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The transcription factor (TF) mediated regulation 
of gene expression is a process fundamental to all 
biological and physiological processes. Genetic changes 
and epigenetic modifications of TFs affect target gene 
expression during the formation of malignant cells. 
Extensive work has been done on the critical TFs in 
various disease models. Despite the success of numerous 
TF-targeted therapies, there remain significant hurdles 
understanding the mechanisms, transcriptional targets 
and networks of physiologic pathways that govern TF 
action. This effort is now beginning to produce exciting 
new avenues of research. 

A clinically relevant topic for genetic change of TF is 
the mutant isoforms of p53, the most famous tumor 
suppressor. The p53 mutations either results in loss of 
function, or acting as dominant negative for wild-type 
protein, or ‘gain of function’ specifically promoting 
cancer survival. The gain of function is achieved by 
shifting p53 binding partner proteins, or changed 
genomic binding landscape leading to a cancer-
promoting transcriptome. Another example of genetic 
change of TF causing malignancy is the AML-ETO 
fusion protein in the human t(8;21)-leukemia. The 
fusion protein is an active TF, and more interestingly, 

new studies link the disease causing role of AML-ETO to the unique transcriptome in the 
hematopoietic stem cells. Nuclear receptors (NR) are a group of ligand-dependent TFs 
governing the expression of genes involved in a broad range of reproductive, developmental and 
metabolic programs. Genetic changes and epigenetic modifications of NRs lead to cancers and 
metabolic diseases. Androgen receptor (AR), estrogen receptor (ER) and progesterone receptor 
(PR) are well studied NRs in prostate, breast and endometrial cancers. The development in 
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JH, Jeon YJ, Chung CH. Ubiquitin-fold 
modifier 1 acts as a positive regulator 
of breast cancer. Front Endocrinol 
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sequencing technology and computational genomics enable us to investigate the transcription 
programs of these master TFs in an unprecedented level. 

This Research Topic aims to present the most up-to-date progress in the field of transcription 
regulation in cancers and metabolic diseases.
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I am privileged to edit this Research Topic, Transcriptional Regulation in Cancers and Metabolic
Diseases under the guidance of Dr. Carol Prives. We hereby thank Drs. Antonino Belfiore and Claire
Perks for giving us the opportunity of editing the Research Topic. Given the large number of recent
publications on transcriptional regulation, this Research Topic is timely needed. It covers many
research hotspots, including p53’s gain-of-functionmutation, p63’s role in epithelial cells, mitosis- or
senescence-related transcription, and cancer-specific exosome. Overall, this Research Topic reviews
and updates the current trends in transcriptional regulation.

TwoMini Reviews summarize the roles of heat shock proteins in transcriptional regulation (1, 2).
In the first Mini Review, Alexandrova and Marchenko focused on a heat shock protein HSF1 in
mutant p53 (mutp53)-mediated oncogenic activation. They highlighted a novel connection between
HSF1 and mutp53 and hypothesized that pharmaceutically disrupting HSF1-mutp53 cooperation
might be beneficial to cancer patients. In the second Mini Review, Khurana and Bhattacharyya
outlined mechanisms through which another heat shock protein HSP90 activates gene expression.
That is, HSP90 co-activates transcription factors, interacts with chromatin remodeling factors, and
evicts histones from certain gene promoters.

Three Reviews explain transcriptional regulation of fate-determining transcription factors or
cofactors (3–5). In the first Review, Yoh and Prywes illustrated the regulatory network that impinges
upon the key epithelial transcription factor p63. In the second Review, Yoo and colleagues focused
on a ubiquitin-fold modifier, UFM1 in breast cancer. In the third Review, Sun and colleagues
categorized lysine acetyltransferases in normal and abnormal development of blood cells. Notably,
Sun et al. reported current drug developments in lysine acetyltransferase inhibitors.

Two Original research articles evaluate transcriptional regulation in uveal melanoma and aging,
respectively (6, 7). In the first Original research article, Huffman, Carstens, and Martinez profiled
the expression levels of 48 human NRs across a panel of cell lines from uveal melanoma, cutaneous
melanoma and melanocytes. In addition, the NR-to-NR and NR-to-genome expression correlation
analyses identified RXRγ as a potential driver for melanoma-specific signaling, and ERRα as the
uveal-melanoma-specific NR. In the second Original research article, Ma and colleagues analyzed
microarray data of differentially expressed genes after the knockdown of the cellular senescence-
inhibited gene (CSIG). CSIG, originally identified by this research group, is critical in regulating
cell senescence, cell cycle progression, stress response, and tumor metastasis. In this article, they
discovered novel CSIG targets that correlate with senescence. Interestingly, they inferred that CSIG
regulates the stability of certain target-gene transcripts.

