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Abstract

Myb is a key regulator of hematopoietic progenitor cell proliferation and differentiation and
has emerged as a potential target for the treatment of acute leukemia. Using a myeloid cell
line with a stably integrated Myb-inducible reporter gene as a screening tool we have previ-
ously identified Celastrol, a natural compound with anti-tumor activity, as a potent Myb inhib-
itor that disrupts the interaction of Myb with the co-activator p300. We showed that Celastrol
inhibits the proliferation of acute myeloid leukemia (AML) cells and prolongs the survival of
mice in an in vivo model of AML, demonstrating that targeting Myb with a small-molecule
inhibitor is feasible and might have potential as a therapeutic approach against AML.
Recently we became aware that the reporter system used for Myb inhibitor screening also
responds to inhibition of C/EBP, a transcription factor known to cooperate with Myb in mye-
loid cells. By re-investigating the inhibitory potential of Celastrol we have found that Celastrol
also strongly inhibits the activity of C/EBP by disrupting its interaction with the Taz2 domain
of p300. Together with previous studies our work reveals that Celastrol independently tar-
gets Myb and C/EBP by disrupting the interaction of both transcription factors with p300.
Myb, C/EBP and p300 cooperate in myeloid-specific gene expression and, as shown
recently, are associated with so-called super-enhancers in AML cells that have been impli-
cated in the maintenance of the leukemia. We hypothesize that the ability of Celastrol to dis-
rupt the activity of a transcriptional Myb-C/EBP(-p300 module might explain its promising
anti-leukemic activity.
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Introduction

The transcription factor Myb plays a key role as a regulator of proliferation and differentiation
of hematopoietic progenitor cells and has been implicated in the development of acute leuke-
mia [1]. Genomic rearrangements of the MYB gene and mutations that create de-novo Myb
binding sites in the transcriptional control region of the TALI oncogene have been detected in
acute lymphoid leukemia [2-4]. Furthermore, acute myeloid leukemia (AML) cells are
addicted to high levels of Myb expression, which makes them more vulnerable to Myb inhibi-
tion than their normal counterparts [5-7]. Recent genome-wide studies have identified super-
enhancers, i.e. cis-regulatory regions that are significantly larger than typical enhancers and
that drive the expression of genes involved in cell identity and disease [8-10]. In AML cells,
super-enhancers are densely loaded with chromatin regulators such as p300 and BRD4 and
hematopoietic transcription factors, such as Myb, C/EBPa, C/EBP, ERG, FLI1, and PU.1

[11]. These studies have confirmed the important role of Myb and C/EBPs for the proliferation
of AML cells, suggesting a mechanistic framework for the addiction of AML cells to high levels
of Myb expression. Targeting Myb with small-molecule inhibitors therefore offers potential
for the development of novel therapeutic strategies for the treatment of AML and other tumors
with deregulated Myb, such as adenoid cystic carcinoma or specific subtypes of glioblastoma
[12,13].

In myeloid cells Myb cooperates with members of the C/EBP family, basic-region-leucine-
zipper (bzip) transcription factors that are involved in the differentiation and proliferation of
various cell types [14]. C/EBP activity is controlled by various post-translational modifications
[15-20] and by the expression of alternative isoforms based on translation initiation at distinct
start codons [21,22].

We have previously established a myeloid reporter cell line as a screening tool to search for
low molecular weight Myb inhibitors [23]. These cells carry a stably integrated Myb-responsive
reporter gene driven by the promoter and enhancer of the myeloid-specific chicken mim-1
gene, a Myb target gene whose expression is strongly induced by Myb in myeloid cells. Using
these cells we have identified and characterized several compounds as potential Myb inhibitors
[24-27]. One of these compounds, the pentacyclic triterpenoid Celastrol, was shown to inhibit
Myb by disrupting the interaction of Myb transactivation domain with the Kix domain of the
co-activator p300 [25]. Importantly, we also showed that Celastrol inhibits the proliferation of
primary mouse AML cells and leukemic cells from AML patients while the proliferation of
normal murine or human early hematopoietic progenitor cells was not affected [25]. Further-
more, in vivo experiments showed that Celastrol significantly prolonged the survival of mice
in a model of an aggressive AML [25]. Taken together, these findings demonstrated that target-
ing of Myb by a small-molecule inhibitor is feasible and might have therapeutic potential for
the treatment of AML.

We recently became aware that our cell-based screening assay also responds to inhibition of
C/EBPB, as exemplified by the sesquiterpene lactone helenalin acetate, a compound that inhib-
its Myb-induced mim-1 expression but was shown to be a potent inhibitor of C/EBPf instead
of a Myb inhibitor [28,29]. We showed before that Myb requires C/EBP family members, such
as C/EBPa. or C/EBP, as essential cooperation partners to stimulate the mim-1 gene [30,31],
explaining why inhibition of C/EBP has a similar effect as the inhibition of Myb in our
screening system. We have therefore re-investigated the inhibitory mechanism of Celastrol to
know if Celastrol also exerts inhibitory effects on C/EBPp. Surprisingly, our data show that
Celastrol is also a highly potent inhibitor of C/EBPp suggesting that the promising inhibitory
effects of Celastrol on AML cells might be due to its ability to simultaneously target Myb and
C/EBPg.
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Materials and methods
Cells

The quail fibroblast cell line QT6 was originally obtained from P. Vogt (La Jolla). 3T3-L1 cells
were obtained from ATCC 5 year ago and were used within 10 passages from thawing. All cells
were tested on a regular basis and were free of mycoplasma contamination. Adipocyte differ-
entiation was induced as published [32]. Celastrol was from Sigma-Aldrich, dissolved in
DMSO and stored at 10 mM stock solution at -70°C.

Transfections

QTS fibroblasts were transfected by calcium-phosphate co-precipitation, followed by analysis
of the transfected cells for mRNA expression, protein interaction or reporter gene activities.

A constant amount of the B-galactosidase reporter plasmid pCMV was always included,
allowing transfection efficiencies to be normalized according to the B-galactosidase activities.
Reporter gene activities were analyzed as described [30,33]. The luciferase reporter genes
PG5E4-38Luc and p-240Luc contain 5 tandem copies of Gal4-binding sites or the promoter of
the chicken mim-1 gene, respectively. Luciferase values were divided by the B-galactosidase
activity to compensate different transfection efficiencies. All reporter studies were performed
in at least 3 independent experiments, with replicate transfections in each experiment. North-
ern blotting was performed as described [30,33]. Blots were hybridized sequentially with radio-
active probes corresponding to the C/EBPf-inducible MRP126 mRNA and the ribosomal
protein S17 mRNA (as housekeeping control). Radioactive bands were detected and quantified
using a phosphor image analyzer. Electrophoretic mobility shift assays (EMSA) were per-
formed as described [34]. Briefly, a pair of complementary single-stranded oligonucleotides
containing a consensus C/EBP binding site was annealed and used for gel retardation assays:
5/ -TGTAGCTGCAGATTGCGCAATCTGCATCTA-3’ and 5’ ~-GTAGATGCAGATTGCGCAATC
TGCAGCTACA-3". After annealing, oligonucleotides were radiolabeled by filling-in the ends
using o.**P-dCTP and Klenow polymerase. Nuclear extract from QT6 cells transfected with
C/EBPB expression vector and treated with different concentrations of Celastrol was prepared
as described [34].

