MYC stability but also its subnuclear
localization and/or transcriptional activity (Chou et al.
1995; Kim et al. 2003; von der Lehr et al. 2003; Hann
2006; Vervoorts et al. 2006; Farrell and Sears 2014; Sabo
et al. 2014; Gonzélez-Prieto et al. 2015; Jaenicke et al.
2016; Su et al. 2018; Sun et al. 2018).

The functions of MYC acetylation have remained un-
clear. Intracellular MYC acetylation is induced by its
coactivator HATs p300/CBP, GCN5/PCAF, and TIP60
and is maintained in check by continuous deacetylation
by endogenous HDACs. Both MYC and MAX proteins
are direct targets of acetylation by p300, while GCN5
only acetylates MYC, and TIP60 by itself does not directly
acetylate MYC or MAX in vitro (Vervoorts 2003; Patel
et al. 2004; Faiola et al. 2005, 2007; Zhang et al. 2014).
Acetylation of the MYC:MAX complex requires the inter-
action of p300 and GCN5 with the N-terminal transcrip-
tion regulatory domain of MYC (Faiola et al. 2005; Zhang
et al. 2014). Although several MYC lysine residues acety-
lated by p300 and GCNS5 have been identified, the pre-
dominant sites of acetylation by each HAT remain to be
defined (Vervoorts et al. 2003, 2006; Patel et al. 2004;
Faiola et al. 2005, 2007; Zhang et al. 2005).

The MYC protein is stabilized by interaction with its
coactivator HATs p300/CBP, GCN5, and TIP60 via
both acetylation-dependent and acetylation-independent
mechanisms (Vervoorts 2003; Patel et al. 2004; Faiola
et al. 2005). Intriguingly, p300-mediated acetylation of
MYC has also been linked to its increased proteasomal
degradation (Faiola et al. 2005; Lynch et al. 2013). Similar-
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ly, several different HDACs have been shown to deacety-
late MYC and either stabilize or destabilize MYC
(Marshall et al. 2011; Nascimento et al. 2011; Menssen
et al. 2012; Garcia-Sanz et al. 2014). The reason for these
discordant effects of acetylation on MYC stability is
unclear.

Whether acetylation of MYC regulates its intrinsic
transcriptional and biological functions is still largely un-
clear. Clinical HDAC inhibitors increased MYC acetyla-
tion at K323 and activated the TNFSF10 (TRAIL) gene
and resulted in induction of apoptosis in AML cancer cells
(Nebbioso et al. 2017). Intriguingly, a mutant of MYC hav-
ing lysine (K)-to-arginine (R) substitutions at all but one K
residue (i.e., K52) remained a target for efficient ubiquitin-
dependent proteasomal degradation and retained overall
functionality independently of acetylation, including the
ability to activate transcription and stimulate mammary
epithelial cell proliferation; this suggested that all K resi-
dues of MYC act redundantly in mediating its instability
and function (Jaenicke et al. 2016). However, other activ-
ities of MYC, including cell transformation, were not ad-
dressed. Notably, K-to-R substitutions in mouse MYC at
five acetylated K residues (K144, K149, K158, K317, and
K323) or just two (K323 and K417) impaired cooperativity
of HTLV-1 p30" with MYC in transformation/focus for-
mation of rat myc ™/~ fibroblasts (Romeo et al. 2015). How-
ever, it has remained largely unclear whether acetylation
of any of these K residues regulates the intrinsic biological
or oncogenic activities of MYC.

In this study, we have defined the major MYC AcK sites
preferentially acetylated by p300 and GCN5 and system-
atically analyzed their acetylation and roles in the regula-
tion of MYC stability, MYC-induced apoptosis, metabolic
remodeling, oncogenic transformation, and gene-specific
regulation in different cell types. Our results suggest ex-
quisitely specific mechanisms of MYC action and the pos-
sibility of therapeutic targeting of only select MYC
functions important for its oncogenic activity.

Results

MYC is acetylated in diverse cancer cell lines at specific
lysine residues differentially targeted by p300 and GCN5

We previously found that p300 can directly acetylate
mouse MYC in vitro and in cells at seven lysine residues
(K144, K149, K158, K275, K317, K323 and K371) and that
five of these residues (K144, K149, K158, K317, and
K323) may encompass the major acetylation sites (Faiola
et al. 2005; Zhang et al. 2005); note that we used the coor-
dinates of the AUG-initiated 439-amino-acid MYC pro-
teins (UniProt P01106-1 and P01108-2 for human and
mouse MYC, respectively). Here we further investigated
the preferred p300 target sites on MYC in HEK293 and
HelLa cells transfected with either mouse MYC wild type
(WT) or K-to-R substitution mutants (referred to here as
R mutants). MYC immunoprecipitation (IP) and Western
blot analyses with a pan-acetyl-lysine antibody indicated
that p300 preferentially acetylates MYC at K144, K149,
and K158 (K158 being the preferred site in this cell/assay



system), while the K317 and K323 residues are weaker sub-
strates (Fig. 1A, Supplemental Fig. STA). Since the K-to-R
substitutions did not influence MYC interaction with ei-
ther p300 or MAX (Supplemental Fig. S1B), these results
together with our previous in vitro results identify K144,
K149, and K158 as the major MYC sites directly acetylated
by p300.

Human and mouse MYC proteins were shown to be
directly acetylated by GCN5 (and the purified STAGA
complex) in vitro, and two lysine residues (K323 and
K417) were found acetylated in mouse MYC (Patel et al.
2004; Faiola et al. 2005). In human MYC, which lacks
K417, the R323 mutation inhibited most GCN5-mediated
acetylation and did not affect MYC interaction with
GCNS5 (Fig. 1B; Supplemental Fig. S1B). These results
show that GCN5 does not target the K residues acetylated
by p300 but specifically acetylates MYC at the K323 site.
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Cell fractionation studies further showed that acetylated
MYC and the MYC-GCNS5 complex localize in the nucle-
us of HeLa cells (Supplemental Fig. SIC).

To investigate endogenous MYC acetylation in cancer
cells, we performed liquid chromatography-coupled tan-
dem mass spectrometry (LC-MS/MS) analyses of native
MYC:MAX complexes immunoprecipitated from HeLa
cells. LC-MS/MS identified an acetylated human MYC
peptide carrying an acetyl group at lysine K148, which is
the equivalent of K149 in mouse MYC (Supplemental
Fig. S1D). We further investigated MYC acetylation using
antibodies specific for human MYC acetyl-lysine (AcK)
residues AcK148(149), AcK157(158), and AcK323 (homol-
ogous mouse residues are in parentheses) (Supplemental
Fig. S1E). These AcK antibodies recognized p300-acetylat-
ed MYC WT but not the corresponding site-specific R mu-
tants (R149, R158, or R323) by Western blot (Supplemental
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Characterization of site-specific MYC acetylation in different cell lines. (A) Mapping of the main MYC lysine (K) residues acet-

ylated by p300 in HEK293 cells transfected with p300 and FLAG-tagged mouse MYC or the indicated K-to-R substitution mutants. (Top)
Representative Western blot with the indicated antibodies of whole-cell extracts (WCEs) and immunoprecipitated FLAG-mMYC. (Bot-
tom) Chart showing the quantitation of acetylated MYC signals obtained with the pan-acetyl-lysine antibody from five independent ex-
periments. (B) Mapping of the main human MYC lysine residue acetylated by GCNG5 in transfected cells as above. (mut.) Acetylation-
defective GCN5 HAT mutant. (C) Endogenous MYC in HeLa cervical cancer cells was immunoprecipitated with the indicated antibodies
and analyzed by Western blot by immunoblotting (IB) with MYC AcK site-specific antibodies, followed by stripping and reprobing with a
MYC antibody. (D) Analysis by IP and Western blot of endogenous site-specific acetylated MYC in MDA-MB-231 mammary cancer cells
with or without MG132 and/or HDAC inhibitor (HDACI) treatment for 2 h before lysis. (E) Summary of MYC K site(s) preferentially acet-

