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Our previous studies determined that elevating SOX2 in a
wide range of tumor cells leads to a reversible state of tumor
growth arrest. Efforts to understand how tumor cell growth is
inhibited led to the discovery of a SOX2:MYC axis that is
responsible for downregulating c-MYC (MYC) when SOX2 is
elevated. Although we had determined that elevating SOX2
downregulates MYC transcription, the mechanism responsible
was not determined. Given the challenges of targeting MYC
clinically, we set out to identify how elevating SOX2 down-
regulates MYC transcription. In this study, we focused on the
MYC promoter region and an upstream region of the MYC
locus that contains a MYC super-enhancer encompassing five
MYC enhancers and which is associated with several cancers.
Here we report that BRD4 and p300 associate with each of the
MYC enhancers in the upstream MYC super-enhancer as well
as the MYC promoter region and that elevating SOX2 de-
creases the recruitment of BRD4 and p300 to these sites.
Additionally, we determined that elevating SOX2 leads to in-
creases in the association of SOX2 and H3K27me3 within the
MYC super-enhancer and the promoter region of MYC.
Importantly, we conclude that the increases in SOX2 within the
MYC super-enhancer precipitate a cascade of events that cul-
minates in the repression of MYC transcription. Together, our
studies identify a novel molecular mechanism able to regulate
MYC transcription in two distinctly different tumor types and
provide new mechanistic insights into the molecular in-
terrelationships between two master regulators, SOX2 and
MYC, widely involved in multiple cancers.

The transcription factor c-MYC (MYC) is dysregulated in
roughly 70% of human cancers (1). In addition to its direct
roles in the transcription of a sizable fraction of the genome,
MYC is a master regulator of the cell cycle and a vast array of
other essential cellular functions (2). MYC has long been
viewed as a high value target in the treatment of cancer,
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because of its essential roles in cancer formation and pro-
gression (3). However, attempts to target MYC have met with
considerable difficulties (4). Given the challenges of targeting
MYC, efforts to understand how MYC can be downregulated
would be highly informative. Recently, we identified an
important SOX2:MYC axis that is responsible for the down-
regulation of MYC when SOX2 is elevated (5). The signifi-
cance of this SOX2:MYC axis is evident from our efforts to
rescue MYC expression. Although there is little or no effect on
survival in SOX2-elevated and MYC-downregulated cells,
there is massive cancer cell death when MYC levels are
rescued in the presence of elevated SOX2 (5). This unexpected
finding led to the conclusion that downregulating MYC when
SOX2 is elevated serves as an important tumor cell survival
strategy.

The critical roles played by SOX2, in both normal and tu-
mor cells, when its levels change have come to light over the
past dozen years. During development, high levels of SOX2
limit the proliferation of normal fetal stem cells in multiple
tissues (6, 7). Like in normal fetal stem cells, the levels of SOX2
in embryonic stem cells affect their self-renewal. Even a small
increase in SOX2 (�2-fold) in embryonic stem cells rapidly
blocks their self-renewal and triggers their differentiation into
multiple cell types (8). Importantly, elevated levels of SOX2
have also been identified in subpopulations of tumor cells that
possess enhanced tumor-initiating capacity and which are
largely quiescent (9–11). The significance of the relationship
between the levels of SOX2 and tumor cell quiescence is
notable given the clinical challenge posed by quiescent/slowly
proliferating tumor cells (12). These cells serve as a residual
tumor cell population that can reinitiate tumor growth,
because they are largely resistant to current cancer therapies
(12). Not surprisingly, SOX2 has been linked to drug resistance
in multiple cancers (9, 13, 14).

Previous work from this laboratory has replicated the
growth inhibitory functions of elevated SOX2 in nearly 20
tumor cell lines representing seven types of human cancer (5,
14–17). This was accomplished by engineering tumor cells for
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SOX2 represses c-MYC through its upstream super-enhancer
upregulation of SOX2 from a Doxycycline (Dox) inducible
promoter. Elevating SOX2 in SOX2-inducible tumor cell lines
in vitro invariably leads to growth inhibition (5, 14–17). When
elevated in vivo in three different tumor types, SOX2 induces a
reversible state of tumor growth-arrest (17). Importantly, in
each case, removal of the inducer (Dox) leads to the rapid
return of SOX2 to basal levels and reinitiation of tumor growth
at a growth rate virtually identical to that of the control tumors
(17). Our efforts to determine how elevated SOX2 inhibits
tumor growth led to the finding that elevating SOX2 increases
the expression of several 1000 genes while repressing
approximately 1500 genes, in particular MYC-target genes (5).
Moreover, we observed in multiple tumor cell types that MYC
itself is downregulated at both the protein and RNA level when
SOX2 is elevated, without a significant decrease in the half-life
of MYC protein or its mRNA (5). Significantly, nuclear run-on
studies demonstrated that MYC is downregulated at the
transcriptional level when SOX2 is elevated (5). However, the
molecular mechanism responsible was not determined.

Early studies identified several mechanisms that regulate
MYC transcription, including repression at the level of tran-
scriptional elongation (18), positive and negative feedback
loops involving MYC itself (19, 20), and mutations in APC
signaling (21). Other studies demonstrated that theMYC locus
contains multiple TCF4/b-catenin binding sites and that
MYC expression is upregulated when serum is added to
serum-starved cells, likely due to increases in nuclear levels of
b-catenin (22–25). More recently, a far deeper understanding
of MYC expression has begun to emerge with the discovery of
multiple enhancers within the 3 Mb MYC locus, including a
super-enhancer located far upstream of the MYC promoter
(24). This super-enhancer, which is located more than 400 kb
upstream of the MYC promoter, consists of a cluster of at
least five MYC enhancers (A-E) (24) that are distributed
over a region of approximately 50 kb in chromosome 8
(chr8:127214000-127267000). Interestingly, this upstream
MYC super-enhancer is within the region of the MYC locus
that is associated with multiple cancers, including cancers of
the pancreas, thyroid, breast, and colon (26–28). Attempts
made to map the location of theMYC region(s) associated with
these tumors employed mouse models in which several regions
upstream of the MYC promoter were deleted. These efforts
identified a region located between 335 kb and 540 kb up-
stream of the MYC promoter that substantially increases
chemically induced mammary tumorigenesis and increases
intestinal polyps when placed on an APCmin background (28).
Surprisingly, deletion of the region 2 kb to 540 kb upstream of
the MYC promoter did not significantly alter normal devel-
opment or viability of the mice. Thus, this upstream region is
dispensable for healthy cells in vivo, but is required for
tumorigenicity (28).

Building on our current understanding of MYC transcrip-
tional regulation, we set out to investigate the molecular
mechanisms by which elevated SOX2 downregulates MYC
transcription. Toward this goal, we focused on the recruitment
of key transcriptional machinery, in particular p300, BRD4,
and RNA polymerase II (Pol II), to the MYC super-enhancer
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and promoter regions within the MYC locus. To help assess
whether the findings identified are cell type specific, we per-
formed our studies in two distinctly different human tumor
cell types, namely medulloblastoma and colorectal tumor cells.
Collectively, the studies described in this report identify a
novel molecular mechanism that regulates MYC transcription.
Our work also provides new mechanistic insights into the
molecular interrelationships between two critical master reg-
ulators that underpin a SOX2:MYC axis.
Results

Elevating SOX2 reduces the level of RNA Pol II at MYC
promoters and the MYC gene body

In this study, we confirmed our earlier finding (5) that
elevating SOX2 in our SOX2-inducible medulloblastoma cells
(i-SOX2-ONS76) and SOX2-inducible colorectal carcinoma
cells (i-SOX2-HCT116) decreases MYC expression 48 h after
treatment with the SOX2-inducer, Dox (Fig. S1A). At this time
point, there was little change in cell proliferation in either cell
line (Fig. S1B). In addition, even though elevating SOX2 had
begun to downregulate protein translation (5), total protein
present in cellular extracts isolated from i-SOX2-ONS76 and
i-SOX2-HCT116 cells at the 48-h time point was only reduced
�16% and 3%, respectively (Fig. S1C). To extend our earlier
finding, our current work set out to determine how SOX2
downregulates MYC transcription.