Expression vectors and transfections

Expression vectors for chicken and mouse C/EBPp, a C/EBPB mutant lacking all cysteine resi-
dues (CallA) and chicken C/EBPa have been described [16,29,30,35]. Expression vectors for
full-length human p300 and truncated p300 constructs p300/1751-2370 and p300/1751-1947
have been described [33]. Expression vectors for the p300/1751-1947 mutations C1789A,
C1790A and C1789,1790A (CC) were generated by oligonucleotide-directed mutagenesis.
Plasmids encoding Gal4-C/EBPB, p300-VP16, Gal4-VP16 and C/EBPB-YFP fusion proteins
were described before [29,33].

GFP-trap

QTS fibroblasts expressing YFP or C/EBPB-YFP were lysed 16 hours post transfection in ELB
buffer containing 120mM sodium chloride, 50mM Tris/HCL, pH 7.4, 20mM sodium fluoride,
ImM EDTA, 6mM EGTA, 15mM sodium pyrophosphate, ImM Phenylmethylsulfonyl Fluo-
ride (PMSF), 0.5% NP-40 and centrifuged for 20 min at 14,000 x g. An aliquot of the superna-
tant was retained as input control. The remaining supernatant was incubated with GFP-trap
beads (Chromotec, Miinchen) for 3 hours at 4°C. Beads were washed three times with ELB
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buffer, boiled in sodium dodecyl sulfate (SDS) sample buffer and analyzed together with the
input samples by SDS-PAGE and western blotting, using appropriate antibodies.

Results
Celastrol is a potent inhibitor of C/EBPf

To investigate if Celastrol previously identified as a Myb inhibitor also affects the activity of C/
EBP we performed luciferase assays with a reporter construct that is driven the promoter of
the mim-1 gene, which contains high affinity C/EBP binding sites and is strongly activated by
C/EBPP [36]. These experiments clearly demonstrated that Celastrol strongly inhibits the
activity of C/EBPP (Fig 1A). The amount of C/EBP was not decreased by Celastrol, indicating
that the activity and not the expression of C/EBPp was inhibited. Importantly, because the
reporter assays were performed in fibroblasts that do not express Myb, the inhibition of C/
EBPB activity by Celastrol is independent of its previously described Myb-inhibitory activity
[25]. Hence, we concluded that Celastrol inhibits both Myb and C/EBPf independently of
each other.

To demonstrate under more physiological conditions that Celastrol inhibits C/EBPp, we
analyzed its effect on the transcriptional activation of an endogenous C/EBP target gene that is
silent in fibroblasts but can be activated by ectopic expression of C/EBPB or C/EBPa. [15,33],
thereby providing a read-out of C/EBP activity at a chromatin-embedded gene. Fig 1B shows
that Celastrol strongly inhibited the stimulation of MRP126 expression by C/EBPB, confirming
that Celastrol is a potent inhibitor of C/EBPB. Mouse (Fig 1C) and human C/EBPJ were also
strongly inhibited by Celastrol. Interestingly, while Celastrol erased C/EBP activity virtually
completely at the concentrations tested the related transcription factor C/EBPa was inhibited
only slightly under the same conditions (Fig 1D).

To demonstrate the inhibitory activity of Celastrol on C/EBPf in a different biological con-
text we employed the mouse pre-adipocyte cell-line 3T3-L1, whose differentiation into adipo-
cytes is an established model of a C/EBPB-dependent differentiation process. In the 3T3-L1
cells, the initial activation of C/EBPP induces a cascade of gene activations ultimately leading
to a fat cell phenotype that is characterized by an accumulation of lipid droplets in the cyto-
plasm of the cells [32]. Because C/EBP plays a key role during the initial phase of adipocyte
differentiation we expected Celastrol to inhibit the differentiation of these cells. Fig 1E shows
that the massive differentiation observed in the absence of Celastrol was strongly suppressed
by Celastrol as demonstrated by microscopic analysis and staining with the lipid dyes Oil Red
O and Nile Red. Consistent with previous work [32], as shown by the western blots at the bot-
tom right side of Fig 1E, the amount of C/EBP increased when differentiation was induced,
but was not significantly diminished by Celastrol, demonstrating that Celastrol inhibits the
activity and not the expression of C/EBP. Together, the data in Fig 1 show that Celastrol is a
very potent inhibitor of C/EBPp.

Celastrol disturbs the interaction of C/EBPf and p300

To investigate if Celastrol inhibits C/EBPS DNA-binding activity we performed electropho-
retic mobility shift assays (EMSA) with nuclear extracts from cells transfected with C/EBPf
expression vector and treated with or without Celastrol. Fig 2A shows that the DNA-binding
activity of C/EBPP was not significantly affected by Celastrol. As can be seen in the lower part
of Fig 2A, complexes of C/EBP bound to the radiolabeled oligonucleotide were not signifi-
cantly reduced by the treatment of the cells with Celastrol. Similarly, the amount of C/EBPf
present in the nuclear extract was not significantly affected by the Celastrol treatment (see
western blot at the top of Fig 2A). That Celastrol did not inhibit C/EBP activity by interfering
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Fig 1. Celastrol inhibits C/EBP activity. A. QT6 fibroblasts were co-transfected with the luciferase reporter gene p-240luc containing
the C/EBP-inducible promoter of the chicken mim-1I gene, the B-galactosidase expression vector pPCMV and an expression vector for
C/EBP transfection, the cells were treated with Celastrol as indicated and harvested after 16 hours. The columns show the average
luciferase activity normalized to the B-galactosidase activity. Thin lines show standard deviations. Asterisks indicate statistical
significance (** p < 0.01, *** p < 0.001, Student’s t-test). C/EBP expression is shown at the bottom. B-D. QT6 cells were transfected
with expression vectors for chicken or mouse full-length C/EBP or chicken C/EBPa. and treated with Celastrol as indicated. Cells were
harvested after 16 hours and analyzed by northern blotting for expression of MRP126 and S17 mRNAs (top and middle panel) and by
western blotting for the expression of C/EBPp or C/EBPo. (bottom panels). E. 3T3-L1 cells were induced to undergo adipocyte
differentiation for 7 days in the absence or presence of the indicated concentrations of Celastrol. The top and middle panels show
microscopic pictures of the cells at low magnification and after staining with the fluorescent lipid dye Nile Red. The bottom panels show
staining of the cells with Oil-Red O. The top and middle panels at the right show microscopic pictures of differentiated cells at higher
magnification. The bottom panels on the right side show western blots of C/EBPp and B-actin expression in undifferentiated (lane 1)
and differentiated (lanes 2—4) cells treated without Celastrol (lane 2) or with 0.5 pM (lane 3) and 1 uM (lane 4) Celastrol.

https://doi.org/10.1371/journal.pone.0190934.g001

with the function of its DNA-binding domain was confirmed by comparing the effect of Celas-
trol on the expression of MRP126 mRNA induced by C/EBPp or a Jun-C/EBP hybrid protein
containing the DNA-binding domain of C/EBP and the transactivation domain of c-Jun (Fig
2B). While Celastrol strongly inhibited the activity of C/EBP that of Jun-C/EBPB was virtually
unaffected, clearly indicating that Celastrol does not exert its inhibitory effect via the DNA-
binding domain of C/EBP. It is also obvious that the activity of C/EBPp strongly exceeded
that of Jun-C/EBPP (compare first and third lane of Fig 2B). This might be related to the ability
of C/EBP to function as a pioneer transcription factor [34].