ylated by p300 and GCN5.
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Fig. S1F) and preferentially immunoprecipitated acetylat-
ed MYC WT relative to the corresponding R mutant pro-
teins expressed in HEK293 cells (Supplemental Fig. S1G).
Western blot analyses with these site-specific AcK anti-
bodies confirmed that p300 can acetylate MYC at all three
residues, while GCNG5 selectively acetylates K323 (Supple-
mental Fig. STH). All three MYC AcK antibodies recog-
nized endogenous MYC in HeLa cells by Western blot
(Fig. 1C) and immunoprecipitated endogenous MYC (Sup-
plemental Fig. S1I). Endogenous MYC was also acetylated
at all three residues in the human breast cancer cell line
MDA-MB-231, and the levels of MYC acetylation at
K148(149) increased most significantly (e.g., compared
with AcK323) after short (2-h) proteasome inhibition
with MG132 (Fig. 1D). This suggested that MYC acetylat-
ed at different residues may have different stabilities (see
also below). Similarly, MYC acetylation at these three K
sites was observed in the human P493-6 lymphoblastoid
cell line, a model of Burkitt’s lymphoma with doxycy-
cline-regulated MYC expression (Supplemental Fig. S1J).

Collectively, these results establish that MYC acetyla-
tion at K148(149), K157(158), and K323 (mouse MYC coor-
dinates in parentheses) is conserved in diverse human
cancer cell lines and that these residues are differentially
targeted by p300 and GCN5: p300 targets all three sites
but preferentially acetylates K148(149) and K157(158),
while GCN5 selectively acetylates K323 (Fig. 1E; Supple-
mental Fig. S1K). Here, our analyses focus on the p300-
specific sites K148(149) and K157(158) and the preferred
GCNS5 target site (K323).

Acetylation of MYC is enhanced by overexpression and
regulates MYC turnover in an AcK site-specific manner
but is dispensable for adherent cell proliferation

To investigate the functions of MYC acetylation, we over-
expressed mouse FLAG-tagged MYC WT and the mutants
R149, R158, and R323 in Ratla fibroblasts. Ratla cells are
immortal but nontumorigenic and have been extensively
used to characterize the normal and oncogenic functions
of MYC (Stone et al. 1987). Cells were stably transfected
with expression vectors for either MYC WT or the differ-
ent R mutants (or the empty [E] vector control) and pools
of stable transfectants (i.e., Ratla-E [empty vector] and
Ratla-MYC WT, R149, R158, and R323) (Supplemental
Fig. S2.A) were analyzed at equivalent passage numbers.
The ectopic FLAG-tagged MYC WT and R mutants were
overexpressed to similar levels (Fig. 2A), accumulated in
the nucleus (Supplemental Fig. S2B), and had a similar
short (~30-min) half-life (Fig. 2B). Thus, substitution of
K149, K158, or K323 by arginine did not affect the subcel-
lular localization or rapid turnover of the bulk of overex-
pressed MYC.

Western blot analyses using the site-specific MYC AcK
antibodies indicated that endogenous MYC in Ratla-E con-
trol cells was acetylated at K323 and weakly at K149 but not
at K158 (Fig. 2C, left). In contrast, overexpressed MYC in
Ratla-MYC WT cells was acetylated at all three residues
(Fig. 2C, right). As expected, acetylation of these lysine res-
idues was not detected in the corresponding R mutant cell
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lines (Fig. 2D). In addition, mutation of a specific acetylated
K residue to R did not alter acetylation at the other two K
sites (Fig. 2D). These results indicate that the overall and rel-
ative levels of acetylation at these three specific sites are dif-
ferentially enhanced by MYC overexpression. We also
noted that the levels of MYC acetylated at each site, but
most prominently at K149, increased upon proteasomal in-
hibition (Fig. 2C, right, +MG132). Moreover, the p300-spe-
cific HAT inhibitor C646 (Bowers et al. 2010) inhibited
acetylation of MYC selectively at K149 and K158 but not
at K323 (Fig. 2E). Hence, these results suggest that MYC
overexpression stimulates p300-mediated acetylation at
K149 and K158, while the K323 residue could be acetylated
by a different endogenous HAT(s), possibly GCN5 (and/or
PCAF) as in HEK293 cells (Fig. 1).

Notably, the levels of endogenous rat MYC protein (and
Myc mRNA) (see below) were suppressed by overexpressed
MYC WT and each of the R mutant proteins (Fig. 2A,D, ar-
rowhead). This down-regulation of the endogenous Myc
gene, which may be related to the transcriptional autoinhi-
bitory activity of MYC (Facchini et al. 1997), is therefore in-
dependent of MYC acetylation at these sites.

Although the K-to-R substitutions did not impact overall
MYC stability, we tested more directly the stability of
MYC acetylated at K149, K158, or K323 by using the AcK
site-specific antibodies. Interestingly, MYC acetylated at
K149 or K158 retained a short half-life like the bulk of total
MYC (~30 min), while MYC acetylated at K323 was more
stable, with a half-life of >2 h (Fig. 2F). We note that a frac-
tion (~10%) of total MYC had a half-life >60 min (Fig. 2F,
CHX 1- and 2-h time points). Thus, the fraction of MYC
acetylated at K149 and K158 (p300 sites) remains relatively
unstable, while MYC acetylated at K323 (GCNS5 site) has
an increased stability. These results are reminiscent of pre-
vious findings indicating the existence of distinct cellular
pools of stable and unstable MYC (Tworkowski et al. 2002).

We further investigated the functions of the different
AcK residues for MYC stimulation of cell proliferation
during the logarithmic growth phase. Cells transformed
with MYC WT or the three R mutants proliferated faster
than the control Ratla-E cells. However, there was no dif-
ference in the proliferation rates between the MYC WT
and the different R mutant cell lines (Fig. 2G). No signifi-
cant cell death was observed under these conditions (data
not shown). These results demonstrate that MYC acetyla-
tion at K149, K158, or K323 is dispensable for stimulation
of Ratla cell division/proliferation under typical adherent
cell culture conditions.

Substitution of MYC-acetylated lysine residue K158 to
arginine (R158) increases cell adhesion, contact
inhibition, and apoptosis of MYC transformed Rat1a cells

Cells overexpressing MYC WT had a characteristic trans-
formed appearance by phase contrast microscopy. Com-
pared with control Ratla-E cells, MYC transformed cells
were smaller and more refringent and grew in tight clusters.
This was also evident for cells transformed with the MYC
R149 and R323 mutants. In contrast, cells transformed
with MYC R158 were larger and grew in a more spread
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Figure 2. Characterization of MYC acetylation, stability, and stimulation of cell proliferation in MYC transformed Ratla fibroblasts. (A)
Western blot analysis of total MYC in WCEs of control (E) and the indicated MYC-overexpressing Ratla cell lines. (Vinc) Vinculin. Ectopic
FLAG-MYC and endogenous MYC are indicated. (B) Rat1a-MYC cell lines were treated with cycloheximide (CHX) for the indicated times,
and WCEs were analyzed by Western blot. (C) Ratla-E (control) and RAT1a-MYC/WT cell lines were treated for 2 h with the indicated
inhibitors before WCE and IP analyses by Western blot with MYC and MYC AcK site-specific antibodies. (D) Western blot analyses of
WCEs and anti-FLAG immunoprecipitated material from the indicated cell lines. (E) C646 inhibition of MYC acetylation analyzed by
Western blot, as above. (F) Western blot analyses of the stability of total and site-specific acetylated MYC in Rat1a-MYC/WT cells treated
with HDAC inhibitors for 2 h, followed by CHX (in the presence of HDAC inhibitors) for the indicated times. (G) Proliferation of Ratla-E
and Ratla-MYC (WT or R mutants) cell lines on normal adherent cell culture plates.

manner, like control Ratla-E cells (Fig. 3A; Supplemental
Fig. S2B). Another characteristic of the R158 cells was their
increased adherence to the plates compared with cells
transformed with MYC WT or the R149 and R323 mu-
tants. The adherence of R158 cells was very similar to un-
transformed Ratla-E control cells (Fig. 3B; Supplemental
Fig. S3A,B). Interestingly, the proliferation of R158 cells
was partially impaired upon reaching confluence, whereas
cells transformed with MYC WT or the R149 and R323 mu-
tants continued to proliferate. As expected, nontrans-
formed Ratla-E cells stopped proliferating after reaching
confluence (Fig. 3C). In accord with the above results, cells
transformed with MYC R158 formed fewer foci in conflu-
ent cultures compared with cells transformed with MYC
WT or the R149 and R323 mutants (Fig. 3D). These results
suggest that the ability of MYC transformed Ratla cells to
bypass cell contact-dependent growth inhibition in dense
cultures is dependent specifically (or predominantly) on
the K158 residue of MYC.