The effect of elevated SOX2 on MYC transcription could
occur through multiple mechanistic changes. A common
mode of transcriptional regulation near the promoters of MYC
is the pausing of RNA Pol II close to the transcription start site
without further elongation (18). One way to detect paused
RNA Pol II is to perform Chromatin Immunoprecipitation
followed by qPCR (ChIP-qPCR) to determine if there is an
accumulation of RNA Pol II near the promoter region relative
to the remainder of the gene body. As a general comment for
this study, RNA Pol II and the other factors and modifications
examined were considered to be enriched if the DNA pulled
down by the antibody against that factor or histone modifi-
cation was greater than with the non-specific IgG control
antibody. To determine if SOX2 elevation leads to pausing of
RNA Pol II at MYC promoters, we conducted RNA Pol II
ChIP-qPCR analysis on samples obtained from i-SOX2-
ONS76 and i-SOX2-HCT116 cells under control conditions
and SOX2-elevated conditions, which were achieved by addi-
tion of the inducer, Dox, to the culture medium. For these
studies, we interrogated the level of RNA Pol II enrichment
throughout the MYC promoter region and the remainder of
the gene body (Fig. 1A) using a total of four primer sets: two
MYC promoter sets, P0 (also referred to as an upstream pro-
moter) and P1 (designed for this study with some overlap into
exon 1), a primer set for the second MYC exon, and a primer
set for the third and last MYC exon (Table 1). Our RNA Pol II
analysis determined that elevating SOX2 caused a significant
reduction in RNA Pol II at both MYC promoter regions, as
well as at exons 2 and 3, in both cell lines (Figs. 1B and S2).
More specifically, the ratio at each site varied between 2 to 1



Figure 1. RNA Pol II association with the MYC promoter region and the MYC gene body before and after elevation of SOX2. A, the MYC gene within
the 3 Mb MYC locus consists of promoter regions designated P0 and P1, as well as three exons, for which primer sets (regions represented by bracketed
horizontal lines) were utilized to test for the presence of different transcription machinery by ChIP-qPCR. B, i-SOX2-ONS76 control cells and cells induced for
elevated SOX2 with 48 h of 200 ng/ml Doxycycline were processed for ChIP-qPCR with an IgG control antibody and RNA Pol II antibody. Enrichment was
determined as compared to the Input and p values by t test for two tails, two sample equal variance, n = 3.

SOX2 represses c-MYC through its upstream super-enhancer
and 3 to 1 for the control and the SOX2 elevated cells, in both
i-SOX2-ONS76 and i-SOX2-HCT116 cells. Therefore, the
downregulation of MYC transcription when SOX2 is elevated
is not the result of transcriptional pausing (blockage of
elongation).
SOX2 elevation alters the landscape of the MYC promoter
region

The reduction of RNA Pol II throughout the MYC gene
body when SOX2 is elevated suggests that recruitment and/or
stabilization of the RNA Pol II complex could be disrupted by
Table 1
qPCR Primer Sequences

ChIP primer Forward sequence 50 - 30
MYC-P0 AGGCAACCTCCCTCTCGCCCTA
MYC-P1 ATAATGCGAGGGTCTGGAC
MYC Exon 2 CCCTCAACGTTAGCTTCACC
MYC Exon 3 CAGATCAGCAACAACCGAAA
MYC-A AAATCAAGGGCAGGGACCACA
MYC-B CAGGGCTTATTGTTGGGACAGA
MYC-C AGGGTGGACAAGCACAAGCAT
MYC-D CTTCTGCTCCCTTCTCTTCTCTC
MYC-E GAGGGCGATAAAAGGGACAAG

RT-qPCR Primer
GAPDH ACAGCGACACCCACTCCTCC
MYC Exon 2 CCCTCAACGTTAGCTTCACC

MYC, c-MYC; P0, promoter upstream of theMYC gene; P1, promoter near the transcriptio
gene; MYC-A through MYC-E, each of the five enhancers within the MYC super-enhanc
changes in the landscape of the MYC promoter region. The
histone modification H3K4me3 (trimethylation at the fourth
lysine residue of histone H3) is commonly found in the pro-
moter regions of transcriptionally active genes (29). This his-
tone modification is believed to contribute to RNA Pol II
recruitment to gene promoters by helping to establish the pre-
initiation complex through H3K4me3 binding by TAF3, which
is a subunit of the TFIID complex (30). As we suspected, ChIP-
qPCR analysis determined that elevating SOX2 reduced the
levels of H3K4me3 at both the P0 and P1 MYC promoters in i-
SOX2-ONS76 (Fig. 2A) and at the P1MYC promoter region in
i-SOX2-HCT116 cells (Fig. S3A).
Reverse sequence 50 - 30
AGCAGCAGATACCGCCCCTCCT
CAGCGAGTTAGATAAAGCCC
AGCAGCTCGAATTTCTTCCA
GTTTTCCAACTCCGGGATCT

G CAGAATGGCAGAGTGAGGGGACAT
GTAGT CGAAAACGCTCACGATTCACAGA

TA ATTGGGACCTTTGGAGGCAAGAAT
AGT ACCACCACACTCCATCTTTCCAAC
GA GATGTTTGCTGGAACGCTGCTC

GAGGTCCACCACCCTGTTGC
AGCAGCTCGAATTTCTTCCA

n start site with the primer set amplicon providing some overlap into exon1 of theMYC
er; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

J. Biol. Chem. (2024) 300(9) 107642 3



Figure 2. The levels of histone H3K4me3 and BRD4 association at the P0 and P1 MYC promoters and nuclear protein levels of BRD4 before and
after elevation of SOX2. i-SOX2-ONS76 control cells and cells treated with 200 ng/ml Dox for 48 h were processed for ChIP-qPCR with an IgG control
antibody and an antibody against (A) H3K4me3 and (B) BRD4. Enrichment was determined as compared to the Input and p values by t test for two tails, two
sample equal variance, n = 3. C, Western blot analysis to measure BRD4 protein levels in nuclear extracts prepared from i-SOX2-ONS76 and i-SOX2-
HCT116 cells after 48 h treatment at the indicated Dox dosage followed by benzonase treatment of the isolated nuclei. Western blot analysis of BRD4
was repeated and similar results were obtained. Dox, doxycycline.

SOX2 represses c-MYC through its upstream super-enhancer
The reduction of RNA Pol II at MYC promoters when
SOX2 is elevated could be due primarily to the reduction of
H3K4me3 levels upon SOX2 elevation. However, a change in
the presence of critical co-activators within theMYC promoter
when SOX2 is elevated could also contribute to reductions in
the recruitment of RNA Pol II to MYC promoters. In this
regard, it was recently determined that the recruitment of
BRD4 to the MYC promoter region decreases when STAT3 is
knocked down and MYC transcription is repressed (31). This
is noteworthy because the co-activator BRD4 is known to play
an important role in the stimulation of P-TEFb, which acti-
vates RNA Pol II by CTD phosphorylation at multiple serine
residues, including serine 5 and serine 2 (32, 33). When we
examined BRD4 association with the MYC promoter region by
ChIP-qPCR, we observed a large decrease in BRD4 recruit-
ment when SOX2 was elevated (Figs. 2B and S3B). Elevation of
SOX2 led to over 70 to 90% reduction of BRD4 at the P0 and
4 J. Biol. Chem. (2024) 300(9) 107642
P1 promoter regions in i-SOX2-HCT116 cells (Fig. S3B) and
nearly 50% reduction of BRD4 within the P0 promoter region
and approximately 75% reduction within the P1 promoter
region in i-SOX2-ONS76 cells (Fig. 2B). To extend these
findings, we examined whether the nuclear levels of BRD4
were altered after SOX2 was elevated. Western blot analysis of
nuclear extracts indicated that there was a small decrease
(<20%) in BRD4 nuclear protein levels in i-SOX2-ONS76 cells
(Fig. 2C), and a small increase (�25%) in nuclear BRD4 protein
levels in i-SOX2-HCT116 cells after SOX2 was elevated
(Fig. S3C). Hence, the substantial reductions in BRD4 associ-
ation with the MYC promoter when SOX2 is elevated is far
greater than the smaller changes in BRD4 nuclear protein
levels.