Our previous work has implicated the co-activator p300 as a key cooperation and interac-
tion partner of C/EBPp [33]. Hence, we were interested to know if Celastrol disrupts the coop-
eration of C/EBPP with p300. We first examined if increased expression of p300 overrides the
inhibitory effect of Celastrol. We co-transfected fibroblasts with expression vectors for C/EBP
and p300 and analyzed the effect of Celastrol on the expression of MRP126 mRNA. As control,
the cells were transfected only with C/EBPp expression vector. Fig 2C shows that the inhibition
of MRP126 expression by Celastrol was less strong when C/EBPP was co-expressed with p300
than when it was expressed alone, however, p300 only partially rescued C/EBP activity.

We have previously shown that the interaction of p300 and C/EBP triggers phosphorylation
of multiple sites in the C-terminal domain of p300 thereby increasing its co-activator activity
[37]. The C/EBPB-induced phosphorylation is catalyzed by protein kinase Hipk2, which itself
interacts with the amino terminal domain of C/EBP [38]. To confirm that Celastrol disturbs
the cooperation of C/EBPp and p300 we analyzed its effect on the C/EBPB-induced phosphory-
lation of p300, which can be monitored by the mobility shift of the C-terminal domain of p300
induced by C/EBP [37]. We also used an antiserum against phosphorylated Ser-2280 of p300,
one of the sites whose phosphorylation is increased by C/EBP [38]. Fig 2D shows that Celastrol
indeed suppressed the C/EBPB-induced phosphorylation of p300, as evidenced by the less-pro-
nounced C/EBPB-induced mobility shift and a decrease in the phosphorylation of Ser-2280.
Because co-immunoprecipitation experiments showed that Celastrol did not interfere with the
interaction of C/EBPp and Hipk2 we wondered whether Celastrol disrupts the interaction of
p300 and C/EBPP. To address this we co-transfected fibroblasts with expression vectors for
YFP-tagged C/EBPp and p300/1751-1947, which harbors the C/EBPp binding region of p300
[33]. We then incubated extracts of the transfected cells with GFP-trap beads (which carry a
covalently bound high-affinity GFP binding protein) to precipitate YFP-C/EBPp together with
the bound p300/1751-1947, allowing us to monitor the interaction of both proteins. Fig 3A
shows that p300/1751-1947 was co-precipitated with YFP-C/EBPf whereas expression of YFP
as control did not result in co-precipitation, indicating that the interaction between p300/1751-
1947 and YFP-C/EBP observed in this assay is specific. We then performed co-precipitation
experiments with extracts from cells that had been treated with Celastrol for different times
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Fig 2. Celastrol does not affect DNA-binding of C/EBPp but disrupts its cooperation with p300. A. A radiolabeled double-stranded oligonucleotide with
a consensus C/EBP binding site was incubated without nuclear extract, with nuclear extract from cells transfected with C/EBPp expression vector and
treated with Celastrol as indicated, or with nuclear extract from untransfected cells. Protein-DNA complexes were analyzed by native polyacrylamide gel
electrophoresis. The top panel shows a western blot analysis of aliquots of the nuclear extracts stained with antibodies against C/EBP. B. QT6 cells
transfected with expression vectors for C/EBP or a Jun-C/EBP hybrid protein and incubated with Celastrol were analyzed by northern blotting for
expression of MRP126 and S17 mRNAs. C. QT6 cells transfected with expression vectors for C/EBPB and p300 were treated with the indicated
concentrations of Celastrol, harvested after 16 hours and analyzed by northern blotting for expression of MRP126 and S17 mRNAs. Numbers below the
lanes indicate the amounts of MRP126 mRNA relative to the S17 mRNA as control determined by quantification with a phosphor image analyzer. The
signals for MRP126 and S17 mRNAs were obtained by sequential hybridization of the same blot with specific radiolabeled probes. D. QT6 cells transfected
with expression vectors for C/EBPB and p300/1751-2379 and cultivated for 24 hours with or without Celastrol. Aliquots of total cell extracts were then
analyzed with antibodies against p300, pp300(Ser2280) and C/EBPB. Black and white arrows mark the un-phosphorylated and highly phosphorylated p300.

https://doi.org/10.1371/journal.pone.0190934.9002

before harvesting. Fig 3B shows that Celastrol clearly inhibited the co-precipitation of both pro-
teins, demonstrating that it disrupts the C/EBPB-p300 interaction.

To substantiate this conclusion we performed a mammalian two-hybrid experiment,
using a Gal4-inducible luciferase reporter construct and expression vectors for Gal4-C/
EBP and a p300/VP16 construct that contains the Taz2 domain of p300 [33,37]. As
expected, p300/VP16 strongly stimulated the activity of the Gal4-dependent reporter gene
in the presence but not in the absence of Gal4-C/EBP (Fig 3C). Increasing concentrations
of Celastol gradually reduced the activity of the reporter gene, confirming that Celastrol
interferes with the C/EBPB-Taz2 interaction. Control transfections showed that Celastrol
did not affect the activity of Gal4-VP16. This indicated that Celastrol does not inhibit the
Gal4 DNA-binding domain or the VP16 transactivation domain. In summary, our data sug-
gest that Celastrol inhibits the activity of C/EBP by disrupting the interaction of C/EBPf
with the Taz2 domain of p300.

Celastrol inhibits the p300-C/EBPp interaction by targeting cysteine
residues located in the Taz2 domain of p300

Celastrol contains reactive groups that can covalently react with cysteine residues in proteins
[39]. To investigate if Celastrol inhibits the C/EBPB-p300 interaction by alkylating cysteines
we first performed GFP-trap experiments in the presence of the thiol reagent B-mercaptoetha-
nol. Cells were transfected with expression vectors for YFP-C/EBPf and p300/1751-1947,
treated with or without B-mercaptoethanol and Celastrol before cell extracts were subjected to
co-precipitation analysis. Fig 4A shows that B-mercaptoethanol partially relieved the inhibitory
effect of Celastrol, suggesting that alkylation of cysteine residues might be involved in the inhi-
bition of the C/EBPB-Taz2 interaction by Celastrol. However, this experiment did not reveal
whether Celastrol targets cysteine residues of C/EBPp or p300 (or both). To address this we
first used a cysteine-free mutant of C/EBPB which was still active as determined by its ability to
stimulate the expression of the endogenous MRP126 gene. Importantly, the cysteine-free ver-
sion of C/EBP largely retained its sensitivity towards Celastrol (Fig 4B), indicating that Celas-
trol does not inhibit C/EBP by alkylating cysteine residues of C/EBPB.