We further analyzed the proapoptotic activity of MYC
WT and R mutants in cells deprived of serum growth fac-
tors. Compared with cells overexpressing MYC WT or
the R149 and R323 mutants, the R158 cells had a re-
duced viability after serum starvation (Supplemental
Fig. S3C) that correlated with increased caspase-3 cleav-
age and apoptotic cell death (Fig. 3E; Supplemental Fig.
S3D). We note that p300 protein levels in serum-starved
cells were markedly higher in cells overexpressing MYC
relative to control cells, suggesting that MYC overex-
pression sustains p300-dependent pathways in quiescent
cells. The above R158 phenotypes were observed in two
different stably transfected Ratla cell line pools and in
cells transiently transduced with retroviral expression
vectors (Fig. 3E; Supplemental Fig. S3D). Altogether,
these results suggest that the p300-acetylated K158 resi-
due of MYC inhibits cell adhesion and dampens contact
inhibition and apoptosis of MYC-overexpressing Ratla
cells.
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MYC-acetylated lysine residues are important for
malignant transformation of both fibroblastic and
epithelial cell types

To analyze the malignant phenotype of Ratla fibroblasts
overexpressing MYC WT or the different MYC R mutants,
we first tested their anchorage-independent growth as sus-
pension spheroids (Fig. 4A) and ability to form colonies in
soft agar (Fig. 4B). Spontaneous spheroid formation is a char-
acteristic of tumor-initiating “stem cell-like” cancer cells
and has been associated with MYC overexpression (Ishiguro
etal. 2017; Poli et al. 2018), while colony formation in semi-
solid soft agar is a well-established characteristic of malig-
nant cells (Shin et al. 1975). As expected, the control
Ratla-E cells did not significantly grow under nonadherent
conditions, while MYC WT transformed cells formed many
suspension spheroids (Fig. 4A) and soft agar colonies (Fig.
4B). Notably, compared with MYC WT transformed cells,
cells overexpressing each of the MYC R mutants had a sig-
nificant proliferation defect in both the tumor spheroid
growth assays (Fig. 4A, Supplemental Fig.S4A,B) and the
soft agar colony formation assay (Fig. 4B). This was observed
with two independent pools of stably transfected cells and
with cells transduced with retroviral vectors that did not
undergo antibiotic selection (Supplemental Fig. S4A). Ex-
pression levels of MYC WT and R mutant proteins were
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similar in cells grown as suspension tumor spheroids (Fig.
4A; Supplemental Fig. S4A) and there was no significant
cell death observed, suggesting that spheroid growth rather
than survival was affected (data not shown). Notably, a sim-
ilar anchorage-independent growth defect was observed
when Ratla cells were transduced with MYC mutants
with lysine-to-glutamine (Q) substitutions at the K149 or
K158 sites (i.e., Q149 and Q158) (Supplemental Fig. S4C), in-
dicating that the simple removal of the positive charge at
these K sites is not sufficient to reconstitute function.

We further tested the in vivo oncogenic activity of the
MYC transformed Ratla cells in subcutaneous xenograft
assays in nude mice. Control Ratla-E cells did not form tu-
mors in any of the 10 injected mice, while large tumors rap-
idly developed in all mice injected with cells transformed
with MYC WT. Notably, cells transformed with the
MYC mutant R149 or R158 generated slow-growing tu-
mors that remained significantly smaller than MYC WT
tumors during the 4-wk period (Fig. 4C,D). The R323 mu-
tant cells formed tumors in nine out of 10 mice that were
similar in size to MYC WT tumors; however, the R323 tu-
mors were often more vascularized, less compact, and
more tightly attached to the underlying muscle tissue,
making them more difficult to dissect (Fig. 4C,D; data
not shown). These results demonstrate an important role
of all three MYC-acetylated residues (AcK149, AcK158,
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Figure 4. Analysis of malignant transformation of Ratla fibroblasts overexpressing MYC WT or individual K-to-R mutants. (A) Sponta-
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Ratla cell lines. (C) Volume of tumors at different times after injection. (D) Images of tumors in mice before and after surgical excision
(Ratla-E cells did not generate tumors). The “X” indicates a mouse that died early.

and AcK323) in supporting anchorage-independent growth
and indicate that the AcK149 and AcK158 residues (but not
the AcK323 site) are also important for the in vivo tumor-
igenic activity of MYC transformed Ratla fibroblasts.

To extend these analyses to a different cell type, we test-
ed the importance of the AcK residues in MYC transfor-
mation of human MCF10A mammary epithelial cells,
which are immortal but nonmalignant. Retroviral MYC-
IRES-GFP bicistronic vectors for MYC WT or R mutants
(or empty vector [E]) were transduced into MCF10A cells,
and GFP-positive polyclonal cell lines were obtained that
overexpressed MYC WT or the R mutants to similar ex-
tents (Fig. 5A,B). Note that MCF10A cells have a focal am-
plification of the MYC gene locus (Kadota et al. 2010), and
endogenous MYC expression is not inhibited by overex-
pressed ectopic MYC in these cells (Fig. 5B), as shown pre-
viously (Lourenco et al. 2019). Both endogenous MYC and
overexpressed MYC were acetylated at all three K sites,
and overexpression of MYC enhanced its acetylation
and altered the response to HDACs and proteasome inhib-
itors at the AcK149 site (Fig. 5C). Furthermore, MYC acet-
ylation at the different K sites was regulated differently by
different classes of HDAC inhibitors (Supplemental Fig.
S5A). The MYC AcK149 and AcK158 marks were most
sensitive to nicotinamide (NAM), which inhibits NAD"*-
dependent class IIl HDACs (sirtuins), while the AcK323
mark was only sensitive to trichostatin A (TSA), which in-

hibits zinc-dependent class I, II, and IV HDACs. Note,
however, that treatment of cells with both NAM and
TSA inhibitors further increased the levels of acetylation
at all sites, suggesting both direct and indirect effects of
these HDAC inhibitors (Supplemental Fig. S5A).

Consistent with our observation of p300 preferentially
targeting K149 and K158 in HEK293 and Ratla cells, the
p300-specific inhibitor C646 inhibited MYC acetylation
at K149 and K158 but not at K323 in transformed
MCF10A cells (Supplemental Fig. S5B). Like in Ratla cells,
MCF10A cells overexpressing MYC WT or each of the R
mutants had an increased proliferation rate compared
with control MCF10A-E cells, and the K-to-R substitutions
did not affect MYC stimulation of cell proliferation (Fig.
5D) or colony formation (Fig. 5E) under adherent cell cul-
ture conditions. Notably, as seen in Ratla cells, MCF10A
cells overexpressing the MYC R158 mutant (but not
MYC WT or the other R mutants) were unable to bypass
contact inhibition; moreover, the ability of MYC WT trans-
formed cells to grow beyond confluency was inhibited by
the p300-specific inhibitor C646 (Supplemental Fig. S5C).
Thus, p300 HAT activity and the MYC K158 site are re-
quired to overcome contact inhibition.