The presence of BRD4 at genes, such as MYC, is attrib-
uted to the action of BRD4 as a reader of histone acetyla-
tion (34). Specifically, BRD4 recognizes and binds H3K27ac



Figure 3. Acetylation of histone H3K27 and binding of p300 at the P0
and P1 promoters of the MYC gene, and p300 nuclear protein levels
before and after SOX2 elevation. i-SOX2-ONS76 control cells and cells
induced to elevate SOX2 using 200 ng/ml Dox for 48 h were processed for
ChIP-qPCR with an IgG control antibody and an (A) H3K27ac antibody, as
well as a (B) p300 antibody. Enrichment was determined as compared to the
Input and p values by t test for two tails, two sample equal variance, n = 3. C,
Western blot analysis of nuclear extracts prepared from i-SOX2-ONS76
control cells and cells cultured for 48 h in the indicated doses of Dox was
conducted following the benzonase treatment of the nuclei to ensure in-
clusion of chromatin-bound protein. Western blot analysis of p300 was
repeated and similar results were obtained. Dox, doxycycline.

SOX2 represses c-MYC through its upstream super-enhancer
(acetylation at lysine 27 of histone H3) sites within en-
hancers and promoters to help recruit other transcriptional
machinery (35–37). This led us to examine whether
elevating SOX2 alters the levels of H3K27ac in the MYC
promoter region. In the case of i-SOX2-ONS76 cells before
SOX2 was elevated (control), we observed H3K27ac at both
P0 and P1 within the MYC promoter region. Consistent
with the reduction in BRD4 recruitment to the MYC pro-
moter regions, H3K27ac levels decreased at both P0 and P1
when SOX2 was elevated in i-SOX2-ONS76 cells (Fig. 3A).
Similar results were observed when SOX2 was elevated in i-
SOX2-HCT116 cells. In these cells, H3K27ac was more
highly enriched at P0 relative to P1 in the MYC promoter
region in the control and elevating SOX2 led to a large
decrease in H3K27ac at P0 (Fig. S4A).

Next, we examined whether the elevation of SOX2 alters
association of an acetyltransferase responsible for the acety-
lation of H3K27, which is often acetylated at enhancers and
promoters by p300 and/or its paralog CBP. Given our use of
the sonic hedgehog medulloblastoma cell line i-SOX2-
ONS76 in this study, we focused on p300 rather than
CBP, because p300 has been found to play a more prominent
role than CBP in multiple cancers, including medulloblas-
toma (38). When we probed by ChIP-qPCR for changes in
p300 recruitment to the MYC promoter region after
elevating SOX2 in i-SOX2-ONS76 cells, we observed a
reduction in p300 recruitment at P0 and noted there was far
less recruitment of p300 to the P1 region relative to the P0
region, which reached a reduction of �40% (Fig. 3B). A
sizable reduction of p300 was also observed at the P0 MYC
promoter region when SOX2 was elevated in i-SOX2-
HCT116 cells, which reached >50% (Fig. S4B). In regard
to the P1 region in control i-SOX2-ONS76 and i-SOX2-
HCT116 cells, we observed relatively little association of
p300; however, there was a significant decrease in this
limited association of p300 within this region when SOX2
was elevated in i-SOX2-HCT116 cells. As part of these
studies, we examined whether the decrease in p300 recruit-
ment to the MYC promoter region was due to diminished
levels of nuclear p300. Western blot analysis of nuclear ex-
tracts determined that there was a small decrease in p300
protein levels within the nuclei of both cell lines (Figs. 3C
and S4C). Interestingly, in HCT116 cells, p300 is truncated,
but remains functional, and migrates with a molecular
weight of approximately 240 kDa, whereas wild-type p300
protein migrates at a molecular weight of approximately
300 kDa (39–41). This was observed in three other studies
(39–41) and verified in our work using a different p300
antibody than used previously. With a reduction of �20% in
nuclear p300 protein levels within both cell lines when SOX2
is elevated, we suspect that the lower p300 protein levels
only partially explain the much larger decreases (40–50%) in
p300 recruitment to the MYC promoter region. Collectively,
our studies indicate that elevating SOX2 substantially alters
the landscape of the MYC promoter region, including re-
ductions in H3K4me3, H3K27ac, BRD4 and p300, as well as
RNA Pol II.
J. Biol. Chem. (2024) 300(9) 107642 5



SOX2 represses c-MYC through its upstream super-enhancer
Elevation of SOX2 alters the co-activator landscape of an
upstream MYC super-enhancer

TheMYC gene body is located in a 3 Mb protein gene desert
on the short arm of chromosome 8. Previous studies identified
a region far upstream of the MYC promoter region that is
associated with several cancers (26–28), including a region
located between −540 kb and −335 kb upstream of the MYC
promoter region that is associated with breast and intestinal
cancers (28). Importantly, studies conducted in the colorectal
tumor cell line HCT116 previously identified a super-enhancer
within this region that is located more than 400 kb upstream of
the MYC promoter region (Fig. 4A). This super-enhancer
consists of five MYC enhancers, designated as A-E, that are
distributed over a region of approximately 50 kb. Given the
major impact of super-enhancers on the activity of their
associated promoters, we next examined recruitment of two
key co-activators, BRD4 and p300. Similar to the role of p300
in other super-enhancers (42–44), the co-activator p300 is
likely to play a major role in the activation of this MYC super-
enhancer. One of the key roles of p300 is the acetylation of
histone H3 at lysine residue 27 (H3K27ac) within super-
enhancers (44, 45). Importantly, H3K27ac helps recruit the
epigenetic reader BRD4 to super-enhancers, which, in turn,
assists in the assembly of the preinitiation complex and
recruitment of RNA Pol II to gene promoters (44, 46).

To begin the examination of the MYC super-enhancer, we
employed primer sets previously used to identify each of the
MYC enhancers, A-E (Table 1), within the upstream MYC
super-enhancer in HCT116 cells (24). Our ChIP-qPCR anal-
ysis determined that BRD4 was associated with each of the five
MYC enhancers A-E in both control i-SOX2-HCT116 and
control i-SOX2-ONS76 cells (Figs. S5A and 4B). Equally
important, elevating SOX2 dramatically decreased BRD4 as-
sociation at all five MYC enhancers in i-SOX2-HCT116 cells,
with the largest reductions (>80%) occurring at MYC en-
hancers A and B and significant decreases (�50% or less) at
enhancers C-E (Fig. S5A). We also observed significant re-
ductions in BRD4 recruitment when SOX2 was elevated in the
i-SOX2-ONS76 cells (Fig. 4B). As we noted above, this
decrease in BRD4 recruitment to the MYC super-enhancer
upon SOX2 elevation is unlikely to be due primarily to lower
levels of nuclear BRD4 protein. The decrease in nuclear BRD4
(�20%) when SOX2 was elevated in the i-SOX2-ONS76 cells
(Fig. 2C), was much smaller than the reduction of BRD4 at the
MYC enhancers, especially enhancers A-C that reached �50%
or more. Moreover, elevating SOX2 in the i-SOX2-
HCT116 cells led to an increase in the levels of nuclear
BRD4 (Fig. S3C).