The Taz2 domain of p300 also contains cysteine residues, most of which are involved in the
coordination of zinc ions to stabilize the three-dimensional structure of the domain [40] (Fig
5A). Because the coordination of zinc ions reduces the nucleophilicity of these cysteine resi-
dues they are less likely to react with electrophiles and were not considered as likely targets for
Celastrol. However, the Taz2 domain contains two cysteines located immediately adjacent to
each other (Cys-1789 and Cys-1790) that are not involved in zinc coordination and, thus,
might be potential targets of alkylation by Celastrol. Previous studies have established that
C/EBP family members have at least two binding regions (Box A and B, Fig 5E) that mediate
direct protein-protein-interactions with the Taz2 domain. According to a recent model based
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Fig 3. Celastrol disrupts the C/EBPB-p300 interaction. A,B. QT6 fibroblasts transfected with the indicated expression vectors were subjected to
GFP-trap experiments. Total cell extracts (TCE) and GFP-trap samples (trap) were analyzed by western blotting with antibodies against GFP and
p300. In panel B, the cells were also treated with Celastrol. C. QT6 fibroblasts were transfected with the Gal4-dependent reporter gene pG5E4-38luc,
the B-galactosidase plasmid pCMV and expression vectors for Gal4-C/EBPB and p300-VP19, as indicated. The transfected cells were incubated for 12
hours with or without Celastrol followed by analysis of luciferase activities. The luciferase activity was first normalized to the B-galactosidase activity.
The normalized luciferase activity of the Gal4-C/EBPp plus p300-VP16 transfected cells or the Gal4-VP16 transfected cells in the absence of Celastrol
was then set to 100%. Asterisks indicate statistical significance (*** p < 0.001, Student’s t-test).

https://doi.org/10.1371/journal.pone.0190934.9003

on the interaction of C/EBPe with the Taz2 domain [41] Cys-1789 and Cys-1790 of p300 are
located close to the binding region on the Taz2 surface (Fig 5F). To investigate if Cys-1789 and
Cys-1790 are involved in the disruption of the C/EBPB-Taz2 interaction by Celastrol, we
mutated them to alanine and examined the ability of the resulting protein to interact with C/
EBPB. As shown by the GFP-trap experiment illustrated in Fig 5B, the C1789/1790A mutant
protein was able to interact with C/EBPB, indicating that the amino acid replacement did not
result in massive structural changes of the Taz2 domain. Importantly, the ability of Celastrol to
disrupt the C/EBPB-Taz2 interaction was completely abolished by the mutation. This strongly
suggests that one or both of these cysteines are indeed the targets of Celastrol. To investigate if
the replacement of a single cysteine residue is sufficient to abolish the inhibitory effect of
Celastrol, we also generated mutants in which only Cys-1789 or Cys-1790 were replaced by
alanine. Fig 5C and 5D show that the interaction of C/EBPP with both mutant proteins was
still inhibited by Celastrol. Thus, the presence of either Cys-1789 or Cys-1790 is sufficient for
the disruption of the C/EBPp-Taz2 interaction by Celastrol.

Discussion

We have demonstrated that Celastrol, a natural compound previously shown to inhibit the
transcriptional activity of Myb, is also a very potent inhibitor of C/EBPB. The activity of C/
EBP is strongly dependent on p300, which is recruited to C/EBP via direct protein-protein-
interactions between C/EBPp and the Taz2 domain of p300 [33]. Our data show that Celastrol
disrupts the C/EBPB-Taz2 interaction, most likely by a mechanism that involves the alkylation
of cysteine residues by Celastrol. This is supported by the observation that the thiol reagent p-
mercaptoethanol reduces the inhibitory effect of Celastrol on the C/EBPB-Taz2 interaction.
We showed that a mutant of C/EBPP devoid of cysteine residues was inhibited by Celastrol as
strongly as wild-type C/EBPB whereas alanine-substitution of p300 Cys-1789 and Cys-1790,
two cysteine residues within the Taz2 domain that are not involved in binding zinc ions, abol-
ished the inhibitory effect of Celastrol on the C/EBP-Taz2 interaction. Overall, these findings
strongly suggest that Celastrol inhibits C/EBP activity by alkylating p300 Cys-1789 or Cys-
1790 (or both) and thereby prevents the C/EBPB-p300 interaction. We have also tried to detect
covalent adducts of Celastrol with these cysteines by mass spectrometry. However, because of
difficulties in detecting the relevant peptides these experiments were not conclusive. Definitive
proof for the suggested mechanism is therefore awaiting more sophisticated mechanistic
analyses.

According to a model of the interaction of C/EBPe with the Taz2 domain [41] binding is
mediated by a bi-partite binding site, which is conserved among C/EBP family members and
located at amino acids 68-80 and 115-123 of C/EBPB. As shown in Fig 5F, the binding region
forms two a-helices that are separated by a turn (or additional sequences in case of C/EBPp)
and interact with the Taz2 domain in the vicinity of Cys-1789 and Cys-1790. It is therefore
conceivable that the presence of a bulky ligand, such as Celastrol, at one or both of the cyste-
ines compromises the C/EBPB-Taz2 interaction. The activity of C/EBPo. was only weakly
inhibited by Celastrol (Fig 1D), indicating that Celastrol shows a preference for inhibition of
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Fig 4. Inhibition of a cysteine-free mutant of C/EBPp by Celastrol. A. QT6 fibroblasts were transfected with the indicated expression vectors and
treated with Celastrol and B-mercaptoethanol. Cell extracts were then subjected to GFP-trap and analyzed as in Fig 3. B. QT6 cells were transfected with
expression vectors for wild-type or cysteine-free C/EBPp and treated with or without Celastrol. Cells were analyzed by northern blotting for expression of
MRPI126 and S17 mRNAs as in Fig 1 and Fig 2.

https://doi.org/10.1371/journal.pone.0190934.9004

C/EBPB versus C/EBPo. This is surprising because C/EBPa is also known to recruit p300 as
co-activator [16,42]. However, the presumed p300 binding regions of C/EBPa. and C/EBPS are
not identical; in particular, a sequence stretch that separates the bi-partite p300-binding site of
C/EBPB, is missing in C/EBPa. (Fig 5E). This could lead to differences in the binding modes of
C/EBPp and C/EBPo. that might explain the differential effects of Celastrol on the activities of
both C/EBP family members. Structural studies of complexes of the Taz2 domain with C/
EBPp and C/EBPa. are currently not available and will be required to address these issues in
future studies. In more general terms, the differential effects of Celastrol on C/EBPf and C/
EBPo clearly illustrate that a compound that acts through reactive groups can nevertheless
have quite specific inhibitory activity.