Nath and colleagues presented an interesting Review on mitotic proteins in cancer development
(8). As the authors pointed out, deregulated transcriptional regulation of mitotic genes are common
in cancers, yet mutations are rarely observed for mitotic genes. Cell cycle-related transcription
program is interesting and warrants further investigation.
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One Review and one Opinion article appraised the possible
use of exosome in early cancer diagnosis (9, 10). In the Review
article, Qin and colleagues summarized the recent progress on
the identification of miRNAs from tumor samples. They grouped
different miRNAs based on their location as the cytosolic, body-
fluid or exosomal miRNAs. The authors proposed exosomal miR-
NAs as diagnostic biomarkers for lung tumors. In addition, they
described the current methods for the isolation and detection of
these RNAs in the tumor samples. Moreover, the authors hypoth-
esized how miRNAs have been transported/released into body
fluids from the tumor cells. In accompanying Opinion article,
Oltra supported cancer-associated exosome in cancer diagnosis
and prognosis.

In the end of this Research Topic, Davis and colleagues pre-
sented a very interesting Review on Nanotetrac in treating can-
cers (11, 12). In many cancers, Thyroid hormones, T3 and T4
have pro-angiogenic effects, which might be mediated by αVβ3

integrin. Nanotetrac is a nanoparticulate preparation of a T4
substitute, tetrac. Nanotetrac blocks T4-triggered αVβ3-mediated
transcriptional regulation. Therefore, Nanotetrac might be useful
in treating cancers.

By compiling all these excellent manuscripts into one
Research Topic, we hope that our readers will find this
Research Topic enlightening. We owe our thanks to the staff of
Frontiers Endocrinology Office, for their work in the completion
of this Research Topic. We are particularly thankful to Davor
Vidic, Shaun Evans, Caroline Drage and Byron Bitanihirwe
for help in communicating with authors during initiation
and completion of the Research Topic. All authors in this
Research Topic have provided their broad perspectives on
transcriptional regulation, whose insightful thoughts will both
benefit the field and be appreciated by fellow researchers. We are
indebted to our reviewers/review editors for their contribution to
this work.
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Mutant p53 – heat shock response
oncogenic cooperation: a new
mechanism of cancer cell survival
Evguenia M. Alexandrova and Natalia D. Marchenko*

Department of Pathology, Stony Brook University, Stony Brook, NY, USA

The main tumor suppressor function of p53 as a “guardian of the genome” is to respond
to cellular stress by transcriptional activation of apoptosis, growth arrest, or senescence in
damaged cells. Not surprisingly, mutations in the p53 gene are the most frequent genetic
alteration in human cancers. Importantly, mutant p53 (mutp53) proteins not only lose their
wild-type tumor suppressor activity but also can actively promote tumor development.
Two main mechanisms accounting for mutp53 proto-oncogenic activity are inhibition
of the wild-type p53 in a dominant-negative fashion and gain of additional oncogenic
activities known as gain-of-function (GOF). Here, we discuss a novel mechanism of
mutp53 GOF, which relies on its oncogenic cooperation with the heat shock machinery.
This coordinated adaptive mechanism renders cancer cells more resistant to proteotoxic
stress and provides both, a strong survival advantage to cancer cells and a promising
means for therapeutic intervention.

Keywords: mutant p53, GOF, heat shock response, HSF1, Her2, Neu, EGFR

Oncogenic Functions of Mutant p53

Mutations in the p53 tumor suppressor gene are the most frequent tumor-associated genetic alter-
ations throughout the entire spectrum of human cancers (1). In contrast to other tumor suppressors
that are commonly inactivated by frameshift and nonsense mutations resulting in loss-of-function,
the majority of p53 alterations are missense mutations clustered in six “hot-spots” of the DNA-
binding domain of p53 (2). Numerousmousemodels, in vitro and clinical studies have demonstrated
that in addition to simple loss of the tumor suppressor function of p53, many mutant p53 (mutp53)
proteins gain neomorphic oncogenic activities, termed as gain-of-function (GOF) (2, 3). These
GOF activities contribute to malignant transformation by enhancing cells proliferation, invasion,
metastatic ability, and chemoresistance (2, 3). The concept of mutp53 GOF is strongly supported by
human clinical studies on Li–Fraumeni syndrome (LFS) patients carrying germline p53 mutations
and by GOF mouse models (4–7). Thus, several studies have found that the median age of cancer
onset in LFS patients withmutp53missensemutations is 9–20 years earlier than in LFS patients with
loss of p53 expression (8, 9). Moreover, clinical evaluation of 1,794 breast cancer patients revealed
that somatic p53 mutations are also associated with a shorter overall survival, independently of
stage, grade, and hormone receptors status (10), similarly to other cancer types harboring mutp53
(1). This is fully confirmed by mouse mutp53 knock-in models, manifesting GOF by increased

Abbreviations: EGFR, epidermal growth factor receptor; GOF, gain-of-function; HSE, heat shock elements; HSF1, heat shock
factor 1; HSP, heat shock protein; LFS, Li–Fraumeni syndrome; mutp53, mutant p53; NF1, neurofibromatosis type 1; PDGFR,
platelet-derived growth factor receptor.
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metastases, broader tumor spectrum, more invasive tumor fronts,
more malignant histology, and higher tumor bulk compared to
p53-null tumors (4–7).