To extend the finding of reduced recruitment of BRD4 to
the MYC super-enhancer when SOX2 was elevated, we
examined the presence of H3K27ac within MYC enhancers
A-E. As others have shown previously in HCT116 cells
(24, 45), our studies in control i-SOX2-HCT116 cells show the
enrichment of H3K27ac at all five enhancers within the MYC
super-enhancer (Fig. S5B). Similarly, we observed enriched
H3K27ac present at the A through C enhancer cluster in
control i-SOX2-ONS76 cells (Fig. 4C). Interestingly, when
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SOX2 was elevated in the i-SOX2-HCT116 cells, H3K27ac
levels were significantly reduced at enhancers B, C and D, with
no significant changes observed at enhancers A or E (Fig. S5B).
Similarly, H3K27ac was significantly reduced at the A through
C enhancers, but exhibited no change at D or E, in the i-SOX2-
ONS76 cells following SOX2 elevation (Fig. 4C). Together,
these results indicate that elevating SOX2 reduces H3K27ac
levels within the MYC super-enhancer in both cell lines, which
provides a likely explanation for at least some of the decreases
in recruitment of BRD4 within the MYC super-enhancer when
SOX2 is elevated (Figs. S5A and 4B).

Given the reduction of H3K27ac within the super-enhancer,
we examined the status of p300 enrichment at theMYC super-
enhancer in i-SOX2-ONS76 and i-SOX2-HCT116 cells and
whether elevating SOX2 in these cells alters p300 association
with the MYC super-enhancer. Although it is widely accepted
that p300 is present at super-enhancers of transcriptionally
active genes (44), its recruitment to the MYC super-enhancer,
in particular the five MYC enhancers A-E, has not been
examined. Our ChIP-qPCR analysis detected significant
enrichment of p300 at each of the five enhancers within the
MYC super-enhancer in control i-SOX2-HCT116 cells
(Fig. S5C) and control i-SOX2-ONS76 cells (Fig. 4D). Impor-
tantly, elevating SOX2 in i-SOX2-HCT116 cells significantly
decreased p300 enrichment at all five MYC enhancers
(Fig. S5C). In the case of enhancers A and B, the reduction
reached nearly 50% and an even larger reduction was observed
at enhancer E, >65%. Similarly, we observed a significant
reduction in p300 recruitment in i-SOX2-ONS76 cells when
SOX2 was elevated. In these cells, there was a significant
decrease in p300 recruitment to MYC enhancers A, B, D, and
E, with no change at C (Fig. 4D). In i-SOX2-ONS76 cells the
largest reductions were at MYC enhancers A and B, reaching
45 and 55%, respectively. Like the reduction of BRD4 within
the super-enhancer, the reduction of p300 within the super-
enhancer appears to be greater than the overall reduction of
the nuclear levels of p300 protein. Altogether, our studies
indicate that elevating SOX2 in both i-SOX2-HCT116 and i-
SOX2-ONS76 cells substantially alters the co-activator land-
scape of the MYC super-enhancer.

Inhibiting the acetyltransferase activity of p300 induces
changes in the MYC super-enhancer and its promoter region
that parallel the effects observed when SOX2 is elevated

The decreases in p300 recruitment to the MYC super-
enhancer when SOX2 is elevated could trigger the overall
changes in the MYC super-enhancer described above and, ul-
timately, the changes at the MYC promoter. To test this pos-
sibility, we examined how inhibiting p300 affects MYC
expression, the MYC super-enhancer, and the MYC promoter
region. For this purpose, we used A-485, which inhibits the
acetyl transferase activity of both p300 and CBP (47). Although
previous findings reported that A-485 leads to the down-
regulation of the expression of many genes (47), we only
examined its effects on MYC expression. As expected, Western
blot analysis revealed that A-485 induced a dose-dependent
decrease in MYC protein expression in both i-SOX2-ONS76



Figure 4. BRD4, acetylated histone H3K27, and p300 association with the MYC super-enhancer before and after elevation of SOX2. A, the MYC
super-enhancer consists of a cluster of five MYC enhancers, A-E denoted here by vertical lines at the approximate primer set sites, located more than 400 kb
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and i-SOX2-HCT116 cells (Figs. 5A and S6A). Next, we inves-
tigated the effects of A-485 on H3K27ac in i-SOX2-ONS76 and
i-SOX2-HCT116 cells before and after elevating SOX2. In the
case of i-SOX2-HCT116 cells, we observed a dramatic reduc-
tion in the levels of H3K27ac at all five MYC enhancers within
the super-enhancer and in theMYC promoter region (Fig. S6B).
Although the effects of A-485 onH3K27acwere not as large in i-
SOX2-ONS76 cells, we observed large reductions in H3K27ac
at MYC enhancers A and C and in the MYC promoter region
(Fig. 5B). To extend these studies, we examined the effects of A-
485 on the association of BRD4 with the MYC super-enhancer
and the MYC promoter region. In both i-SOX2-ONS76 and i-
SOX2-HCT116 cells, treatment with A-485 reduced BRD4
levels atMYC enhancers A-C and at both P0 and P1 within the
MYC promoter region (Figs. 5C and S6C). Together, these
studies indicate that treatment with A-485 leads to decreases in
H3K27ac and BRD4 recruitment at the MYC super-enhancer
and MYC promoter regions, similar to what we observed
when SOX2 was elevated. Importantly, the findings with A-485
provide strong support for the premise that p300, and possibly
CBP, is a critical player in SOX2-mediated repression of MYC
transcription. They also suggest that the reduction in p300/CBP
recruitment to the MYC super-enhancers triggers a cascade of
events that leads to alterations in theMYC super-enhancer and,
ultimately, to the downregulation of MYC transcription.

Elevating SOX2 increases the association of both SOX2 and
the histone modification H3K27me3 within the MYC locus

To extend our study of how SOX2 downregulates MYC
transcription, we examined whether elevating SOX2 altered
the association of SOX2 and the levels of H3K27me3 (trime-
thylation at lysine 27 of histone H3) within the MYC locus. In
the case of SOX2, in both i-SOX2-ONS76 and i-SOX2-
HCT116 control cells, we observed by ChIP-qPCR relatively
little association of endogenous SOX2 within the MYC super-
enhancer or promoter region. However, when SOX2 was
elevated, we observed significant SOX2 association at each of
theMYC enhancers within theMYC super-enhancer in both i-
SOX2-ONS76 and i-SOX2-HCT116 cells (Figs. 6A and S7A).
We also observed increases in SOX2 within the MYC pro-
moter region in both cell lines (Figs. 6A and S7A). These
findings raised the possibility that when bound to the MYC
enhancer and/or promoter regions, SOX2 contributes directly
to repression of the MYC gene by recruitment of transcrip-
tional repressors.

To study the potential role of transcriptional repressors in
the downregulation of MYC transcription, we examined
whether the SOX2-induced reduction of H3K27ac within the
MYC locus is accompanied by increases in H3K27me3, a
histone modification associated with gene repression (48). We
examined H3K27me3 because of the substantial rise in SOX2
association within the MYC super-enhancer and promoter
region and our previous finding that SOX2 interacts with the
upstream of the MYC gene body. i-SOX2-ONS76 control cells and cells cultured
IgG control antibody and an antibody against (B) BRD4, (C) H3K27ac, and (D) p
t test for two tails, two sample equal variance, n = 3.
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Polycomb Repressor Complex 2 (PRC2) subunit, RBBP4, in
medulloblastoma cells (49). Interestingly, ChIP-qPCR detected
very low levels of H3K27me3 within the MYC super-enhancer
at MYC enhancers A-E in the control cells; whereas there was
a substantial increase in H3K27me3 at each of the MYC en-
hancers within the super-enhancer when SOX2 was elevated
in both i-SOX2-ONS76 and i-SOX2-HCT116 cells (Fig. 6B
and S7B). In addition, there was little or no H3K27me3 within
the promoter region in the control cells, but there were in-
creases within the MYC promoter region in both SOX2-
inducible cell lines when SOX2 was elevated (Fig. 6B and S7B).