We recently identified Celastrol as a Myb inhibitor using a reporter gene driven by the cis-
regulatory elements of the Myb target gene mim-1 [25]. Mechanistic studies have shown that
Celastrol inhibits Myb activity by disrupting the Myb-Kix interaction, thereby depriving Myb
of its essential co-activator [25]. The new data presented here provide a more complex view of
the inhibitory potential of Celastrol. It appears that the strong inhibitory effect of Celastrol in
our screening system was due to the simultaneous suppression of the activities of Myb and C/
EBPB, both of which cooperate tightly at the cis-regulatory elements of the mim-1 gene. In
both cases affects Celastrol the cooperation with the co-activator p300, which independently
interacts with Myb and C/EBP via the Kix and Taz2 domains, as illustrated schematically in
Fig 6. Although this might appear surprising at first glance, such a two-tiered inhibitory mech-
anism can be rationalized because the activation of the mim-1 gene by Myb is strongly depen-
dent on the cooperation of Myb with C/EBP [30,31]. Furthermore, p300 not only stimulates
the activity of Myb and C/EBPJ individually but also enhances their synergistic behavior [33],
suggesting that Myb, C/EBPP and p300 constitute a transcriptional module in myeloid cells. In
retrospect, it is therefore not too surprising that a compound that was selected for its ability to
strongly inhibit the stimulation of the mim-1 gene by Myb actually inhibits this transcriptional
module by two independent mechanisms. We have recently identified the natural compound
Withaferin A as another highly active inhibitor of Myb-induced mim-1 expression. Interest-
ingly, the analysis of the inhibitory mechanism of Withaferin A has shown that it also acts as a
dual Myb and C/EBP inhibitor [27].

We have previously shown that Celastrol inhibits the proliferation of leukemic cells from
AML patients while not affecting the proliferation of normal hematopoietic progenitors. Fur-
thermore, Celastrol prolonged survival in an in vivo mouse model of an aggressive AML [25].
Recent genome-wide studies have demonstrated that Myb, C/EBPB and p300 together with
several other hematopoietic transcription factors and the bromo-domain protein BRD4 co-
localize at many genomic sites in AML cells to stimulate the activity of so-called “super-
enhancers” that are involved in maintaining the proliferation of the leukemic cells [11].
Although we currently have no evidence that Celastrol affects the activity of super enhancers
in AML cells it is nevertheless conceivable that the inhibition of the Myb-C/EBPB-p300 tran-
scriptional module by Celastrol might diminish the activity of such enhancers, similar to its
effect on the mim-1 enhancer. Thus, our findings suggest the interesting idea that the promis-
ing anti-leukemic effects of Celastrol that we have previously described [25] might be due to
the abrogation of Myb, C/EBPB and p300 function at super-enhancers in AML cells. While
this appears to be an interesting possibility, further work is clearly required to validate this
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Fig 5. Disruption of the C/EBPB-p300 interaction is dependent on cysteine residues in the Taz2 domain of p300. A. Sequence comparison
of the p300 Taz2 domain from human, mouse and chicken. Cysteine and histidine residues involved in coordination of zinc ions and Cys-1789
and Cys-1790 are highlighted. B-D. QT6 fibroblasts transfected with the indicated expression vectors were subjected to GFP-trap experiments
and analyzed as in Fig 3. E. Amino acid sequences of different C/EBP family members implicated in Taz2-binding. Box A and Box B refer to o-
helical regions assumed to directly interact with the Taz2 domain. F. Partial view of the Taz2 domain and its interaction with Box A and Box B
sequences of C/EBPe. The peptide backbones of the Taz2 domain and of CEBPe are shown in brown and turquois, respectively. The position
of Cys-1790 is shown. The figure was created from PDB entry 3t92.

https://doi.org/10.1371/journal.pone.0190934.9005

notion. It should also be kept in mind that Celastrol is an electrophile that can undergo cova-
lent alkylation reactions with cysteine groups in proteins and thereby might affect a panel of
“unspecific” targets. Whether or not Celastrol is an interesting lead molecule for further devel-
opment of therapeutics against leukemia therefore remains to be seen.

Apart from AML, C/EBPP shows pro-oncogenic activities in other tumors, such as tumors
of the colon, prostate, ovaries, kidneys and the stomach, where C/EBPp expression often corre-
lates with increased malignancy and invasive activity of the tumor cells [43-45]. A strong case
has been made for glioblastoma, where high C/EBP expression levels correlate with a poor

Myb-C/EBPf target gene

Fig 6. Model of the inhibition of a transcriptional Myb-C/EBPB-p300 module by Celastrol.

https://doi.org/10.1371/journal.pone.0190934.9006
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prognosis for the patient and C/EBPp together with STAT3 plays a key role in establishing a
mesenchymal gene expression signature that is responsible for the aggressiveness of high-
grade glioblastomas [46-48]. In the hematopoietic system C/EBPJ plays pro-oncogenic roles
in multiple myeloma [49] and anaplastic large cell lymphoma (ALCL) [50]. Overall, C/EBP
therefore appears to be also an interesting drug target in its own right.

Acknowledgments

We thank B.Berkenfeld and P.Pieloch for technical assistance and W.Dérner for help with
mass spectrometry.

Author Contributions
Conceptualization: Anna Coulibaly, Thomas J. Schmidt, Karl-Heinz Klempnauer.
Funding acquisition: Karl-Heinz Klempnauer.

Investigation: Anna Coulibaly, Astrid Haas, Simone Steinmann, Anke Jakobs, Karl-Heinz
Klempnauer.

Validation: Anna Coulibaly, Karl-Heinz Klempnauer.
Visualization: Karl-Heinz Klempnauer.
Writing - original draft: Karl-Heinz Klempnauer.

Writing - review & editing: Anna Coulibaly, Astrid Haas, Simone Steinmann, Thomas J.
Schmidt.

References

1. Ramsay RG, Gonda TJ. Myb function in normal and cancer cells. Nat Rev Cancer 2008; 8: 523-34.
https://doi.org/10.1038/nrc2439 PMID: 18574464

2. Lahortiga |, De Keersmaecker K, Van Vlierberghe P, Graux C, Cauwelier B, Lambert F, et al. Duplica-
tion of the MYB oncogene in T cell acute lymphoblastic leukemia. Nat Genet. 2007; 39: 593-5. https://
doi.org/10.1038/ng2025 PMID: 17435759

3. Clappier E, Cuccuini W, Kalota A, Crinquette A, Cayuela JM, Dik WA, et al. The c-MYB locus is involved
in chromosomal translocation and genomic duplications in human T-cell acute leukemia (T-ALL), the
translocation defining a new T-ALL subtype in very young children. Blood 2007; 110: 1251-61. https://
doi.org/10.1182/blood-2006-12-064683 PMID: 17452517

4. Mansour MR, Abraham BJ, Anders L, Berezovskaya A, Gutierrez A, Durbin AD, et al. Oncogene regula-
tion. An oncogenic super-enhancer formed through somatic mutation of a noncoding intergenic ele-
ment. Science 2014; 346: 1373-7. https://doi.org/10.1126/science.1259037 PMID: 25394790

5. Calabretta B, Sims RB, Valtieri M, Caracciolo D, Szczylik C, Venturelli D, et al. Normal and leukemic
hematopoietic cells manifest differential sensitivity to inhibitory effects of Myb antisense oligodeoxynu-
cleotides: an in vitro study relevant to bone marrow purging. Proc Natl Acad Sci USA 1991; 88: 2351-5.
PMID: 2006173