A broad spectrum of GOF activities has been described for
mutp53 [reviewed in Ref. (2, 3)]. Among the most prominent
ones is the ability of mutp53 to promote cells proliferation, inva-
sion, and motility by stimulating signal transduction pathways
downstream of growth factor receptors, such as TGFβ receptor
(11), EGFR (4, 12, 13), MET (14), PDGFRβ (15), as well as
ErbB2/Her2 (4, 13) discussed below. Also, a number of in vitro
and in vivo studies have described a critical role of mutp53 in
tumor initiation via enhanced generation and expansion of cell
populations with stem cell/cancer stem cell properties (4, 5, 16,
17). In addition, recent reports indicate that mutp53 promotes the
inflammatory response and inflammation-associated cancers by
stimulating NF-κB activation (18, 19). Finally, a novel intriguing
mutp53 GOF activity has been described in tumor-associated
fibroblasts (20, 21), suggesting that mutp53 can play oncogenic
roles not only in cancer cells but also in the tumor stromal
cells.

Mechanistically, although the majority of mutp53 missense
mutations map to its DNA-binding domain, mutp53 GOF activ-
ities are still largely attributed to transcriptional regulation of
specific target genes, which differ from typical wild-type p53
targets [reviewed in Ref. (2)]. While mutp53-specific DNA con-
sensus sites have not been identified, it appears that mutp53 is a
potentmodulator of other transcription factors and co-factors, via
regulation of their DNA binding and transcriptional properties,
such as p63 (11, 12, 22, 23), p73 (22), SP1 (24), SREBP (25), and
others [reviewed in Ref. (2, 3)] including the master heat shock
regulator HSF1 (13), discussed below.

A critical feature of most mutp53-harboring tumors is signifi-
cantly increased mutp53 protein stability, manifested by massive
mutp53 accumulation in tumors, but not in normal tissues (6,
26). We and others showed that cancer-specific accumulation of
mutp53 is crucial for many aspects of tumorigenesis and is the
key determinant ofmutp53GOF in vitro and in vivo (7, 11, 27, 28).
Thus, acute downregulation of stabilizedmutp53 byRNA interfer-
ence (RNAi) strongly inhibits malignant phenotypes (11, 27, 28).
For example, we found that stable and Tet-inducible knockdown
of endogenous mutp53 in breast (MDA231) and colon (SW480)
cancer cells by p53 RNAi dramatically inhibits growth of these
human cancer cells in vitro and in xenografts and their invasive
properties (28). These data are consistent with other reports show-
ing thatmutp53 downregulation by RNAi suppresses invasion (11,
28), restores normalmammary architecture in 3D culture of breast
cancer cell lines (25), and inhibitsmetastasis in vivo (11, 15). Thus,
cancer cells appear to be addicted to high levels ofmutp53 for their
survival and oncogenic properties.

Addiction of cancer cells to stabilized mutp53 underscores the
translational significance of mutp53 as a promising therapeutic
target. However, targeting mutp53 by conventional modalities
is a very challenging task, since mutp53 is neither an enzyme
nor a cell surface protein. Therefore, one promising alternative
for abolishing mutp53 GOF in mutp53-harboring cancers could
be its depletion/destabilization. We recently proposed that this
could be achieved by exploiting mutp53 interdependence with

the heat shock response machinery (13, 28, 29). Thus, we showed
that mutp53 has a novel GOF activity as an essential regulator of
protein homeostasis in cancer. Specifically, it augments the pro-
survival heat shock response machinery via activating the master
transcriptional regulator heat shock factor 1 (HSF1), which in a
positive feed-forward loop further stabilizes mutp53 itself, along
with other tumor-promoting clients (13). This novel oncogenic
GOF activity of mutp53 may represent a unique adaptive mech-
anism for superior survival of mutp53-harboring cancer cells in
the hostile tumor environment.

Mutant p53 and the Heat Shock Response

Inherent to malignant transformation is the constant proteotoxic
stress due to aneuploidy, accumulation of reactive oxygen species
(ROS), hypoxia, acidosis, and accumulation of mutated, confor-
mationally aberrant proteins (30–32). To overcome these poten-
tially deadly conditions for their survival, cancer cells heavily
depend on molecular chaperones, heat shock proteins (HSPs),
whose induction in cancer constitutes the powerful adaptive pro-
survival mechanism known as the heat shock response (32).
Under proteotoxic stress, induction of HSPs restores protein
homeostasis by repairing and proper folding of damaged and
mutated proteins with aberrant conformation. HSPs induction in
cancer cells is triggered by the transcription factorHSF1 that binds
to unique DNA sequence motifs known as heat shock elements
(HSEs) in the promoters of HSPs, inducing their transcription
(33). In unstressed cells, HSF1 is sequestered by HSP90 predomi-
nantly in the cytoplasm (30). However, proteotoxic stress induces
HSF1 phosphorylation, liberation from the HSP90 inhibitory
complex, trimerization, and translocation to the nucleus to acti-
vate HSPs expression (34). It has been shown that phospho-
rylation of HSF1 at serine 326 (pSer326) is pivotal to render
HSF1 transcriptionally competent (30, 34). Also, HSF1 stabiliza-
tion and activation may be induced by genetic changes such as
loss of the neurofibromatosis type 1 (NF1) tumor suppressor
gene (35).