The increases in H3K27me3 raised the interesting possi-
bility that this histone modification helps repress MYC tran-
scription when SOX2 is elevated. This possibility was
examined in the i-SOX2-ONS76 cells by interfering with the
activity of EZH2, which is the catalytic subunit of the PRC2
complex that can generate H3K27me3 (48). For this purpose,
we initially tested whether the EZH2 inhibitor, EPZ-6438,
could reverse the downregulation of MYC expression when
SOX2 is elevated. Significantly, EPZ-6438 led to only a small
reversal in the downregulation of MYC mRNA when SOX2
was elevated in i-SOX2-ONS76 cells (Fig. 6C). The failure to
more fully reverse the downregulation of MYC expression
could have resulted from the inability of EPZ-6438 to block the
H3K27me3 within the MYC locus. To address this possibility,
we examined whether H3K27me3 within the MYC super-
enhancer was blocked when EPZ-6438 was added to the
SOX2 elevated i-SOX2-ONS76 cells. Importantly, under these
conditions, H3K27me3 levels were strongly decreased at each
of the MYC enhancers A-E, and there was a decrease of
H3K27me3 within the MYC promoter region (Fig. 6D).
Collectively, our studies suggest that increases in the levels of
H3K27me3 within the MYC super-enhancer and promoter
region when SOX2 is elevated does not appear to be sufficient
on their own to repress MYC expression.
Discussion

This report provides new insights into the mechanistic
relationship between two master regulators, SOX2 and MYC,
that play a myriad of roles in cellular physiology before and
after birth, as well as in cancer. SOX2 is expressed in over 20
different cancers, and it has been implicated in the cancer stem
cell populations of many of these cancers (12), while MYC is
dysregulated in approximately 70% of all human cancers (1). In
this report, we describe a novel molecular mechanism by
which MYC transcription can be regulated. We show that
elevating SOX2 substantially alters the landscape of both an
upstream MYC super-enhancer and the MYC promoter re-
gion, in the course of downregulating MYC transcription. We
focused specifically on SOX2 and MYC because elevating
SOX2 in vivo leads to a reversible state of tumor growth arrest
(17) and because the failure to downregulate MYC when SOX2
for 48 h with 200 ng/ml Doxycycline were processed for ChIP-qPCR with an
300. Enrichment was determined as compared to the Input and p values by



Figure 5. MYC protein expression, histone modification, and BRD4 association with theMYC super-enhancer before and after inhibition of p300 in
i-SOX2-ONS76 cells. A, control cells and cells inhibited for 19 h with A-485 at increasing concentrations were processed for Western blot analysis. An
unrelated lane, between the first and second lane in the figure, was spliced out to simplify the figure as it contained a cell sample of Dox treatment without
A-485 that served as additional confirmation of MYC downregulation upon SOX2 elevation, which we provided with another experiment in Fig. S1A. Control
cells and cells inhibited with 10 mM A-485 were processed for ChIP-qPCR with an IgG control antibody and antibodies to determine the status of (B)
H3K27ac and (C) BRD4 binding. Enrichment was determined as compared to the Input and p values by t test for two tails, two sample equal variance, n = 3.

SOX2 represses c-MYC through its upstream super-enhancer
is elevated in these cells leads to a drastic reduction in tumor
cell survival (5).

Our initial studies determined that elevating SOX2 reduces
enrichment of RNA Pol II at both the MYC promoter region
and the MYC gene body. Elevating SOX2 also led to decreases
in H3K4me3 at the MYC promoter region. This histone
modification is typically associated with active promoters. In
addition, we observed a significant decrease in recruitment of
BRD4 and p300 to the promoter region of the MYC gene. The
decrease in BRD4 within the promoter region of MYC is sig-
nificant because it likely contributes to the reduction in RNA
Pol II at the MYC promoter (44). Interestingly, our findings
revealed no evidence that elevating SOX2 leads to pausing of
RNA Pol II at theMYC promoter. In both cell lines used in our
work, elevating SOX2 leads to a reduction of RNA Pol II at
exons 1, 2 and 3. Thus, the mechanism used by elevated SOX2
to downregulate MYC transcription appears to differ sub-
stantially from the mechanism that downregulates MYC
transcription due to a buildup of RNA Pol II within exon 1
relative to exons 2 and 3 when HL60 are induced to differ-
entiate (18).

To extend these studies, we examined the recruitment of
BRD4 and p300 to five MYC enhancers located within an
upstream MYC super-enhancer. Like our results with the
promoter region, we determined that elevating SOX2 disrupts
the landscape of the MYC super-enhancer. Specifically, we
determined that the association of BRD4 at the MYC super-
enhancer was substantially reduced at four of the five MYC
enhancers in i-SOX2-ONS76 cells and at each of the MYC
enhancers in i-SOX2-HCT116 cells. Significantly, our findings
suggest that the reduction in BRD4 recruitment to the MYC
super-enhancer is likely due, at least in part, to the reduction
in H3K27ac at three of the MYC enhancers within the MYC
super-enhancer in both i-SOX2-HCT116 and i-SOX2-
ONS76 cells. Importantly, we also determined that elevating
SOX2 significantly reduced the recruitment of p300 to each of
J. Biol. Chem. (2024) 300(9) 107642 9



Figure 6. Association of SOX2 and histone H3K27me3 at theMYC locus before and after SOX2 elevation. i-SOX2-ONS76 control cells and cells induced
to elevate SOX2 using 200 ng/ml Dox for 48 h were processed for ChIP-qPCR with an IgG control antibody and antibodies against (A) SOX2 and (B)

SOX2 represses c-MYC through its upstream super-enhancer
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the five MYC enhancers in i-SOX2-HCT116 cells and four of
the MYC enhancers in i-SOX2-ONS76 cells, which likely
explains the decrease in H3K27ac within the MYC super-
enhancer. Interestingly, our studies suggest that the de-
creases in p300 recruitment to the MYC super-enhancer and
promoter region result in part due to decreases in the
expression of p300 when SOX2 is elevated. However, the
reduction in nuclear p300 protein expression of �20% is less
than half the average 40 to 50% reduction in p300 recruitment
to the five MYC enhancers in i-SOX2-ONS76 and i-SOX2-
HCT116 cells. This appears to be the case, even when de-
creases in p300 are adjusted for the small decreases in total
protein in i-SOX2-ONS76 cells (�16%) and i-SOX2-
HCT116 cells (�3%). We believe this also applies to BRD4.
Thus, additional mechanisms are likely to contribute to the
decreases in p300 and BRD4 recruitment to the MYC super-
enhancer and promoter region.

The significance of our findings is highlighted by the
changes observed at the MYC super-enhancer when SOX2 is
elevated. Although previous studies had identified this super-
enhancer, relatively little was known about how it might be
regulated. The MYC super-enhancer was presumed to be
populated by p300 and BRD4, like other active super-
enhancers. Our studies are the first to show that both co-
activators are associated with each of the five MYC en-
hancers within this super-enhancer and, very importantly, that
elevating SOX2 reduces the recruitment of both co-activators
to the MYC super-enhancer. Furthermore, the MYC super-
enhancer examined in our study is located within a region of
the MYC locus, between −540 kb and −335 kb relative to the
MYC promoter, that has been implicated in at least two can-
cers, breast and intestinal cancer (28), and quite possibly
several other cancers (26, 27). This is potentially significant
because this region of the MYC gene locus is dispensable for
normal cells during development and after birth yet enhances
cellular transformation in models of breast and intestinal
cancers (28).