Importantly, MCF10A cells transformed with each of
the MYC R mutants had a reduced ability to proliferate
under anchorage-independent conditions as 3D suspen-
sion spheroids (Fig. 5F) and in soft agar (Fig. 5G). We
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Figure 5. Analysis of malignant transformation of human MCF10A mammary epithelial cells overexpressing MYC WT or individual K-
to-R mutants. (A) Phase contrast and GFP fluorescent images of the cell lines. (B) Western blot analysis of MYC expression levels for cell
lines grown as monolayers and as spheroids. The arrowhead indicates endogenous MYC, and the bracket indicates ectopic FLAG-tagged
MYC. (C) Analysis of MYC acetylation by IP and Western blot with the indicated antibodies in control (MCF10A-E) and MYC WT trans-
formed (MCF10A-MYC/WT) cell lines; long and short exposures, respectively, are shown. (D) Proliferation of the different cell lines over a
5-d period in regular adherent culture plates. (E) Colony formation assays on regular adherent culture plates and quantitation of crystal
violet staining. (NS) No significant difference between MYC WT and the R mutant cell lines. (F) Spheroid growth assays. Total number
of cells at the end of the 7-d growth period without (blue bars) or with (orange bars) fresh growth medium feeding is indicated. (G) Soft agar
colony formation assays. (Top) Representative microscopic images of four quadrants of each plate are shown. Scale bar, 250 pm. (Bottom)

Plot showing the number of colonies >100 pm.

note that culture medium replenishment during the 7-d
spheroid assay stimulated growth of MCF10A-E control
cells and cells transformed with MYC WT or R323 but
not cells transformed with the MYC R149 or R158 mu-
tants (Fig. 5F; Supplemental Fig. S5D); this suggests a
more essential role for the MYC AcK149 and AcK158
sites, compared with AcK323, in sustaining tumor spher-
oid growth. Altogether, these results establish essential
contributions of the MYC AcK149 and AcK158 residues
in MYC-driven malignant transformation of fibroblastic
(Ratla) and epithelial (MCF10A) cell types and suggest
that the transforming function of the MYC AcK323 site
is more context-dependent.

Different MYC-acetylated lysine residues play distinct
cell type-specific functions in the regulation of MYC
stability and remodeling of cellular metabolism

Given the importance of the MYC AcK sites for cell trans-
formation and evidence linking MYC activity to its lysine
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ubiquitination-dependent proteasomal degradation (see
above), we tested whether the increased stability of onco-
genic MYC acetylated at K323 observed in Ratla cells
(Fig. 2F) was conserved in MYC transformed MCF10A
cells. Consistent with the results in Ratla cells, MYC
WT and R mutants had the same overall instability in
MCFI10A cells (Supplemental Fig. S5E). Analysis of each
acetylated form of MYC revealed that MYC acetylated
at either K149, K158, or K323 had only a moderately in-
creased half-life (37, 30, and 29 min, respectively) com-
pared with the ~24-min half-life of the bulk of total
MYC (Supplemental Fig. S5F). This was in stark contrast
to the higher stability (half-life >2 h) of MYC acetylated se-
lectively at K323 in Ratla cells (Fig. 2F). Thus, site-specif-
ic acetylation impacts MYC turnover differently in Ratla
and MCF10A cells and does not correlate with the require-
ment of each AcK site in MYC-dependent transformation
of both cell types.

We further analyzed the influence of the MYC AcK sites
in MYC remodeling of metabolism. In MYC-
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overexpressing Ratla cells, we observed an increased rate
of glycolytic extracellular medium acidification by cells
overexpressing the MYC R323 mutant and, to a lesser ex-
tent, the R149 mutant (Fig. 6A; Supplemental Fig. S6A—
C). For the R323 mutant cells, this coincided with a de-
creased basal and ATP-linked oxygen consumption rate
(OCR), with no effect on maximal respiratory capacity
(Fig. 6B; Supplemental Fig. S6D). Interestingly, MYC
R323 transformed Ratla cells had reduced expression of
the Pdhal gene encoding the Ela catalytic subunit of
the pyruvate dehydrogenase complex (see below) and
were resistant to cell death mediated by UK5099, an in-
hibitor of the mitochondrial pyruvate carrier (Fig. 6C). No-
tably, MYC R323-overexpressing cells had an increased
glutamine oxidation dependency and capacity (Fig. 6D;
data not shown). Accordingly, cells overexpressing the
MYC R323 mutant had a reduced viability (as adherent
cultures) in growth media containing low glutamine con-
centrations (Fig. 6E). The other R mutants had little
(R149) or no (R158) effect on glycolysis, and neither
R149 nor R158 affected OCR/respiration or glutamine ox-
idation. Thus, compared with MYC WT, the R323 mutant
Ratla cells had increased glycolysis and shifted their mi-
tochondrial metabolic dependency from glucose/pyruvate
to glutamine oxidation.

MYC acetylated lysines drive oncogenic signaling

In MCF10A cells, glycolysis was significantly stimulat-
ed by the MYC R323 and R149 mutants (Fig. 6F; data not
shown), similar to Ratla cells (Fig. 6A). In stark contrast to
Ratla cells, however, all three MYC R mutant-overex-
pressing MCF10A cell lines had a dramatically reduced
OCR/respiration (basal, maximal, and ATP-linked OCR)
relative to MYC WT-overexpressing cells (Fig. 6G; Supple-
mental Fig. S6E). Altogether, these results indicate that
the MYC AcK-to-R substitutions have different cell
type-specific effects on MYC stability and impact MYC-
dependent remodeling of cellular metabolism with simi-
lar effects on glycolysis but notable differences in OCR
in Ratla and MCF10A cells. These observations suggest
that the similar transforming functions (anchorage-inde-
pendent growth) of these MYC AcK residues in Ratla
and MCF10A cells could involve other MYC/AcK-depen-
dent mechanisms conserved in these two cell types.

MYC-acetylated lysine residues have gene-selective
functions and regulate conserved biological processes for
cell adhesion-independent growth and survival

To identify the genetic programs and biological pathways
that are dependent on the MYC AcK residues and poten-
tially conserved in MYC-overexpressing Ratla and

A Figure 6. Metabolic analyses of Ratla and
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MCF10A cells, we performed RNA sequencing (RNA-seq)
analyses. Overexpression of MYC WT did not lead to a ge-
neral amplification of total cellular RNA but altered ex-
pression of specific genes for known MYC-regulated
biological processes, as described below.

In Ratla cells, overexpression of MYC WT altered the
expression of 2145 genes by at least 1.5-fold (800 genes
up-regulated and 1345 genes down-regulated; FDR <
0.05), while 904 genes were deregulated twofold or more
(Supplemental Table S1), of which ~42% are known direct
targets of MYC (ENCODE; data not shown). Gene set en-
richment analysis (GSEA) indicated that the top MYC-up-
regulated pathways included MYC targets, E2F targets,
G2/M checkpoint, spliceosome, and mRNA processing,
while the top MYC-down-regulated pathways included
epithelia-mesenchymal transition (EMT), myogenesis,
TGFp signaling, inflammatory response, p53 pathway,
TNFa signaling via NFkB, extracellular matrix-receptor
interaction, focal adhesion, and cell-cell communication
(Supplemental Fig. S7). Gene ontology (GO) analyses of
the most deregulated genes (twofold or greater) identified
the biological processes “negative regulation of cell cycle
arrest,” “lysine catabolic process” (MYC up-regulated),
and “extracellular matrix organization” (MYC down-reg-
ulated), among others (Supplemental Fig. S8).