The essential role of HSF1 in malignant transformation and
progression is well documented in literature. Specifically, HSF1
induces a diverse array of HSP-mediated pro-survival mecha-
nisms, including stabilization of oncogenic clients, altered glu-
cose metabolism and signal transduction, and upregulation of
protein translation (4, 32, 35, 36). Interestingly, a recent study
by the Linquist group has shown that HSF1 has both distinct
and overlapping activities in the maintenance of normal pro-
tein homeostasis vs. tumorigenesis (36). In cancer HSF1 orches-
trates, a wide range of fundamental cellular processes that are
not related to heat shock response but are critical for malig-
nant transformation and maintenance, including cell-cycle con-
trol, ribosomal biogenesis, protein translation, and inhibition of
apoptosis (36). Importantly, cancer-specific HSF1-bound genes
(“HSF1 cancer signature”) were found enriched in the biopsies
of human breast, colon, and lung tumors and strongly corre-
lated with poor patient outcomes underscoring the critical role
of HSF1 in tumorigenesis (36). In agreement, another clinical
study found HSF1 upregulation in 80% of breast cancers, which
was also associated with high histologic grade and increased
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mortality (37). Finally, the pivotal role of HSF1 in tumorigenesis
is demonstrated in various animal cancer models. For example,
genetic deficiency of HSF1 dramatically reduces mammary tumor
formation in the Her2/Neu mouse model (38), tumorigenesis in
the DMBA-induced skin carcinogenesis and in themutp53mouse
models (31).

The connection between mutp53 and heat shock response has
been known for nearly two decades (39). Thus, mutp53 and
HSP90 (one of themost exploredHSF1 transcription targets) were
shown to physically interact, which was linked to cancer-specific
mutp53 stabilization (28, 29, 39, 40). We and others subsequently
demonstrated that pharmacological or RNAi-mediated inhibition
of HSP90 leads to ubiquitination and proteasomal degradation of
mutp53, mediated by the E3 ubiquitin ligases MDM2 and CHIP
(28, 29, 40, 41). Moreover, it is likely that other E3 ligases might
be involved as well. Thus, a recent report suggests that arsenic
trioxide, a drug used to treat acute promyelocytic leukemia, coop-
erates with HSP90 inhibitors and promotes mutp53 degradation
in tumor cells by the Pirh2 ubiquitin ligase (42). It would be inter-
esting to see whether Pirh2 is inhibited by HSPs during malignant
transformation similarly to MDM2 and CHIP (29, 40), leading
to mutp53 aberrant stabilization, and fueling of its oncogenic
properties.

An important evidence for mutp53-HSP90 oncogenic coop-
eration comes from the studies showing that HSP90 inhibition
shows preferential cytotoxicity in mutp53 – rather than in wild-
type p53 or p53null – cancer cells and destabilizes mutp53
(28, 29). In vivo studies also provide compelling evidence for
mutp53-heat shock response oncogenic cooperation. Thus, HSF1
genetic deficiency prolonged median overall survival of mutp53
mice (R172H) in a dose-dependent manner, from 427 to 470
to >622 days in HSF1+/+ vs. HSF1+/− vs. HSF1−/− animals,
respectively (31). This strongly suggests that either (i) HSF1/HSPs
directly maintain mutp53 levels/activity or (ii) the oncogenicity
of mutp53 critically depends on HSF1 and/or HSF1-mediated
transcriptional program, or both. Although mutp53 levels were
not examined in this study (31), it is tempting to speculate that
they were reduced in HSF1-deficient tumors as a result of insuffi-
cient transcriptional upregulation of HSP90, leading to restrained
malignant transformation. In support of this idea, we previously
showed that shRNA-mediated knockdown of HSF1 in mutp53
cancer cells induces rapid destabilization of mutp53 and reduces
its half-life, along with reduction of HSP90 levels (29). Further
studies are needed to confirm this idea in vivo and to test the
other possible mechanisms of mutp53-HSF1 oncogenic cooper-
ation. Besides that, it would be interesting to examine whether
other HSF1 transcriptional chaperone targets besides HSP90,
e.g., HSP70 and HSP27, also can stabilize mutp53 in cancer
cells and via what mechanisms. Interestingly, a novel mechanism
of mutp53 degradation via chaperone-mediated autophagy was
recently reported. It has been shown that heat shock cognate
protein 70 (HSC70), a constitutive cytosolic protein (not regulated
byHSF1), can targetmutp53 to lysosomal degradation, but only in
non-proliferating tumor cells under the condition of proteasomal
and macroautophagy inhibition (43). However, the importance
of this mechanism in proliferating cancer cells remains to be
elucidated.

Mutant p53 Induces HSF1 Transcriptional
Activity via Her2 and EGFR

Although mechanisms regulating the heat shock response in
tumor cells are not fully understood, it is well established that heat
shock response strongly depends on the transcriptional activity
of HSF1. Stress-activated transcriptionally competent form of
HSF1 is a homo-trimer, which can be post-translationally mod-
ified resulting in HSF1 nuclear translocation and binding to
HSP promoters (27, 30). In response to proteotoxic stress, HSF1
becomes phosphorylated at serine 326, which is essential forHSF1
transcriptional activity (27, 31).