6. Somervaille TC, Matheny CJ, Spencer GJ, lwasaki M, Rinn JL, Witten DM, et al. Hierarchical mainte-
nance of MLL myeloid leukemia stem cells employs a transcriptional program shared with embryonic
rather than adult stem cells. Cell Stem Cell 2009; 4: 129—40. https://doi.org/10.1016/j.stem.2008.11.
015 PMID: 19200802

7. ZuberJ, Rappaport AR, Luo W, Wang E, Chen C, Vaseva AV, et al. An integrated approach to dissect-
ing oncogene addiction implicates a Myb-coordinated self-renewal program as essential for leukemia
maintenance. Genes Dev. 2011; 25: 1628—140. https://doi.org/10.1101/gad.17269211 PMID:
21828272

8. LovénJ, Hoke HH, Lin CY, Lau A, Orlando D, Vakoc CR, et al. Selective inhibition of tumor oncogenes
by disruption of super-enhancers. Cell 2013; 153: 320—-34. https://doi.org/10.1016/j.cell.2013.03.036
PMID: 23582323

PLOS ONE | https://doi.org/10.1371/journal.pone.0190934  February 2, 2018 15/18


https://doi.org/10.1038/nrc2439
http://www.ncbi.nlm.nih.gov/pubmed/18574464
https://doi.org/10.1038/ng2025
https://doi.org/10.1038/ng2025
http://www.ncbi.nlm.nih.gov/pubmed/17435759
https://doi.org/10.1182/blood-2006-12-064683
https://doi.org/10.1182/blood-2006-12-064683
http://www.ncbi.nlm.nih.gov/pubmed/17452517
https://doi.org/10.1126/science.1259037
http://www.ncbi.nlm.nih.gov/pubmed/25394790
http://www.ncbi.nlm.nih.gov/pubmed/2006173
https://doi.org/10.1016/j.stem.2008.11.015
https://doi.org/10.1016/j.stem.2008.11.015
http://www.ncbi.nlm.nih.gov/pubmed/19200802
https://doi.org/10.1101/gad.17269211
http://www.ncbi.nlm.nih.gov/pubmed/21828272
https://doi.org/10.1016/j.cell.2013.03.036
http://www.ncbi.nlm.nih.gov/pubmed/23582323
https://doi.org/10.1371/journal.pone.0190934

@° PLOS | ONE

Celastrol inhibits C/EBP-p300 interaction

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Whyte WA, Orlando DA, Hnisz D, Abraham BJ, Lin CY, Kagey MH, et al. Master transcription factors
and mediator establish super-enhancers at key cell identity genes. Cell 2013; 153: 307—19. https://doi.
org/10.1016/j.cell.2013.03.035 PMID: 23582322

Hnisz D, Abraham BJ, Lee Tl, Lau A, Saint-André V, Sigova AA, et al. Super-enhancers in the control of
cell identity and disease. Cell 2013; 155: 934—47. https://doi.org/10.1016/j.cell.2013.09.053 PMID:
24119843

Roe J-S, Mercan F, Rivera K, Pappin DJ, Vakoc CR. BET bromodomain inhibition suppresses the func-
tion of hematopoietic transcription factors in acute myeloid leukemia. Mol. Cell 2015; 58: 1028-39.
https://doi.org/10.1016/j.molcel.2015.04.011 PMID: 25982114

Persson M, Andrén Y, Mark J, Horlings HM, Persson F, Stenman G. Recurrent fusion of MYB and NFIB
transcription factor genes in carcinomas of the breast and head and neck. Proc Natl Acad Sci USA
2009; 106: 18740—4. https://doi.org/10.1073/pnas.0909114106 PMID: 19841262

Zhang J, Wu G, Miller CP, Tatevossian RG, Dalton JD, Tang B, et al. Whole-genome sequencing identi-
fies genetic alterations in pediatric low-grade gliomas. Nat Genet 2013; 45: 602—12. https://doi.org/10.
1038/ng.2611 PMID: 23583981

Nerlov C. The C/EBP family of transcription factors: a paradigm for interaction between gene expres-
sion and proliferation control. Trends Cell. Biol. 2007; 17: 318—24. https://doi.org/10.1016/j.tcb.2007.
07.004 PMID: 17658261

Kowenz-Leutz E, Twamley G, Ansieau S, Leutz A. Novel mechanism of C/EBP beta (NF-M) transcrip-
tional control: activation through derepression. Genes Dev. 1994; 8:2781-91. PMID: 7958933

Steinmann S, Coulibaly A, Ohnheiser J, Jakobs A, Klempnauer K-H. Interaction and cooperation of the
CCAAT-box enhancer-binding protein $ (C/EBP) with the homeodomain-interacting protein kinase 2
(Hipk2). J. Biol. Chem. 2013; 288: 22257-69. https://doi.org/10.1074/jbc.M113.487769 PMID:
23782693

Cesefia Tl, Cui TX, Subramanian L, Fulton CT, Ifiiguez-Lluhi JA, Kwok RP, et al. Acetylation and deace-
tylation regulate CCAAT/enhancer binding protein beta at K39 in mediating gene transcription. Mol.
Cell. Endocrinol. 2008; 289: 94-101. https://doi.org/10.1016/j.mce.2008.03.009 PMID: 18486321

Pless O, Kowenz-Leutz E, Knoblich M, Lausen J, Beyermann M, Walsh MJ, et al. G9a-mediated lysine
methylation alters the function of CCAAT/enhancer-binding protein-beta. J. Biol. Chem. 2008; 283:
26357-63. https://doi.org/10.1074/jbc.M802132200 PMID: 18647749

Kowenz-Leutz E, Pless O, Dittmar G, Knoblich M, Leutz A. Crosstalk between C/EBPbeta phosphoryla-
tion, arginine methylation, and SWI/SNF/Mediator implies an indexing transcription factor code. EMBO
J.2010; 29: 1105-15. https://doi.org/10.1038/emboj.2010.3 PMID: 20111005

Eaton EM, Sealy L. Modification of CCAAT/enhancer-binding protein-beta by the small ubiquitin-like
modifier (SUMO) family members, SUMO-2 and SUMO-3. J. Biol. Chem. 2003; 278: 33416-21. https:/
doi.org/10.1074/jbc.M305680200 PMID: 12810706

Descombes P, Schibler U. A liver-enriched transcriptional activator protein, LAP, and a transcriptional
inhibitory protein, LIP, are translated from the same mRNA. Cell 1991; 67: 569-79. PMID: 1934061

Calkhoven CF, Miller C, Leutz A. Translational control of C/EBPa and C/EBP isoform expression.
Genes Dev. 2000; 14: 1920-32. PMID: 10921906

Buijnicki T, Wilczek C, Schomburg C, Feldmann F, Schlenke P, Miiller-Tidow C, et al. Inhibition of Myb-
dependent gene expression by the sesquiterpene lactone mexicanin-l. Leukemia 2012; 26: 615-22.
https://doi.org/10.1038/leu.2011.275 PMID: 21986841