In Ratla cells overexpressing the MYC R mutants, 299
genes were acutely deregulated (twofold or greater) rela-
tive to cells overexpressing MYC WT (Fig. 7A). Interest-
ingly, the different R mutations affected distinct but
also common sets of genes (Fig. 7A,B; Supplemental Fig.
S9A). The R149 mutation deregulated the largest number
of genes (200; 67 %), and most genes altered by at least one
R mutant were down-regulated (221 genes; 74 %), suggest-
ing a generally positive role of the AcK residues in MYC-
dependent gene expression. Notably, the MYC R149 and
R323 mutants shared the largest number of deregulated
genes, and a significant number of genes (42 out of 299;
14%) were deregulated similarly by all three R mutants
(Supplemental Fig. S9A).

GSEA and GO analyses verified that the R substitutions
altered only select biological processes and pathways that
were either specific or shared by the R mutants (Supple-
mental Figs. S9B,C, S10, S11). Some of these altered path-
ways were consistent with the phenotypes of cells
overexpressing specific MYC R mutants. For instance,
the R158 mutant cells (which showed an increased apo-
ptotic and cell adhesion phenotype) had increased expres-
sion of genes of the epithelial-mesenchymal transition
(EMT), including cell adhesion and proapoptotic genes,
while the R323 mutant cells (with an increased aerobic
glycolysis and lower OCR) had reduced expression of
Pdhal (Fig. 7B) and genes involved in oxidative phosphor-
ylation and respiration—electron transport-ATP synthesis
(Supplemental Fig. S9B,C).

In MCF10A cells, overexpression of MYC WT altered
the expression of 2726 genes by at least 1.4-fold (1129
genes up-regulated and 1597 genes down-regulated; FDR
<0.05), of which 973 genes were deregulated twofold or
more (Supplemental Table S2). MYC up-regulated only
82 genes (>1.4-fold) in common between MCF10A and
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Ratla cells; GO analyses identified ribosome biogenesis
and MYC_Activ_Pathway (i.e., validated targets of MYC
transcriptional activation) as the top two up-regulated
pathways (P<1077°) (Supplemental Fig. S12A). In con-
trast, MYC down-regulated 225 genes in common be-
tween these two cell types, and the top down-regulated
GO pathways included extracellular matrix (ECM)
organization, regulation of cell adhesion, cell-substrate
adhesion, and signaling by receptor tyrosine kinases
(P < 107'9) (Supplemental Fig. S12B).

Relative to MCFI0A cells overexpressing MYC WT,
cells overexpressing the R mutants had a total of 4263
genes deregulated by at least one MYC R mutant (>1.4-
fold; FDR <0.05), of which 56 genes (38 down-regulated
and 18 up-regulated) were also deregulated by at least
one R mutant in Ratla cells (Fig. 7C). GO and pathway en-
richment analyses for these common deregulated genes
identified response to cytokine, response to tumor necro-
sis factor (TNF), TNFa signaling via NFkB, interferon a
and y response, and cholesterol homeostasis among the
most significantly deregulated pathways (Fig. 7C; Supple-
mental Fig. S13). Among those 56 common deregulated
genes, 34 genes were deregulated by the same R mutant(s)
in both cell types, and ChIP-seq data from the ENCODE
project indicated that most of them (31; 91 %) had promot-
ers bound by MYC in mammary MCF10A and/or MCF7
breast cancer cells (Supplemental Fig. S14A). Transcrip-
tion factor enrichment analyses using Enrichr and the
ChEA_2022 ChIP-seq database identified MYC and addi-
tional transcription factors as potential direct regulators
of these 34 promoters (P <1072, including SOX2, TET1,
HAND?2, NR3C2, UBTF (UBF1/2), SMAD3, SMAD4,
CREBI, STAT4, ZFP281, SPI1, NFE2L2, FOSL1, CTCEF,
KDM2B, NFKBI, and TP63 (Supplemental Fig. S14B).
These transcription factors form a significant MYC pro-
tein—protein interaction network (P=1.56x10""") and
may contribute to coregulation of these core MYC/AcK
site-dependent genes (Supplemental Fig. S14C), including
their response to cytokines (e.g, SMAD3/SMAD4,
STAT4, and NFKBI transcription factors).

Given that each AcK-to-R mutation impaired the abili-
ty of MYC to induce anchorage-independent cell growth,
we analyzed the pathways affected by all three R mutants
in both Ratla and MCF10A cells and focused on the down-
regulated genes since the R mutations predominantly in-
hibited gene expression in both cell types. Although the
specific genes down-regulated by all three R mutants (rel-
ative to MYC WT) were different in the two cell types, GO
and pathway enrichment analyses identified specific pro-
cesses in common that were impacted by all three R mu-
tants in both cell types, including cell-cell adhesion,
matrisome (ECM core and associated proteins), cytoskele-
ton organization, EMT, and KRAS signaling (Fig. 7D; Sup-
plemental Fig. S15).

Since each AcK residue also had gene-specific functions
in both cell types, we further investigated whether
MYC/AcK site-specific pathways could be deregulated in
common in both cell types by performing GSEA. We iden-
tified deregulated gene sets significantly enriched (FDR g-
value £0.25) in MYC WT versus control cells (empty
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Figure 7. MYC AcK-dependent genes and pathways in common in Ratla and MCF10A cells and the role of AcK residues in MYC binding
to select target genes. (A) Heat map with unsupervised hierarchical clustering of the top 299 genes deregulated twofold or more (FDR <
0.07) in MYC R mutant Ratla cells relative to cells overexpressing MYC WT. (B) RT-qPCR analysis of a select group of Ratla genes de-
regulated by specific MYC R mutants. Gene mRNA expression was normalized to PPIA. (C) Venn diagram of deregulated genes (DEGs) in
common in Ratla and MCF10A cells (log,FC > 0.5, FDR < 0.05) affected by at least one MYC R mutant relative to MYC WT cells. Gene
ontology (GO) terms (Metascape) and most enriched molecular signatures (Enrichr and MSigDB) for the 56 overlapping DEGs are shown.
(D) Venn diagrams of genes down-regulated by 1.5-fold or more (FDR <0.05) in all three MYC R mutant cell lines (relative to MYC WT
cells) and associated top GO pathways. (E) GSEA enrichment scores for gene sets deregulated similarly in Ratla and MCF10A cell lines. (F)
Summary of GSEA results shown in E, illustrating the gene sets/pathways enriched (arrows) or inhibited (blunt end arrows) in MYC WT
relative to the AcK-to-R mutant cell lines. (G) RT-qPCR analysis of mRNAs of select MYC-activated genes in the indicated MCF10A cell
lines. Expression values were normalized to TOP1 and UBC and are relative to expression in the FLAG-MYC WT cell line (set arbitrarily
to 1.0). (H) ChIP analyses of FLAG-MYC WT and R mutants binding to the promoters of MYC-activated genes or to an unrelated locus in
chromosome 6 (Chr6). (N.S.) No statistical significance (P > 0.05). N > 3 biological replicates each in triplicates (error bars are SD). (I) West-
ern blot analysis of SNAII expression in MCF10A-MYC WT and R mutant cell lines. (/) MCF10A-MYC/WT cells were transfected with
control or SNAIT siRNAs and, after 48 h, analyzed for SNAI1 protein expression by Western blot and suspension spheroid growth by mi-
croscopy (scale bar, 250 pm) and total spheroid cell counting (bar graph).
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vector) and for each R mutant versus MYC WT cells (Fig.
7E; Supplemental Fig. S16). The most significant gene sets
deregulated in cells overexpressing the MYC R mutants,
relative to cells overexpressing MYC WT, were spliceosome
(negatively affected in R323 cells), EMT gene set including
genes involved in ECM organization and TGFp regulation of
ECM (positively correlated in R158 cells), and mitotic spin-
dle (negatively impacted in R149 cells), as well as p53 path-
way, interferon o and y response, and ribosome (all
positively correlated in R149 cells) (Fig. 7E). Thus, in addi-
tion to pathways that are dependent on all three AcK sites
(Fig. 7D), each MYC AcK residue also preferentially regu-
lates specific cell biological processes in common in both
cell types (Fig. 7F), consistent with the gene-selective activ-
ity of each AcK residue. Note, however, that in a given cell
type some of these processes can also be dependent on sev-
eral AcK residues. For instance, in MCF10A cells, the spli-
ceosome gene set is dependent on both the AcK149 and
AcK323 residues of MYC (data not shown), which is consis-
tent with the significant number of genes dependent on
both the AcK149 and AcK323 sites and the fact that MYC
could be found coacetylated at more than one AcK site in
these cells (Supplemental Fig. S17).