A number of studies suggest that the Her2/EGFR2/Neu sig-
naling pathway is an important activator of HSF1, at least in
breast cancer. Thus, Her2 overexpression in MCF7 cells leads
to increased HSF1 levels and its trimerization (44). Also, HSF1
is necessary and sufficient for Her2-induced transformation of
normal breast epithelial cells MCF10A in vitro (45). Finally, HSF1
genetic knockout significantly reduces mammary tumorigenesis
in the ErbB2 transgenic mouse model (38). Clinically, the pres-
ence of high levels of nuclear HSF1 in Her2-positive mammary
tumors correlates with poor patient prognosis (37). Moreover,
recent studies demonstrate existence of a linear signaling pathway
between Her2 and HSF1 in Her2-positive breast cancer, both
in vitro (13, 46, 47) and in vivo (4, 47). Thus, Schulz et al. showed
that Her2 overexpression constitutively activates HSF1, resulting
in stabilization of HSP90 clients, such as MIF, AKT, mutp53,
and HSF1 itself (47). Moreover, pharmacological inhibition of
Her2 strongly suppresses HSF1 activation in vitro and in the
Her2 mouse transgenic model, which correlates with reduced
mammary tumor progression (13, 47). Mechanistically, Her2
signals via the phosphoinositide-3 kinase (PI3K)–AKT axis to
induce pSer326 phosphorylation of HSF1 and its transcriptional
activity (47).

Intriguingly, the Lindquist group found that activation of HSF1
can be triggered not only by environmental and proteotoxic insults
but also by genetic alterations. Thus, loss of the tumor suppres-
sor gene neurofibromatosis type 1 (NF1) increases HSF1 levels
and induces HSF1 phosphorylation at Ser326, which depends
on dysregulated RAS/MAPK signaling, suggesting a key role of
RAS/MAPK pathway in the transcriptional activation of HSF1
(35). Consistently, Stanhill et al. showed that RAS activation
induces HSF1-mediated upregulation of HSP70 (48). These find-
ings are strongly supported by clinical data. Thus, elevated expres-
sion of HSF1 and pSer326-HSF1 was found in surgical specimens
ofmalignant peripheral nerve sheath tumors driven by loss of NF1
(35). Given the importance of HSF1 in cancer cell physiology (36),
it will be interesting to see whether loss of other tumor suppressor
genes, especially those leading to MAPK/PI3K pathway activa-
tion, could trigger transcriptional activity of HSF1 in different
tumor types.

How exactly does mutp53 cooperate with HSF1 in cancer? On
one hand, as mentioned above, HSF1 genetic ablation profoundly
alleviates tumorigenesis driven by mutp53 in vivo (31), which
could be due to insufficient levels of HSP90 to support mutp53
accumulation in tumors (29, 39, 40). On the other hand, our
recent findings demonstrate that mutp53 is also an important
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determinant of HSF1 activity. Thus, overexpression of various
mutp53 alleles in cancer cell lines leads to upregulation of HSF1,
with concurrent increase in heat shock response and prototypical
HSP clients (13). Furthermore, we found that this mutp53-HSF1
positive feed-forward loop depends on growth factor receptor
signaling, specifically EGFR and Her2 pathways, for HSF1 tran-
scriptional activity (4, 13).

Since mutp53 is known to exert its GOF activities via other
growth factor receptor signaling pathways besides Her2 and
EGFR (see above), these pathways could also be involved in
mutp53-HSF1 oncogenic cooperation. Preliminary indirect evi-
dence of this possibility comes from the finding by the Linquist
lab that HSF1 enables cellular transformation of mouse embryo
fibroblasts via PDGFRβ signaling (31), which was shown to be
positively regulated by mutp53 as well (15). However, it remains
to be determined whether other growth factor receptor signaling
pathways – besides EGFR and Her2 – can modulate HSF1 activity
in a mutp53-dependent manner.

Recently, we found another, more direct mode of the mutp53-
HSF1 circuit regulation in cancer cells. Thus, upon proteotoxic
stress and nuclear translocation, phospho-activated pSer326-
HSF1 interacts (directly or indirectly) with mutp53. Moreover,
mutp53 facilitates HSF1 recruitment to specific DNA sites (HSEs)
in target gene promoters and augments a broad pro-survival
HSF1-induced transcriptional program, including expression of
HSPs (13).

Finally, as mentioned above, HSF1 transcriptional activity can
be stimulated by genetic alterations in cancer (35). Thus, the
well-known ability of mutp53 to induce genomic instability (49)
could in theory be another mechanism contributing to HSF1
activation in cancer, which remains to be tested.

Based on the described findings, we propose a novel mecha-
nism of mutp53 GOF, via regulation of the heat shock response, as
depicted in Figure 1. We propose that mutp53 through enhanced
recycling (12) and/or stability of EGFR and Her2/ErbB2 – aug-
ments MAPK and PI3K signaling, leading to phospho-activation
of HSF1. Concurrently, mutp53 directly interacts with activated
HSF1 and facilitates its binding to specific promoter elements and
stimulates transcription of HSPs. In turn, HSPs further stabilize
their oncogenic clients, including EGFR, Her2, and mutp53 itself
(via suppression of ubiquitin ligases MDM2, CHIP, etc.), rein-
forcing tumorigenesis (Figure 1). Importantly, this mechanism
has been confirmed by in vivo studies. First, clinical data show
a strong enrichment (83%) of the Her2-positive breast cancer in
LFS women with p53 germline mutations, compared to 20–25%
Her2 positivity in patients with sporadic breast cancer (50). This
suggests that the presence of mutp53 germline mutations strongly
predisposes Li–Fraumeni women specifically to the initiation of
Her2-driven breast cancer. Second, we found a strong correla-
tion between mutp53 and nuclear pSer326-HSF1 levels only in
strongly Her2-positive (3+), but not in Her2-negative/ER/PR-
positive human breast cancer specimens (13). Finally, we demon-
strated that the Her2/ErbB2 signaling is much more amplified in
mutp53 (R172H) compared to p53null tumor cells in the MMTV-
ErbB2 mouse breast cancer model, leading to a more aggressive
disease (4).