Uttarkar S, Dukare S, Bopp B, Goblirsch M, Jose J, Klempnauer K-H. Naphthol AS-E phosphate inhibits
the activity of the transcription factor Myb by blocking the interaction with the KIX domain of the coacti-
vator p300. Mol. Cancer Ther. 2015; 14: 1276-85. https://doi.org/10.1158/1535-7163.MCT-14-0662
PMID: 25740244

Uttarkar S, Dassé E, Coulibaly A, Steinmann S, Jakobs A, Schomburg C, et al. Targeting acute myeloid
leukemia with a small molecule inhibitor of the Myb/p300 interaction. Blood 2015; 127: 1173-82.
https://doi.org/10.1182/blood-2015-09-668632 PMID: 26631113

Uttarkar S, Piontek T, Dukare S, Schomburg C, Schlenke P, Berdel WE, et al. Small-molecule disrup-
tion of the Myb/p300 cooperation targets acute myeloid leukemia cells. Mol. Cancer Ther. 2016; 15:
2905-15. https://doi.org/10.1158/1535-7163.MCT-16-0185 PMID: 27707899

Falkenberg KD, Jakobs A, Matern JC, Dérner W, Uttarkar S, Trentmann A, et al. Withaferin A, a natural
compound with anti-tumor activity, is a potent inhibitor of transcription factor C/EBP Biochim. Biophys.
Acta 2017; 1864: 1349-58. https://doi.org/10.1016/j.bbamcr.2017.05.003 PMID: 28476645

Jakobs A, Uttarkar S, Schomburg C, Steinmann S, Coulibaly A, Schlenke P, et al. An isoform-specific
C/EBPg inhibitor targets acute myeloid leukemia cells. Leukemia 2016; 30: 1612-5. https://doi.org/10.
1038/leu.2016.16 PMID: 26854027

PLOS ONE | https://doi.org/10.1371/journal.pone.0190934  February 2, 2018 16/18


https://doi.org/10.1016/j.cell.2013.03.035
https://doi.org/10.1016/j.cell.2013.03.035
http://www.ncbi.nlm.nih.gov/pubmed/23582322
https://doi.org/10.1016/j.cell.2013.09.053
http://www.ncbi.nlm.nih.gov/pubmed/24119843
https://doi.org/10.1016/j.molcel.2015.04.011
http://www.ncbi.nlm.nih.gov/pubmed/25982114
https://doi.org/10.1073/pnas.0909114106
http://www.ncbi.nlm.nih.gov/pubmed/19841262
https://doi.org/10.1038/ng.2611
https://doi.org/10.1038/ng.2611
http://www.ncbi.nlm.nih.gov/pubmed/23583981
https://doi.org/10.1016/j.tcb.2007.07.004
https://doi.org/10.1016/j.tcb.2007.07.004
http://www.ncbi.nlm.nih.gov/pubmed/17658261
http://www.ncbi.nlm.nih.gov/pubmed/7958933
https://doi.org/10.1074/jbc.M113.487769
http://www.ncbi.nlm.nih.gov/pubmed/23782693
https://doi.org/10.1016/j.mce.2008.03.009
http://www.ncbi.nlm.nih.gov/pubmed/18486321
https://doi.org/10.1074/jbc.M802132200
http://www.ncbi.nlm.nih.gov/pubmed/18647749
https://doi.org/10.1038/emboj.2010.3
http://www.ncbi.nlm.nih.gov/pubmed/20111005
https://doi.org/10.1074/jbc.M305680200
https://doi.org/10.1074/jbc.M305680200
http://www.ncbi.nlm.nih.gov/pubmed/12810706
http://www.ncbi.nlm.nih.gov/pubmed/1934061
http://www.ncbi.nlm.nih.gov/pubmed/10921906
https://doi.org/10.1038/leu.2011.275
http://www.ncbi.nlm.nih.gov/pubmed/21986841
https://doi.org/10.1158/1535-7163.MCT-14-0662
http://www.ncbi.nlm.nih.gov/pubmed/25740244
https://doi.org/10.1182/blood-2015-09-668632
http://www.ncbi.nlm.nih.gov/pubmed/26631113
https://doi.org/10.1158/1535-7163.MCT-16-0185
http://www.ncbi.nlm.nih.gov/pubmed/27707899
https://doi.org/10.1016/j.bbamcr.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28476645
https://doi.org/10.1038/leu.2016.16
https://doi.org/10.1038/leu.2016.16
http://www.ncbi.nlm.nih.gov/pubmed/26854027
https://doi.org/10.1371/journal.pone.0190934

@° PLOS | ONE

Celastrol inhibits C/EBP-p300 interaction

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Jakobs A, Steinmann S, Henrich SM, Schmidt TJ, Klempnauer K-H. Helenalin acetate, a natural sesqui-
terpene lactone with anti-inflammatory and anti-cancer activity, disrupts the cooperation of CCAAT-box/
enhancer-binding protein beta (C/EBP) and co-activator p300. J. Biol. Chem. 2016; 291: 26098—108.
https://doi.org/10.1074/jbc.M116.748129 PMID: 27803164

Burk O, Mink S, Ringwald M, Klempnauer K-H. Synergistic activation of the chicken mim-1 gene by v-
myb and C/EBP transcription factors. EMBO J. 1993; 12: 2027-38. PMID: 8491193

Ness SA, Kowenz-Leutz E, Casini T, Graf T, Leutz A. Myb and NF-M: combinatorial activators of mye-
loid genes in heterologous cell types. Genes Dev. 1993; 7: 749-59. PMID: 7684005

Lane MD, Tang QQ, Jiang MS. Role of the CCAAT enhancer binding proteins (C/EBPs) in adipocyte dif-
ferentiation. Biochem. Biophys. Res. Commun. 1999; 266: 677—-83. https://doi.org/10.1006/bbrc.1999.
1885 PMID: 10603305

Mink S, Haenig B, Klempnauer K-H. Interaction and functional collaboration of p300 and C/EBP. Mol.
Cell. Biol. 1997; 17: 6609—17. PMID: 9343424

Plachetka A, Chayka O, Wilczek C, Melnik S, Bonifer C, Klempnauer K-H. C/EBP induces chromatin
opening at a cell-type-specific enhancer. Mol. Cell. Biol. 2008; 28: 2102—-12. https://doi.org/10.1128/
MCB.01943-07 PMID: 18195047

Cao Z, Umek RM, McKnight SL. Regulated expression of three C/EBP isoforms during adipose conver-
sion of 3T3-L1 cells. Genes Dev. 1991; 5: 1538-52. PMID: 1840554

Mink S, Kerber U, Klempnauer K-H. Interaction of C/EBPbeta and v-Myb is required for synergistic acti-
vation of the mim-1 gene. Mol Cell Biol 1996; 16: 1316-25. PMID: 8657104

Schwartz C, Beck K, Mink S, Schmolke M, Budde B, Wenning D, et al. Recruitment of p300 by C/EBP-
beta triggers phosphorylation of p300 and modulates coactivator activity. EMBO J. 2003; 22: 882—92.
https://doi.org/10.1093/emboj/cdg076 PMID: 12574124