Collectively, our studies suggest a likely sequence of events
that leads to changes in the MYC super-enhancer and the
MYC promoter when SOX2 is elevated (Fig. 7). Specifically,
our studies are consistent with a model in which elevating
SOX2 initially leads to significant accumulation of SOX2 at
each of the MYC enhancers located within the MYC super-
enhancer and at the MYC promoter region. We speculate
that SOX2 accumulation within the MYC locus contributes to
the reduction in the recruitment of p300 within the MYC lo-
cus, possibly due to SOX2 recruitment of repressor complexes,
such as PRC2 to the MYC locus. We further posit that the
reduction in recruitment of p300, and possibly CBP, to the
MYC super-enhancer is responsible for the reduction of
H3K27ac within the super-enhancer, which, in turn, leads to a
reduction in the recruitment of BRD4 to the MYC super-
H3K27me3. Enrichment was determined as compared to the Input and p values
RT-qPCR analysis of MYC levels of i-SOX2-ONS76 control cells and cells in the a
treatment for 48 h. D, i-SOX2-ONS76 cells induced to elevate SOX2 using 20
processed for ChIP-qPCR with an IgG control antibody and an antibody again
values by t test for two tails, two sample equal variance, n = 3. Dox, doxycyc
enhancer. The reduction of p300 and BRD4 to the MYC
super-enhancer results in functional disruption of the super-
enhancer, which then disrupts critical steps required for the
formation of the preinitiation complex and recruitment of
RNA Pol II to theMYC promoter. In support of this model, we
have demonstrated that treatment with the p300/CBP inhibi-
tor, A-485, which blocks the acyltransferase activity of these
co-activators, leads to a reduction in H3K27ac at all five of the
MYC enhancers of the super-enhancer in i-SOX2-
HCT116 cells and two of the five MYC enhancers in i-
SOX2-ONS76 cells. This inhibitor also induced a reduction in
BRD4 at three of theMYC enhancers in both i-SOX2-HCT116
and i-SOX2-ONS76 cells, as well as a reduction in BRD4 in the
MYC promoter region in these cells. Thus, we propose that the
decreases in p300/CBP recruitment after SOX2 accumulates at
both the MYC super-enhancer and the MYC promoter region
is a key step in the downregulation of MYC transcription.

Significantly, our studies also demonstrate that elevating
SOX2 leads to substantial increases in H3K27me3 within the
MYC super-enhancer and promoter regions. Although we did
not directly demonstrate that the increases in H3K27me3 are
due to recruitment of PRC2 to the MYC locus, we determined
that the levels of H3K27me3 within the MYC super-enhancer
and promoter region are dramatically reduced when the
SOX2-elevated cells are treated with the EZH2 inhibitor EPZ-
6438. In this connection, we previously demonstrated by
proteomic analysis of SOX2 protein complexes that SOX2
associates with the PRC2 subunit RBBP4 in medulloblastoma
cells (49). Thus, SOX2 may be directly responsible for
recruitment of PRC2 to theMYC locus when SOX2 is elevated.
Importantly, our work tested whether H3K27me3 contributes
to the downregulation of MYC transcription when SOX2 is
elevated. The failure of the EZH2 inhibitor to fully reverse the
downregulation of MYC expression in i-SOX2-ONS76 cells
suggests that H3K27me3 accumulation within theMYC super-
enhancer and promoter is not sufficient on its own to down-
regulate MYC transcription when SOX2 is elevated. Thus, it is
possible that elevating SOX2 leads to the recruitment of more
than one transcriptional repressor complex to the MYC locus
that plays an important role in the downregulation of MYC
transcription. Alternatively, elevating SOX2 may interfere with
the recruitment of other required transcriptional machinery,
such as Med1, which is typically observed within active super-
enhancers (44, 50).

Our findings with the medulloblastoma and colorectal tu-
mor cells used in this study lead us to suggest that high SOX2
levels are likely to downregulate MYC transcription by the
same overall mechanism in other SOX2-positive human can-
cers. However, subtle differences may be responsible for the
downregulation of MYC transcription by high SOX2 levels in
some of these cancers. In various tumor cell types, MYC
transcription is believed to be dependent on other super-
by t test for two tails, two sample equal variance, n = 3. C, RNA isolation and
bsence and presence of either or both 200 ng/ml Dox and 10 mM EPZ-6438
0 ng/ml Dox alone or in combination with 10 mM EPZ-6438 for 48 h were
st H3K27me3. Enrichment was determined as compared to the Input and p
line.
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Figure 7. Model of co-activator and histone modification status at the MYC super-enhancer and MYC promoter region when SOX2 is elevated. A,
The actively transcribed state of the MYC gene in tumor cells; presence of p300, H3K27ac, and BRD4 within the MYC super-enhancer, and p300, BRD4,
H3K27ac along with RNA Pol II at the MYC promoter region. B, step1: SOX2 elevation leads to a decrease in p300 association and newly associated SOX2,
along with other complex proteins (such as PRC2). C, step 2: lower levels of H3K27ac due to the decrease in p300, while H2K27me3 increased in its stead,
likely due to the new presence of SOX2’s recruited partner complexes, such as PRC2. D, step 3: decreased recruitment of BRD4 to the MYC super-enhancer
and promoter region, and less RNA Pol II at the MYC promoter region, leading to repression of MYC transcription.

SOX2 represses c-MYC through its upstream super-enhancer
enhancers located within the MYC 3 Mb locus that are used in
a tissue specific manner (51). For tumor types where different
super-enhancers are utilized to regulateMYC transcription, we
speculate that these alternative super-enhancers are also likely
to experience an increase in SOX2 recruitment and a decrease
in the recruitment of both p300 and BRD4 when SOX2 is
elevated. In the future, this could be tested in various tumor
cell types. In this regard, we have shown previously that
elevating SOX2 reduces MYC expression in five different tu-
mor cell lines, representing three different tumor types,
including prostate tumor cells (5).

Finally, our studies suggest that one way to target MYC
expression in tumor cells is to block the action of p300/CBP,
especially in tumors that depend on MYC super-enhancers to
drive MYC transcription. Recently, a different p300/CBP in-
hibitor, CCS1477, has entered clinical trials for several cancers,
including metastatic breast cancer, non-small cell lung cancer,
and metastatic castration-resistant prostate cancer (52). In the
case of prostate cancer, CCS1477 has been shown to sub-
stantially slow the growth of patient-derived xenografts and to
12 J. Biol. Chem. (2024) 300(9) 107642
decrease the expression of MYC. Moreover, biopsies of pa-
tients with metastatic castration-resistant prostate cancer who
were treated with CCS1477 exhibited a decrease in both MYC
and Ki-67 expression (52). Given the difficulty of directly
targeting MYC in cancer, our studies suggest that p300/CBP
inhibitors could be promising drugs for the treatment of other
tumors, including medulloblastoma and colorectal cancer, if
these inhibitors prove to be effective and well tolerated.

In summary, the work described in this study demonstrates
that elevating SOX2 radically alters the landscape of a MYC
super-enhancer, as well as the landscape of theMYC promoter
region. Significantly, we demonstrate that elevating SOX2
leads to the accumulation of SOX2 within the MYC locus and
reduces the recruitment of both p300 and BRD4 to the indi-
vidual MYC enhancers within a far upstream MYC super-
enhancer as well as the MYC promoter region. The impact
of our findings is highlighted by the location of this super-
enhancer within the region of the MYC locus that is associ-
ated with at least two different cancers (28). Altogether, our
work provides new molecular insights into the SOX2:MYC
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axis that plays a pivotal role in the repression of MYC tran-
scription when SOX2 levels rise in tumor cells (5).