Many physiological consequences can result from the described
mutp53-HSF1 liaison in cancer cells. First, the resulting increased

expression of HSPs endows cancer cells with a superior resistance
to proteotoxic stress caused by harsh tumor environment (13).
Second, it leads to enhanced stabilization of numerous tumor-
promoting HSP oncogenic clients, including Her2, EGFR, and
mutp53 themselves, which cell-autonomously further amplify this
feed-forward circuit and oncogenesis. Third, HSPs have been
shown to inhibit oncogene-induced senescence pathways in can-
cer cells (51). Thus, by enhancing HSP expression at early stages
of tumorigenesis, mutp53 may facilitate disabling of oncogene-
induced senescence and therefore empower tumor progression.
Fourth, we showed that mutp53-HSF1-mediated amplification
of Her2 pathway can promote expansion of mammary stem
cells and induce cancer cell proliferation in vivo (4), which can
enhance tumor initiation and progression. Finally, by augment-
ing the broad HSF1-dependent transcriptional program, mutp53
may promote global cancer-related changes, including cell-cycle
progression, altered signaling pathways, metabolism, adhesion,
protein translation, etc. (36).

In sum, it is evident that the functional oncogenic interaction
between mutp53 and HSF1 can initiate a wide range of tumori-
genic processes in the complex landscape of mutp53-harboring
cancers.

Summary

While mutations in the p53 gene are prevailing in many types
of cancer, specific therapeutic modalities tailored to mutp53-
harboring cancers have not been developed in clinic. Three poten-
tial mutp53-targeted therapeutic strategies have been recently
proposed: (i) restoration of wild-type p53 activity in mutp53
proteins (3), (ii) inhibition of mutp53-regulated downstream tar-
gets and pathways, e.g., proteins involved in integrin recycling
(12), the mevalonate pathway (25), PDGFRβ signaling (15), etc.
[reviewed in Ref. (3)], and (iii) mutp53 degradation (28, 29,
42). Overall, understanding the mechanisms underlying mutp53
oncogenic activity will no doubt have a profound translational
impact. However, more in-depth studies are needed to establish
whether these approaches will be clinically feasible and whether
pharmacological targeting of relevant pathways will achieve pref-
erential response in the patients with mutp53-harboring tumors.

The herein described novel oncogenic GOF role of mutp53 in
the regulation of heat shock response – via enhanced receptor
tyrosine kinase (Her2, EGFR) signaling and augmented HSF1
transcriptional activity – opens up novel therapeutic opportuni-
ties. We anticipate that the mutp53-HSF1 liaison, due to poten-
tiating Her2 and/or EGFR pathways, sensitizes cancer cells to
ErbB2 and EGFR targeted therapies. Thus, inhibition of Her2,
EGFR, or their downstream effectors can intercept the sensitive
mutp53-HSF1-Her2/EGFR circuitry and therefore be a potent
approach for the treatment of Her2 (or EGFR) and mutp53
double-positive cancers. Convergence of the mutp53-HSF1 liai-
son on the Her2/EGFR pathways provides a strong rationale
to test the targeted therapies that are currently on the mar-
ket (e.g., Her2-targeted trastuzamab, pertuzumab, T-DM1, and
lapatinib) specifically in mutp53-harboring cancers. The most
promising cancer types expected to specifically respond to these
therapies are Her2/mutp53 double-positive breast cancer [con-
stituting 72% of all sporadic Her2-positive breast cancers (52)],
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FIGURE 1 | Mutp53 potentiates HSF1 activation in an
EGFR/Her2-dependent manner. Mutp53, by enhancing EGFR and Her2
signaling, potentiates HSF1 activity via a feed-forward loop and thereby

up-regulates HSP90 clients including Her2, EGFR, and mutp53 itself. Thus,
mutp53-HSF1 oncogenic liaison endows cancer cells with superior survival and
chemoresistance, hence supporting cancer progression and maintenance.