Steinmann S, Schulte K, Beck K, Chachra S, Bujnicki T, Klempnauer K-H. v-Myc inhibits C/EBPbeta
activity by preventing C/EBPbeta-induced phosphorylation of the co-activator p300. Oncogene 2009;
28: 2446-55. https://doi.org/10.1038/0nc.2009.90 PMID: 19448669

Salminen A, Lehtonen M, Paimela T, Kaarniranta K. Celastrol: Molecular targets of Thunder God Vine.
Biochem. Biophys. Res. Commun. 2010; 394: 439—42. https://doi.org/10.1016/j.bbrc.2010.03.050
PMID: 20226165

De Guzman RN, Liu HY, Martinez-Yamout M, Dyson HJ, Wright PE. Solution structure of the TAZ2
(CHB3) domain of the transcriptional adaptor protein CBP. J. Mol. Biol. 2000; 303: 243-53. https://doi.
org/10.1006/jmbi.2000.4141 PMID: 11023789

Bhaumik P, Davis J, Tropea JE, Cherry S, Johnson PF, Miller M. Structural insights into interactions of
C/EBP transcriptional activators with the Taz2 domain of p300. Acta Crystallogr. D Biol. Crystallogr.
2014; 70: 1914-21.

Erickson RL, Hemati N, Ross SE, MacDougald OA. p300 coactivates the adipogenic transcription factor
CCAAT/enhancer-binding protein alpha. J. Biol. Chem. 2001; 276: 16348-55. PMID: 11340085

Rask K, Thérn M, Pontén F, Kraaz W, Sundfeldt K, Hedin L, et al. Increased expression of the transcrip-
tion factors CCAAT-enhancer binding protein-beta (C/EBPbeta) and C/EBPzeta (CHOP) correlate with
invasiveness of human colorectal cancer. Int. J. Cancer 2000; 86: 337—-43. PMID: 10760820

Kim MH, Minton AZ, Agarwal V. C/EBPbeta regulates metastatic gene expression and confers TNF-
alpha resistance to prostate cancer cells. Prostate 2009; 69: 1435—-47. https://doi.org/10.1002/pros.
20993 PMID: 19489038

Regalo G, Forster S, Resende C, Bauer B, Fleige B, Kemmner W, et al. C/EBPf regulates homeostatic
and oncogenic gastric cell proliferation. J. Mol. Med. 2016; 94: 1385-95. https://doi.org/10.1007/
s00109-016-1447-7 PMID: 27522676

Homma J, Yamanaka R, Yajima N, Tsuchiya N, Genkai N, Sano M, et al. Increased expression of
CCAAT/enhancer binding protein beta correlates with prognosis in glioma patients. Oncol. Rep. 2006;
15: 595-601. PMID: 16465418

Aguilar-Morante D, Morales-Garcia JA, Santos A, Perez-Castillo A. CCAAT/enhancer binding protein
beta induces motility and invasion of glioblastome cells through transcriptional regulation of the calcium
binding protein S100A4. Oncotarget 2015; 6: 4369-84. https://doi.org/10.18632/oncotarget.2976
PMID: 25738360

Carro MS, Lim WK, Alvarez MJ, Bollo RJ, Zhao X, Snyder EY, et al. The transcriptional network for
mesenchymal transformation of brain tumours. Nature 2010; 463: 318-27. https://doi.org/10.1038/
nature08712 PMID: 20032975

Pal R, Janz M, Galson DL, Gries M, Li S, Jéhrens K, et al. C/EBPbeta regulates transcription factors crit-
ical for proliferation and survival of multiple myeloma cells. Blood 2009; 114: 3890-8. https://doi.org/10.
1182/blood-2009-01-201111 PMID: 19717648

PLOS ONE | https://doi.org/10.1371/journal.pone.0190934  February 2, 2018 17/18


https://doi.org/10.1074/jbc.M116.748129
http://www.ncbi.nlm.nih.gov/pubmed/27803164
http://www.ncbi.nlm.nih.gov/pubmed/8491193
http://www.ncbi.nlm.nih.gov/pubmed/7684005
https://doi.org/10.1006/bbrc.1999.1885
https://doi.org/10.1006/bbrc.1999.1885
http://www.ncbi.nlm.nih.gov/pubmed/10603305
http://www.ncbi.nlm.nih.gov/pubmed/9343424
https://doi.org/10.1128/MCB.01943-07
https://doi.org/10.1128/MCB.01943-07
http://www.ncbi.nlm.nih.gov/pubmed/18195047
http://www.ncbi.nlm.nih.gov/pubmed/1840554
http://www.ncbi.nlm.nih.gov/pubmed/8657104
https://doi.org/10.1093/emboj/cdg076
http://www.ncbi.nlm.nih.gov/pubmed/12574124
https://doi.org/10.1038/onc.2009.90
http://www.ncbi.nlm.nih.gov/pubmed/19448669
https://doi.org/10.1016/j.bbrc.2010.03.050
http://www.ncbi.nlm.nih.gov/pubmed/20226165
https://doi.org/10.1006/jmbi.2000.4141
https://doi.org/10.1006/jmbi.2000.4141
http://www.ncbi.nlm.nih.gov/pubmed/11023789
http://www.ncbi.nlm.nih.gov/pubmed/11340085
http://www.ncbi.nlm.nih.gov/pubmed/10760820
https://doi.org/10.1002/pros.20993
https://doi.org/10.1002/pros.20993
http://www.ncbi.nlm.nih.gov/pubmed/19489038
https://doi.org/10.1007/s00109-016-1447-7
https://doi.org/10.1007/s00109-016-1447-7
http://www.ncbi.nlm.nih.gov/pubmed/27522676
http://www.ncbi.nlm.nih.gov/pubmed/16465418
https://doi.org/10.18632/oncotarget.2976
http://www.ncbi.nlm.nih.gov/pubmed/25738360
https://doi.org/10.1038/nature08712
https://doi.org/10.1038/nature08712
http://www.ncbi.nlm.nih.gov/pubmed/20032975
https://doi.org/10.1182/blood-2009-01-201111
https://doi.org/10.1182/blood-2009-01-201111
http://www.ncbi.nlm.nih.gov/pubmed/19717648
https://doi.org/10.1371/journal.pone.0190934

o @
@ ’ PLOS | ONE Celastrol inhibits C/EBPB-p300 interaction

50. PivaR, Pellegrino E, Mattioli M, Agnelli L, Lombardi L, Boccalatte F, et al. Functional validation of the
anaplastic lymphoma kinase signature identifies CEBPB and BCL2A1 as critical target genes. J. Clin.
Invest. 2006; 116: 3171-82. https://doi.org/10.1172/JCI29401 PMID: 17111047

PLOS ONE | https://doi.org/10.1371/journal.pone.0190934  February 2, 2018 18/18


https://doi.org/10.1172/JCI29401
http://www.ncbi.nlm.nih.gov/pubmed/17111047
https://doi.org/10.1371/journal.pone.0190934