To investigate the mechanisms of MYC AcK site-depen-
dent gene activation relevant to MCF10A cell transforma-
tion, we focused on a select group of cancer-associated
MYC target genes (SNAI1, NOTCH3, TERT, ESPN, and
SLCO5A1) that were dependent on all three AcK sites,
since all three AcK sites were important for anchorage-in-
dependent growth. The KAT2A gene (coding for GCNS5)
served as a control MYC-activated gene that was unaffect-
ed by the R mutations (Fig. 7G). Chromatin immunopre-
cipitation (ChIP) experiments revealed a reduced binding
of FLAG-MYC R149, R158, and R323 mutants to the pro-
moters of SNAI1, TERT, and SLCO5A1, while no signifi-
cant difference in binding of MYC WT versus R mutants
was observed on the promoters of NOTCH3, ESPN, and
KAT2A (Fig. 7H). ChIP analyses of total RNA polymerase
II (RNAPII) and the elongation-competent Ser2 phosphor-
ylated form of RNAPII (P-Ser2 RNAPII) indicated that
MYC via its AcK sites stimulated RNAPII association
with the promoters and 3’ ends (3’ UTR) of SNAII,
NOTCHS, and TERT (Supplemental Fig. S18). These data
suggest that MYC AcK residues may activate transcription
via facilitating MYC binding to specific gene promoters
and via enhancing RNAPII recruitment.

We further investigated whether the MYC AcK-depen-
dent gene SNAI1 is important for the transformed pheno-
type of MYC-overexpressing MCF10A cells. Indeed, this
gene codes for a key transcription regulator of the EMT
and stem-like phenotypes of breast cancer cells (Mani
et al. 2008; Gras et al. 2014). We confirmed that MYC
WT but not the R mutants induced expression of the
SNAII protein in MCF10A cells (Fig. 71). Furthermore,
RNAi-mediated knockdown of SNAI1 in MYC-overex-
pressing MCF10A cells significantly inhibited their spher-
oid formation abilities (Fig. 7J). Thus, SNAII is one
important downstream mediator of MYC AcK-dependent
oncogenic signaling in this in vitro mammary cell trans-
formation system.
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Altogether, these results indicate that although MYC
AcK sites are important for regulation of only a limited
number of identical MYC target genes in Ratla and
MCF10A cells (as would be expected given the distinct
cell types), each AcK site nevertheless regulates specific
sets of genes and biological processes/pathways similarly
in both cell types: All three AcK sites contribute to regu-
lation of the EMT, cell adhesion, and organization of the
ECM and cytoskeleton and contribute to anchorage-inde-
pendent growth and spheroid formation. In addition, the
AcK323 site is particularly important for MYC activation
of spliceosome-associated genes; the AcK158 residue con-
trols EMT-associated genes, including ECM organization
and regulation by TGFp, and is critical for the bypass of
contact inhibition; and the AcK149 site is important for
genes involved in the mitotic spindle and attenuates
MYC activation of ribosome biogenesis, tumor-suppres-
sive p53, and stress/interferon response pathways. Mech-
anistically, the gene-selective functions of MYC AcK
residues involve stimulation of MYC binding to specific
promoters and facilitation of RNAPII recruitment.

Discussion

In this study, we identified the clustered lysine residues
K143(144), K148(149), and K157(158) of MYC in humans
(and mice, shown in parentheses) as the major targets of
p300 and identified the K323 residue as the preferred tar-
get site of GCN5. The K148(149), K157(158), and K323 res-
idues were found acetylated on endogenous MYC in
diverse cancer cell lines and in MYC transformed fibro-
blastic and epithelial cells. While endogenous MYC was
found acetylated at these sites in nonmalignant cells, on-
cogenic MYC overexpression enhanced its acetylation
and/or altered acetylation of specific AcK sites in response
to proteasome and HDAC inhibitors. Additionally, differ-
ent HDAC inhibitors had distinct K site-specific effects on
MYC acetylation. These findings may have important im-
plications for the use of proteasome and HDAC inhibitors
in cancer therapy (Nebbioso et al. 2017; Bi et al. 2022).
Lysine acetylation is generally thought to increase
MYC stability by antagonizing ubiquitination (or
SUMOylation) and proteasomal degradation. However,
previous studies did not directly analyze the stability of
MYC acetylated at specific lysine residues. Here, with
the use of site-specific MYC AcK antibodies, we found
that MYC acetylated at K148(149) or K157(158) remained
relatively unstable (half-life ~30-37 min) in both cell
types analyzed, while MYC acetylated at K323 was highly
stable in MYC transformed Ratla fibroblasts (half-life >2
h) but not in MCF10A cells (half-life ~30 min). Hence,
acetylation of MYC at different K residues by different
HATS can have dramatically different effects on its turn-
over in a cell type-dependent manner, which may in part
explain the discordant results in the literature (see above).
Despite differential effects on MYC stability, we found
in both cell types tested that each AcK residue was re-
quired for MYC induction of anchorage-independent cell
growth but not for the ability of overexpressed MYC to
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stimulate proliferation and colony formation of cells cul-
tured under conventional adherent conditions. The latter
is in agreement with previous observations that all or
most K residues of MYC act redundantly in the stimula-
tion of adherent cell proliferation via ubiquitin/pro-
teasome-dependent degradation mechanisms (Jaenicke
et al. 2016). Notably, MYC AcK148(149) and AcK157
(158), but not AcK323, were also critical for the tumori-
genic activity in vivo of MYC-overexpressing cells and
for their increased proliferation as tumor spheroids in vi-
tro in response to growth medium stimulation. Moreover,
the AcK157(158) residue was uniquely important for
MYC to (1) bypass contact inhibition in a p300 HAT activ-
ity-dependent manner and (2) attenuate apoptosis of
MYC-overexpressing cells upon serum deprivation.
Thus, the AcK148(149) and AcK157(158) residues, which
are the main p300 target sites, appear to be most critical
(compared with the AcK323 site) for the malignant trans-
formation activity of MYC via, in part, regulating different
cell biological pathways.

We found that the AcK residues of MYC regulate its
metabolic rewiring functions albeit with notable differ-
ences in the two cell types tested. An inhibitory function
of the AcK148(149) and AcK323 residues on glycolysis
was identified in both Ratla and MCF10A cells. In addi-
tion, the AcK323 site was required for basal and ATP-
linked OCR/respiration (but not maximal OCR) in
Ratla cells, while all three AcK sites were required for mi-
tochondrial respiration (basal, ATP-linked, and maximal
OCR) in MCF10A cells. Thus, our results suggest that
MYC acetylation by p300 and GCN5 may regulate the
balance between glycolysis (inhibited by MYC AcK) and
mitochondrial respiration (stimulated by MYC AcK).
However, the observed cell type differences suggest that
metabolic rewiring per se cannot fully explain the key
roles of the AcK residues in the malignant transformation
activity of MYC in both cell types.

Analyses of MYC AcK site-dependent genetic programs
and biological pathways in MYC transformed Ratla and
MCF10A cells revealed gene-selective functions (predom-
inantly positive but also negative) of each MYC AcK resi-
due and identified a significant number of genes that are
dependent on two or all three AcK sites. Although the
MYC AcK-dependent genes identified were mostly dis-
tinct in each cell type (as would be expected form the dis-
tinct cell lineages), some of the pathways they regulate
were conserved in both cell types, suggesting a function-
al/mechanistic conservation and potential roles of the
identified genes and pathways in MYC AcK-driven malig-
nant transformation.