pancreatic and non-small-cell lung cancer [both of which have
high prevalence of mutp53 (1) and are commonly treated with
EGFR inhibitor Erlotinib], and possibly esophageal cancer [43%
mutp53-positive (1), 23% Her2-positive]. Although it remains to
be determined whether the Her2-positive subtype of esophageal

cancers is enriched in mutp53, similarly to breast cancer. Impor-
tantly, the data described here also predict that the patients with
tumor types that commonly overexpress both, Her2/EGFR and
mutp53, will need to be stratified according to their mutp53 status
for the most efficient treatment outcomes.
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In the last decade, Hsp90 has emerged as a major regulator of cancer cell growth and
proliferation. In cancer cells, it assists in giving maturation to oncogenic proteins including
several kinases and transcription factors (TF). Recent studies have shown that apart from
its chaperone activity, it also imparts regulation of transcription machinery and thereby
alters the cellular physiology. Hsp90 and its co-chaperonesmodulate transcription at least
at three different levels. In the first place, they alter the steady-state levels of certain TFs
in response to various physiological cues. Second, they modulate the activity of certain
epigenetic modifiers, such as histone deacetylases or DNA methyl transferases, and
thereby respond to the change in the environment. Third, they participate in the eviction of
histones from the promoter region of certain genes and thereby turn on gene expression.
In this review, we discuss the role of Hsp90 in all the three aforementioned mechanisms
of transcriptional control, taking examples from various model organisms with a special
emphasis on cancer progression.

Keywords: Hsp90, transcription, chromatin modifiers, transcription factors, cancer

Introduction

Considerable progress has been achieved in understanding the cellular role of the major eukaryotic
cytoplasmic chaperone, Hsp90. It aids in the folding and stability of numerous classes of proteins
(collectively known as clients), under normal as well as stressful conditions. In normal cell, Hsp90
comprises about 2%of the total cellular proteins.However, in stressful condition, its level is increased
significantly (up to 10%) with concomitant increase in its activity. Cancer cells experience a variety
of stressful conditions like hypoxia, nutrient deprivation, acidosis, high interstitial pressure (1),
and consequently, Hsp90 levels are found to be up-regulated in melanoma (2), breast cancer (3),
gastric and pancreatic carcinoma (4, 5), ovarian and endometrial carcinoma (6, 7), etc. The increased
level of Hsp90 causes chaperoning of the potentially dangerous oncogenic clients that are otherwise
metastable. Thereby, Hsp90 impairs the apoptotic signaling in cancer cells. One such candidate is
mutant p53, whose stability and intracellular concentration are aided by Hsp90 (8). Experimental
findings establish that Hsp90 inhibition by geldanamycin (GA) in rat embryo fibroblast cell lines
A1–5 increases the proteolytic turnover of mutant p53 and enhances its nuclear translocation,
although it is unable to restore the wild-type transcriptional activity of target genes.

Although Hsp90 is a cytoplasmic chaperone, a small fraction of Hsp90 (about 3% of the total
cellular pool) is present in the nucleus. In recent days, the focus has been shifted in understanding
the function of Hsp90 in the nucleus. Two decades back, it was first observed that during heat-
shock treatment, Hsp90 is specifically localized in the salivary gland ofDrosophila melanogaster 93D
chromosomal locus as well as at the telomere region of Chironomus thummi (9). Intriguingly, the
fact that its localization to those regions of chromatin was hindered in the presence of transcription
inhibitor suggests a role ofHsp90 in transcription during heat-stressed condition. It also assists in the
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degradation of unfolded or un-required proteins and thereby plays
a significant role in maintaining the protein homeostasis in cell.
Hsp90 acts as a master regulator of gene expression as it con-
trols the trafficking of steroid hormone receptors to nucleus in a
hormone-dependent manner. Recent study shows that Hsp90 and
its co-chaperone FKBP51 also promotes hormone-independent
nuclear localization of androgen receptor in prostate cancer cells
(10) and thereby plays a critical role in progression of prostate
cancer. It is observed that in hormone refractory or androgen-
independent (AI) prostate cancer cells, a large pool of androgen
receptor is translocated into the nucleus even in the absence of
androgen and thus leads to the transcriptional activation of target
genes resulting in tumor growth (11, 12). The specific inhibitor
of Hsp90, 17-allylamino-17-demethoxygeldanamycin (17-AAG),
prevents the nuclear localization of androgen receptor in AI
tumor at much lower doses than that required to inhibit androgen
induced nuclear import of androgen receptors (AR) (13).

In this review, we shall focus on various transcription factors
(TF), which interact with Hsp90. Also, we will discuss about
the latest understanding on how Hsp90 is involved in regulat-
ing chromatin structure and thereby controls gene expression.
Although the cellular role of Hsp90 in transcriptional regulation
by modulating chromatin dynamics is apparent, its relevance in
cancer progression is yet to be appreciated.