Experimental procedures

Cell culture conditions

Cell lines engineered for inducible expression of SOX2,
i-SOX2-ONS76 and i-SOX2-HCT116 (5, 17), were maintained
at 37 �C and 5% CO2 while cultured in Dulbecco’s Modified
Eagle Medium (12100046, Life Technologies) supplemented
with 10% HyClone Characterized Fetal Bovine Serum
(SH30910.03, Cytiva, Fisher Scientific) and 1% Pen-Strep
(P3032-10MU & S9137-25G, SIGMA). Validation of cell line
authenticity was performed previously (5, 17). Initially, cells
were seeded in 100 mm dishes at 0.8 × 106 each for 24 h. The
following daymedia was changed and for experiments involving
SOX2 elevation, Dox (631311, Clonetech) was premixed in the
media at concentrations of 200 ng/ml for i-SOX2-ONS76 cells
or 500 ng/ml for i-SOX2-HCT116 cells to result in �40 to 50%
growth inhibition (17). The control and experimental cells were
cultured for an additional 48 h before processing. Experiments
not involving SOX2 elevation were cultured for an initial 24 h,
media was changed, and another 24 h passed before the DMSO
(D8050-01, US Biologicals) control or small molecule A-485
(S8740, Selleck Chem) was diluted in 1 ml media and added
drop-wise to plates that were rocked briefly to result in con-
centrations indicated in the figures. The cells were cultured for
an additional 19 h before processing. DMSO was used to
dissolve A-485, thus the controls were treated with the same
concentration of DMSO and the same amount of time as
experimental cell cultures. Combination experiments involving
SOX2 induction using Dox in combination with the EZH2 in-
hibitor, EZP-6438 (S7128, SelleckChem), were conducted in the
samemanner as the experiments withDox alone (above), except
10 mMEZP-6438 was added at the same time to half of the Dox-
treated plates and the other Dox-treated plates had DMSO only
added as a control.

Chromatin Immunoprecipitation (ChIP)

ChIP was performed utilizing the MAGnify Chromatin
Immunoprecipitation System (492024, Thermo Fisher Scien-
tific). Following experimental cell culture conditions described
above in 100 mm plates, cells were fixed in 5 ml of media
containing a 1% final concentration of formaldehyde (F8775,
SIGMA) for 10 min at room temperature to cross-link proteins
to DNA. The reaction was neutralized with 0.5 ml of 1.25 M
Glycine from the kit (applied dropwise and rocked briefly to
mix and then set still) for 10 min at room temperature, and the
cells were washed with 1X PBS twice. Approximately 6 ×
106 cells for each condition were pelleted and resuspended in
lysis buffer with protease inhibitors from the kit and the
chromatin was sheared to a length of �200 to 500 bp using a
Bioruptor Pico sonication device (Diagenode) with sonication
cycles consisting of 30 s “on” and 30 s “off” for 9 min. Sonicated
DNA was diluted with the dilution buffer provided in the kit
and 10 percent of the sheared chromatin was removed and set
aside prior to immunoprecipitation to serve as Input DNA for
data normalization. We added a two-hour 4 �C immunopre-
cipitation pre-clearing step to our procedure, which involved
chromatin incubation with a kit-provided Rabbit IgG antibody
at a 1:100 dilution associated to A/G agarose magnetic beads.
Then we resumed the protocol provided with the MAGnify
Chromatin Immunoprecipitation System. The pre-cleared
chromatin was transferred to its appropriate control and
experimental immunoprecipitation tubes that had been mixed
for association of Dynabeads A/G agarose magnetic beads with
either Rabbit IgG control antibody (1:200) or the experimental
antibodies: RNA Pol II (Millipore, 05–623, 1:50), H3K4me3
(Millipore, 07–473, 1:100), BRD4 (Cell Signaling Technology
[CST], 13440, 1:50), H3K27ac (CST, 8173, 1:100), p300 (CST,
54062, 1:50), H3K27me3 (CST 9733S, 1:50), SOX2 (Active
Motif 39823, 1:50). Overnight immunoprecipitation was con-
ducted at 4�C with end-over-end tube rotation. The next day,
three 5-min washes of the chromatin-bound magnetic
antibody-conjugated beads with IP Buffer 1, and two washes
with IP Buffer 2 from the kit were conducted at 4 �C with end-
over-end tube rotation (each time placing the tubes in a mag-
netic rack (20–400, Millipore) and removing the liquid to
discard the washes without disturbing the beads). Cross-linking
was reversed (for IP samples and Input samples) using Reverse
Crosslinking Buffer and Proteinase K from the kit and heating
the tubes at 55 �C for 15 min in a heat block. For the IP samples,
the tubes were placed in the magnetic rack and each liquid
sample was transferred to a new tube for additional heating,
along with the Input sample tubes, at 65 �C for 15min. After the
reverse crosslinked samples cooled on ice for 5 min, DNA was
bound to beads and washed by adding DNA Purification
Magnetic Beads supplied in the kit with DNA Purification
Buffer to each of the sample tubes (including Inputs) and
mixing the tube contents followed by incubation at room
temperature for 5 min. With DNA bound to the DNA Purifi-
cation Magnetic Beads, the tubes were placed in the magnetic
rack and allowed to sit for 1 min before, avoiding the beads, the
liquid was removed and discarded. The tubes were taken off the
magnetic rack and DNA Wash Buffer from the kit was added,
mixed gently with the beads, and incubated at room tempera-
ture for 5 min, followed by placing the tubes on the magnetic
rack again, and removing and discarding the liquid while
avoiding the beads. This was repeated once. Next, the tubes
containing only beads were removed from the magnetic rack
and Elution Buffer from the kit was added and mixed gently
with the beads by pipetting up and down. The tubes were
incubated at 55 �C for 20 min in a heat block. The tubes were
inverted carefully a couple of times to collect liquid conden-
sation from the sides and cap of the tube, and the samples were
spun down briefly. The DNA elutes were transferred to new
tubes after the beads were pulled down while in the magnetic
rack for at least 1 min. These eluted Input DNA and ChIP DNA
templates were stored at −20 �C to allow for further analysis.

Quantitative polymerase chain reaction (qPCR) for ChIP DNA

For ChIP analysis, enrichment of immunoprecipitated DNA
was determined using RT2 SYBR Green qPCR Mastermix
(330502, Qiagen) in 25 ml qPCR reactions prepared in triplicate
J. Biol. Chem. (2024) 300(9) 107642 13
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in 96-well white hard-shell PCR Plates (AB1400WL, Life
Technologies). Plates were covered with Microseal ‘B’ Film
(MSB1001, BioRad), and qPCR was carried out with the
Applied Biosystems QuantStudio 3 Real-Time PCR System
(Thermo Fisher Scientific). The primer sets for each site
examined are provided in Table 1. The ChIP and Input DNA
were used at a constant volume of 5 ml in each 25 ml qPCR
reaction with 1 ml primer mix (from a pre-mixed stock of
10 mM each of forward and reverse primers listed in Table 1),
6.5 ml Nuclease-free water, and 12.5 ml RT2 SYBR Green Fluor
qPCR Mastermix. Enrichment was determined using the
Percent Input Method, while taking into account our dilution
factor of 10, for an Adjusted Input to 100% = Ct Input -
(Log10/2) = Ct Input – 3.322; Delta Ct = Ct (Adjusted Input) -
Ct (Test Sample); and Percent Input = 10*2^(Delta Ct), as
described by Thermo Fisher Scientific with their provided
example utilizing a dilution factor of 100.