Genetic programs involved in EMT, cell-cell adhesion,
and organization of the ECM and cytoskeleton were de-
pendent on all three MYC AcK residues in both Ratla
and MCF10A cells overexpressing MYC and thus are
prime candidates for the observed requirement of each
AcK site for cell anchorage-independent growth and sus-
pension spheroid formation of MYC transformed cells. In-
deed, all three MYC AcK sites were required in MCF10A
cells for MYC activation of the EMT/stemness gene
SNAI1 (SNAIL), and SNAI1 was required for MYC induc-
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tion of spheroid formation in MCF10A cells. Furthermore,
the EMT and regulation of the ECM were the only path-
ways significantly affected in both Ratla and MCF10A
cells by mutation of the AcK157(158) site, which regulat-
ed the smaller number of genes in both cell types; this may
explain the observed key function of the AcK157(158) res-
idue and p300 HAT activity in MYC-dependent bypass of
cell-cell contact inhibition.

The MYC AcK148(149) residue was required for MYC-
dependent regulation of the largest number of genes and
biological processes in both cell types. The results suggest
that MYC via its AcK148(149) site positively regulates the
mitotic apparatus and negatively regulates tumor-sup-
pressive (p53) and cytokine (e.g., IFNa and IFNy) response
pathways, as well as expression of many ribosomal protein
genes. The latter may seem counterintuitive given the
growth demands of cancer cells but could constitute an
energy-saving or homeostatic survival mechanism that
reduces the high energy cost of protein synthesis under
conditions of limited nutrient availability (e.g., within
tumors).

The genes dependent on the AcK323 residue were sig-
nificantly enriched in components of the spliceosome in
both cell types, suggesting that MYC acetylation at
K323 by GCN5 may regulate cellular pre-mRNA splicing.
This would be consistent with the known interactions of
MYC and GCNS5 (including human STAGA and yeast
SAGA complexes) with splicing factors and their coregu-
lation of splicing genes during somatic cell reprogram-
ming (Martinez et al. 2001; Gunderson and Johnson
2009; Hirsch et al. 2015; Kalkat et al. 2018).

While the MYC AcK-dependent gene regulatory mech-
anisms remain to be fully delineated, our results indicate a
function of the AcK residues in the stimulation of MYC
binding to chromatin and recruitment of RNAPII to select
target promoters (Fig. 7G,H; Supplemental Fig. S18) that
does not involve regulation of MYC interaction with
MAX, since mutation of all the AcK residues did not influ-
ence MYC:MAX complex formation (Supplemental Fig.
S1B). Given the observed gene selectivity and lack of reg-
ulation of overall MYC turnover by the AcK-to-R mu-
tants, a general transcription amplification mechanism
involving a global ubiquitin-mediated proteasomal degra-
dation of MYC is not involved in the cell systems studied
here. It is, however, possible that acetylation of MYC at
specific K residues may interfere with a gene-specific
ubiquitination (or SUMOylation) mechanism and thereby
may affect transcription of only select target genes. In sup-
port of such a possible PTM interplay, a recent study re-
ported tumor-suppressive and transcription-inhibitory
functions of TRAF6-mediated ubiquitination of MYC at
K148(149), which inhibited acetylation at this site in
acute myeloid leukemia cells (Muto et al. 2022). However,
the fact that MYC K-to-Q substitutions at the K148(149)
or K157(158)sites could not rescue growth of tumor spher-
oids suggests that acetylation may play a more active role
and does not simply prevent other PTMs—or neutralize
the charge—at these specific K sites.

The key roles of the p300-aceylated K148(149) and K157
(158) residues in MYC transformation activity and their
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location immediately adjacent to the critically important
MYC box II (MBII) are intriguing and might suggest a di-
rect involvement in regulating MYC interaction with its
transcription cofactors (Supplemental Fig. S19A). Howev-
er, our results so far indicate that major MYC coactivators
p300, GCN5, TRRAP, TIP49, and Mediator and the gene-
ral basal transcription factor TBP can interact with MYC
mutants with AcK-to-R substitutions (Supplemental Fig.
S1B; data not shown), and we previously reported that
p300-acetylated MYC can interact with MIZ1 (Zhang
et al. 2005). It is thus likely that other still unknown co-
factors mediate the AcK-dependent binding of MYC to
chromatin and the stimulation of RNAPII recruitment ob-
served here. Intriguingly, the differential growth stimula-
tion and transformation activities of the distinct MYC
family members (Barrett et al. 1992; Malynn et al. 2000)
correlate with the conservation of the AcK residues in
the order MYC>MYCN>MYCL (Supplemental Fig.
S19B).

In conclusion, we have shown that oncogenic MYC
overexpression deregulates its site-specific acetylation
in transformed cells and identified key roles of individual
MYC-acetylated lysine residues in the regulation of se-
lect MYC-dependent genetic programs and oncogenic
pathways, in part via stimulation of MYC binding to
chromatin and recruitment of RNAPIL. We realize that
the in vitro cell systems studied here do not fully or ac-
curately model all of the processes that govern
development of MYC-driven cancers in vivo. Hence,
the identified MYC AcK site-dependent transformation
and gene-selective regulatory activities warrant further
mechanistic characterization and investigation of their
possible roles in vivo and in human cancers (e.g., breast
cancer). Indeed, uncovering the MYC AcK site-specific
signaling pathways and mechanisms could offer new op-
portunities for selective therapeutic targeting of MYC
oncogenic activities.

Materials and methods

Cell culture and generation of MYC-overexpressing cell lines

All cell lines were cultured in their recommended growth medi-
um at 37°C with 5% CO, in a humidified incubator (see the Sup-
plemental Material). To generate stable Rat1a-MYC polyclonal
cell lines, Ratla cells (a gift from Dr. Michael Cole) were trans-
fected with Lipofectamine 2000 (Invitrogen) and pMIG (empty)
or pMIG-FLAG-mMYC (WT or R mutant) expression vectors to-
gether with pBABE-puro plasmid. After selection with 5 pg/mL
puromycin, all resistant colonies were pooled and further select-
ed for GFP expression by fluorescence-activated cell sorting
(FACS) with a BD Biosciences FACSAria III. Two independent
sets of stable polyclonal cell lines were generated similarly.
Transient retroviral transduction of Ratla cells with pMIG
(empty) or pMIG-FLAG-mMYC (WT or mutant) is described in
the Supplemental Material. The polyclonal MCF10A-MYC
cell lines were obtained by transduction of MCFI0A cells
(ATCC) with retroviral particles encoding pMIG (empty) or
pMIG-FLAG-mMYC (WT or R mutant) and pooling of GFP-pos-
itive clones as described in the Supplemental Material. Phase
contrast and GFP/fluorescence microscopy images were ob-
tained with a Keyence BZ-X710.
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Antibodies, DNA plasmids, and RNA interference (RNAi)

The antibodies used were MYC Y69 from Abcam; MYC N-262,
MYC C-33, MYC 9E10, MAX C-17, p300 N-15, GCN5 N-18,
TRRAP T-17, and caspase-3 H-277 from Santa Cruz Biotechnol-
ogy; cleaved caspase-3 and acetylated lysine from Cell Signaling
Technology; vinculin, FLAG/M2, and FLAG M2 affinity resin
from Sigma; TBP, which was a gift from Dr. Robert. G. Roeder;
and TIP49, which was a gift from Dr. Bruno Amati. The affini-
ty-purified site-specific MYC AcK antibodies were generated in
rabbits by immunization with specific acetylated peptides (Sup-
plemental Fig. S1E) in collaboration with EMD Millipore and
are commercially available as acetyl-c-MYC (K148) ABE25, ace-
tyl-c-MYC (K157) ABE27, and acetyl-c-MYC (K323) ABE26
(EMD Millipore). The plasmid DNAs are described in the Supple-
mental Material. For RNAi, HeLa cells were transfected in 10-cm
plates with Lipofectamine 2000 and 7.5 pg of either pCbS-FLAG-
mMYC WT or the indicated R mutants and with 400 pmol of ei-
ther a specific p300 siRNA or a control siRNA (Dharmacon).
MCF10A-MYC cells in six-well plates were transfected with Lip-
ofectamine 3000 and either 60 pmol of SNAIT siRNA (Santa Cruz
Biotechnology sc-38398) or control siRNA-A (Santa Cruz Bio-
technology sc-37007). For further details, see the Supplemental
Material.

Immunofluorescence, immunoprecipitation, Western blot, and mass
spectrometry

Immunofluorescence was performed with MYC N-262 and Alexa
fluor 594 goat antirabbit IgG (Life Technologies) antibodies using
an Eclipse TI inverted fluorescence microscope as described in
the Supplemental Material. Preparation of whole-cell extracts
(WCE), immunoprecipitation of endogenous MYC or ectopic
FLAG-tagged MYC proteins, Western blot, and mass spectrome-
try analyses were performed essentially as previously described
(Faiola et al. 2005). Chromatin immunoprecipitation (ChIP) is de-
scribed in the Supplemental Material.

Cell proliferation, colony formation, and cell detachment assays

Logarithmic and postconfluency adherent cell proliferation and
colony formation assays are described in the Supplemental Mate-
rial. For detachment analysis, Ratla cell lines were plated in six-
well plates at low density (1.0 x 10° cells/well) in regular growth
medium. At 24-h time intervals, plates with logarithmic growing
cells for each time point were washed with 1x PBS on a rotary
shaker at 60 rpm for 30 sec at room temperature. The detached
cells were counted with a hemacytometer, the remaining cells
attached to the plate were fixed with 0.5% glutaric dialdehyde
in 1x PBS and stained with 0.1% crystal violet solution (Thermo
Fisher Scientific), and the plates were scanned with a LaserJet Pro
300 color MFP M375nw (Hewlett-Packard). Alternatively, Ratla
cell lines were plated in six-well plates at high density. After 24 h,
the medium was removed, and the cells were washed with 1x PBS
and treated with 0.25% Trypsin and 2.21 mM EDTA (Corning).
The plates were then gently rocked, and the times for the first vis-
ible sign of cell detachment and for complete detachment were
recorded.

Apoptosis assays

Confluent Ratla cell lines were incubated with medium contain-
ing reduced serum (0.1% FBS) for the indicated times (0-24 h). At
each time point, both floating and attached cells were collected,
stained with Trypan Blue solution (Corning), and counted with
a Nexcelom Bioscience Cellometer Mini. To analyze apoptosis,
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the stable cell lines (or transiently transduced cells 48 h after viral
infection) were serum-starved for ~24 h as above, and cleaved cas-
pase-3 was detected by Western blot. Alternatively, cells were se-
rum-starved for 12 h as above and analyzed by flow cytometry
with the annexin V-FITC apoptosis detection kit (Calbiochem/
Millipore-Sigma), according to the manufacturer’s instructions,
with a FACSAria (BD Biosciences) (see also the Supplemental
Material).

Focus formation assay

Confluent Ratla cell lines were maintained in culture for 8 d with
medium replacement every 2 d. The cells were then fixed with
0.5% glutaric dialdehyde in 1x PBS and stained with 0.1 % crystal
violet solution (Thermo Fisher Scientific). The cells were then
partially destained with 1% acetic acid and air-dried before
imaging.

Spheroid growth assays

For spontaneous spheroid formation, six-well plates were
first coated with a thin layer of 1% agarose, and then 30,000
cells/well were plated in 2 mL of regular growth medium. The
cells were left for 7 d at 37°C with 5% CO, without further feed-
ing or were fed on days 3 and 6 by addition of 500 pL of fresh me-
dium where indicated. Spheroids were imaged with a Leica DMi8
microscope. After trypsinization, the cells were counted with a
Cellometer Mini cell counter (Nexcelom Bioscience). Alterna-
tively, spheroids were lysed with RIPA buffer (50 mM Tris-HCI
at pH 8.0, 150 mM NaCl, 1.0% NP-40/Igepal CA-630, 0.5%
sodium deoxycholate, 0.1% SDS, 1 mM EDTA), and proteins
were analyzed by Western blot.

Facilitated spheroid formation assays were performed in 96-
well nonadherent U-bottom plates (Nunclon Sphera 96-well,
Nunclon Sphera-treated, U-shaped-bottom microplate; Thermo
Scientific) by aggregating 100 cells at the bottom of each well in
regular growth medium. Plates were incubated for the indicated
times at 37°C with 5% CO,. Images were taken every 24 h using
a Leica DMi8 microscope and an Andor Technologies Zyla 4.2
sCMOS at 50x total magnification (see the Supplemental
Material).

Soft agar colony formation assays

Soft agar assays were performed in triplicates in six-well plates.
The bottom of each well contained a layer of 0.5% Nobel agar
(Sigma-Aldrich A5431) in complete growth medium. The top lay-
er contained the cell suspension in 0.35% Noble agar in complete
growth medium (5x10° Ratla cells/well or 6x10* MCFI0A
cells/well). Plates were incubated for ~3 wk at 37°C in a humid-
ified incubator with 5% CO, with addition every other day of 100
puL of fresh complete growth medium. Colonies were stained with
0.005% crystal violet and imaged with a Bio-Rad ChemiDoc im-
ager. Colonies >200 pm (Ratla) or >100 ym (MCF10A) were
counted (see also the Supplemental Material).

Mouse xenografts

Athymic nude male mice [Crl:NU(NCr)-Foxn1nu]; Charles River
Laboratories] were injected at 7 wk old in the right rear flank with
5.0x 10° cells in PBS containing 25% Matrigel (Corning). Tumor
dimensions (length [L] and height [H]) were used to calculate tu-
mor volumes using the modified ellipsoidal formula 1/2(L x H2).
At the experimental end point, mice were euthanized with car-
bon dioxide. All procedures were approved by the University of
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California Riverside Institutional Animal Care and Use Commit-
tee (IACUC).

Metabolic analyses

The Seahorse Bioscience XF96 extracellular flux analyzer (Agi-
lent) was used to measure glycolysis (glycolysis stress test assay),
mitochondrial function (mito stress test assay), and mitochondri-
al fuel dependencies (mito fuel flex test assay) as recommended
by the manufacturer; further details are in the Supplemental
Material.

RNA-seq and RT-gPCR analyses

Stranded ¢cDNA libraries (three biological replicates per sample)
were constructed using the TruSeq stranded (dUTP) mRNA li-
brary preparation kit (Illumina) or the Kapa mRNA HyperPrep
kit (Kapa Biosystems KR1352) and sequenced on an Illumina
HiSeq 2000 (Ratla) or NovaSeq 6000 (MCF10A) at the Core Geno-
mic Facilities of University of California Riverside and City of
Hope, respectively. Sequence reads were mapped to either the
rat genome Rnor_6.0.82 (Ratla cell lines) or the human reference
genome hg38 (MCF10A cell lines). Differential gene expression
was analyzed with Bioconductor edgeR. Additional details, re-
verse transcription quantitative PCR (RT-qPCR), and gene set en-
richment analyses are provided in the Supplemental Material.
RNA-seq data are available at GEO under accession number
GSE220920.

Statistical analyses

All data were derived from at least three independent experi-
ments (each in triplicates), and statistical analyses were per-
formed using a t-test (two-tailed) with results shown as means =
standard deviation (SD) unless otherwise indicated. Statistically
significant differences are indicated with asterisks as follows:
P <0.05 (*), P<0.01 (**), and P<0.001 (***).
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