Extract preparation and western blotting

Nuclear and Cytoplasmic protein extracts from untreated
and Dox-treated i-SOX2-ONS76 and i-SOX2-HCT116 cells
were prepared using the Pierce NE-PER nuclear and cyto-
plasmic extraction kit (78833, Pierce, Thermo Fisher Scienti-
fic), as described previously (8), supplemented with HALT
protease inhibitor cocktail (87786, Thermo Fisher Scientific),
1 mM PMSF, 1 mM Na2VO4, and 1 mM NaF. Following the
isolation and lysis of nuclei during this fractionation, the
chromatin-bound proteins were isolated as well utilizing a
Benzonase treatment step (53). The proteins from this step
and the nuclear protein isolation step were combined to result
in total nuclear protein extracts. For whole cell protein isola-
tion, RIPA buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.4, 1%
IGEPAL, 0.25% Sodium Deoxycholate, and 1 mM EDTA) was
supplemented with the protease inhibitors listed above and
then utilized for protein isolation, conducted as described in
the Santa Cruz western blotting RIPA buffer monolayer cell
processing protocol. Protein concentrations were obtained
following BCA assays using the Micro BCA Protein Assay Kit
and the provided protocol (23235, Pierce, Thermo Fisher). To
detect larger proteins, such as p300 and BRD4, 20 mg of nu-
clear protein samples were loaded in a 6% Tris-Glycine gel
(XP00062BOX, Life Tech), and for whole cell protein 40 mg
were loaded in 4 to 20% Tris-Glycine gels (XP04202BOX, Life
Tech). Proteins within each gel were transferred to methanol-
activated PVDF membranes (IPVH20200, SIGMA) and
blocked with 5% milk before washing and incubating overnight
at 4 �C with the appropriate primary antibody in 3% BSA. The
presence of alkaline phosphatase conjugated secondary anti-
body was detected using the enhanced chemiflourescence
(ECF) kit (RPN5785, Amersham Biosciences) and scanned on
a ChemiDoc MP Imaging System (BioRad). To detect the
loading control protein on the same membrane as the initial
experimental proteins, we followed the protocol for the
Restore Western Blot Stripping Buffer (46430, Pierce, Thermo
Fisher Scientific) between each antibody. The primary anti-
bodies used were BRD4 (CST, 13440S, 1:1000); p300 (CST,
54062S, 1:1000); Lamin B1 (CST, 12586S, 1:1000); c-MYC
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(CST, 18583S, 1:1000); SOX2 (CST, 3579S, 1:1000); and b-
TUBULIN (CST, 2146S, 1:1000); and the secondary anti-rabbit
antibody was from CST (7054S, 1:5000). Each protein band
pixel density at low intensity (with background signals
removed) was normalized to a loading control that was found
repeatedly to be present at a similar level across samples,
which was measured through Adobe Photoshop software. All
antibodies used in this study were selected based on their use
in previously published work and shown to identify protein
bands of the correct molecular weight.

RNA isolation, cDNA synthesis, and RT-qPCR

RNA isolation was achieved by utilizing the RNeasy Mini
Kit (74104, Qiagen). Following experimental cell culture
conditions described above in 100 mm plates, after 48 h of
Dox induction, media was removed from both control and
Dox-induced cells. These cells were lysed by directly adding
350 ml Buffer RLT from the RNeasy Mini Kit to each plate.
The cells were scraped and transferred to a 1.5 ml Eppen-
dorf tube, followed by the addition of 1 volume of 200 proof
ethanol to the lysate. The tubes were mixed well, and up to
700 ml of the sample was transferred to a RNeasy Mini spin
column placed in a 2 ml collection tube. The spin columns
were centrifuged for 30 s at 12,000g and the flow-through
was discarded. Next, 700 ml Buffer RW1 from the RNeasy
Mini Kit was added to the RNeasy spin column which was
centrifuged for 30 s at 12,000g and the flow-through was
discarded. Added 500 ml Buffer RPE to the RNeasy spin
column and centrifuged for 30 s at 12,000g, followed by
discarding the flow-through and repeating once more with
another 500 ml Buffer RPE, but the second time centrifu-
gation was conducted for 2 min at 12,000g. Then the
RNeasy spin column was placed in a new collection tube
and centrifuged at full speed for 1 min to dry the mem-
brane. Finally, the RNeasy spin column was placed in a new
1.5 ml Eppendorf tube and 30 ml of 55 �C pre-warmed
RNase-free water was added directly to the membrane fol-
lowed by centrifugation for 1 min at 12,000g to elute the
RNA. The RNA concentration was measured using a
NanoDrop One Spectrophotometer (Thermo Fisher
Scientific).

To synthesize cDNA, 1 mg of RNA was utilized for each
sample with the Accuscript High Fidelity first Strand cDNA
Synthesis Kit (200820, Agilent Technologies). A total volume
of 20 ml was used for each reaction in 0.5 ml tubes, and the
volume of RNase-free water was adjusted as needed to
compensate for any variation in volume of the 1 mg of RNA.
The first kit components added to each tube of RNase-free
water and 1 mg of RNA included 2 ml of 10X Accuscript RT
buffer, 0.5 ml oligo(dT) primer and 1.5 ml random primers, as
well as 0.8 ml dNTP mix from the kit. The tubes were incu-
bated at 65 �C for 5 min. After incubation, the tubes were
cooled to room temperature for 5 min. The remaining kit
components for the reaction were added to each tube, in order,
as follows: 2 ml of 100 mM DTT, 1 ml of Accuscript RT, and
0.5 ml RNase block. Using a thermocycler, the reactions were
incubated at 25 �C for 10 min to allow primer extension,
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followed by 42 �C for 60 min of synthesis, and then cDNA
synthesis was terminated by incubation at 70 �C for 15 min.
Stored unused cDNA at −20 �C.

For the RT-qPCR reactions using the above cDNA template,
a total reaction volume of 25 ml per well was used, and all
sample reactions were conducted in triplicate with the same
plates and machinery utilized in our ChIP-qPCR reactions
described above. Each 25 ml reaction consisted of 1 ml of
sample cDNA, 1 ml primer mix (from a pre-mixed stock of
10 mM each of forward and reverse RT-qPCR primers listed in
Table 1), 10.5 ml Nuclease-free water, and 12.5 ml RT2 SYBR
Green Fluor qPCR Mastermix (330514, Qiagen). Normaliza-
tion was achieved using primers against GAPDH and the
comparative CT method (2^-DDCT) was used to represent
relative gene expression information.

MTT analysis

Cells were seeded in 12-well plates at 4000 cells per ml
DME + 10% FBS + 1% P/S in triplicate for analysis at two time
points. The next day experimental i-SOX2-ONS76 cells were
induced with 200 ng/ml Dox in fresh media, experimental i-
SOX2-HCT116 cells with 500 ng/ml Dox, and control cells for
both cell lines simply provided fresh media. After 48 h, half of
the experiment was analyzed at the 48-h time point and the
other half of the cells were cultured for another 48 h after
media was changed for all the remaining wells with the
experimental wells receiving media containing Dox at the
appropriate concentration. For analysis, 5 mg/ml tetrazolium
dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) was prepared in 1X PBS. The MTT reagent was
filtered through a 0.22 mM sterile filter. Additionally, a stop
solution solvent was prepared using 20% w/v SDS dissolved in
dimethylformamide and water (50:50), and the pH was
adjusted to 4.7 using 2.5% of 80% acetic acid and 2.5% of 1N-
HCl. The media was removed from each well and 1 ml of fresh
DME with 10% FBS and 1% P/S pre-mixed with MTT reagent
mix (800 ml DME + 200 ml MTT reagent) was added to each
well and to an additional blank well. The reaction was incu-
bated for 2 h at 37 �C. After incubation, 800 ml of stop solution
solvent was added to each well and incubated overnight at 37
�C. The next day, the absorbance of each well was measured at
a fixed wavelength of 570 nM visible light on Beckman
DU640B spectrophotometer.

Data availability

All data are included in the manuscript.

Supporting information—This article contains supporting
information.
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