Major Transcription Factors Belong to the
Hsp90 Network Society

The role of Hsp90 in transcriptional regulation is foremost
attributed to a wide variety of TFs that serve as its clients. One
of the ways by which Hsp90 aids in cell survival upon stressed
conditions is by regulating the expression profiles of many genes.
However, Hsp90 does not do so by binding to DNA as it lacks
DNA binding ability. Nevertheless, it chaperones different pro-
teins that act as either activator (like SP1, STAT5) or repressor (for
example, Bcl-6) (14, 15) to govern gross transcriptional program
(16). TFs serve as tools to regulate different downstreambiological
processes. Therefore, by providing its services to TFs, Hsp90 is
able to regulate multiple pathways simultaneously and hence,
plays a vital role in facilitating the progression of many diseases,
infections, and cancer (17, 18). When it comes to get hold of
processes relevant to cancer, Hsp90 has its branches penetrating
into all the six hallmarks of cancer (19). Among the TFs, which
serve as Hsp90 clients, NF-κB, STATs, p53, and Bcl-6 (20–26)
top the scores owing to the importance of the processes governed
by them, which favor malignant transformation. To orchestrate
the transcriptional response in a pathway, two or more TFs,
which are Hsp90 clients, work together and allow the progression
of a pathway dance to their tune. In this light, Hsf-1, which
serves as a client of Hsp90 under normal conditions and drives
transcriptional programs that are cancer specific, indulges in a
positive feedback loop with mutp53 (another Hsp90 client) and
endow cancer cells more resistant to proteotoxic stress. The direct
interaction between these two proteins in a feed forward loop
reinforces tumorigenesis by stabilizing the transcription of HSPs
that further stabilize EGF, ErbB2, mutp53, and other oncogenes
(27). In another scenario, the broad array of clientele of Hsp90
gives it the advantage to regulate the expression of a single protein

in different conditions via different TFs. The parallel effect of the
TFs upon cellular machinery is witnessed when Hsf-1 and Hif-
1 (hypoxia-inducible factor), the clients of Hsp90, regulate the
expression of the same protein FoxM1 under different conditions.
On one hand, FoxM1 (a key TF for cell cycle progression and
a critical molecule for tumor development and progression) is
shown to be induced by hypoxia via direct binding of Hif-1 to
its promoter sequence, which causes its up-regulation. Induction
of FoxM1 leads to promotion of tumor cells proliferation by
diminishing nuclear levels of p21 protein and increasing cyclin
B1 and cyclin D1 expression (28). On the other hand, FoxM1 is
also regulated byHsf-1 under heat-shock stress conditions and the
induction of FoxM1 by Hsf-1 is required for cell cycle progression
through regulating the expression of downstream Cdc20, Cdc2,
and Cdc25B proteins (29). The importance of Hsp90 in tumor
progression is further portrayed by the following study, which
reveals that inhibition of Hsp90 leads to the suppression of Lmp1
expression (amajor oncogene encoded byEpstein–Barr virus) that
plays a crucial role in development of lymphomas. The effect was
due to compromised JAK/STAT and NF-κB signaling pathways
owing to the repression of STATs and NF-κB TFs upon Hsp90
inhibition (30).

Hsp90 has long been known to regulate transcription when it
comes to steroid hormone signaling and was studied extensively
(31). The relevance of steroid hormone receptors in cancer is
very well reflected by estrogen and progesterone receptors in
breast cancer, and by AR in prostate cancer (32, 33). However,
Hsp90 does not fail to add one more layer of regulatory step in
stabilizing AR by involving breast carcinoma amplified sequence
2 (Bcas2). Bcas2 is a transcriptional cofactor of estrogen receptor
(ER), which is involved in breast cancer malignant progression
and also overexpresses in prostate cancer. A recent study reports
that Bcas2 interacts with Hsp90 to bring about AR stabilization
in a p53-independent manner (34). Hsp90 not only stabilizes its
clients but also helps them to localize in the right compartment in
the cell where their function is required. This aspect was explicitly
shown in a study with a bona fide client TF, AF9, which is vital
for hematopoiesis. It is also called master regulator of HOX gene
expression. It is observed that it depends onHsp90 for proper sub-
cellular localization (35). Nevertheless, another study exemplifies
the role ofHsp90 in deciding the fate of cell deathwhether it would
be necrosis or apoptosis. The inhibition of Hsp90 dictates the
inhibition of Atf3 (a TF that regulates gene expression in response
to oncogenic stresses) expression, which regulates the switch from
necrosis to apoptosis (36). In these ways, the parameters ofHSP90
regulation are extended to the normal cellular processes as well.

The versatile nature of Hsp90 does not restrict it to stay “in-
house” rather reflects its ability to tune the transcriptional pro-
gram being “outdoor.” This particular molecular chaperone now
is reported to be secreted out in extracellular “reactive” stroma
by tumor cells and also under other stressed conditions. This
secreted form of Hsp90, addressed as eHsp90, sustains cancer
cell motility, invasion, and metastatic spread (37). The extent of
secretion of eHsp90 is more in aggressive tumors as it is reported
in prostate cancer (38). A recent study suggests eHsp90 as a potent
initiator of stromal inflammatory response, which is executed
by transcriptional modulation of NF-κB and STAT3, the master
regulators of inflammatory pathway (39). Thus, Hsp90 creates a
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hub of regulatory network where not only the client TFs lead to
required alteration in the progression of pathway but also cross-
talks among client proteins dictate the downstream effectors for
better response to stress stimuli. Thus, Hsp90 regulates the activity
of several key transcriptions factors involved in cancer progression
via two different mechanisms: in the first place, by regulating the
cellular abundance of these factors and second, by regulating their
intracellular transports (Figure 1, 1 and 2).

Communication between Hsp90 and
Chromatin Remodeling Factors

So far, we have discussed the role of Hsp90 in transcriptional
regulation by directly modulating the activity of TFs. Now, we
will discuss how Hsp90 alters the epigenetic marks on chro-
matin and thereby modulates transcription of several genes that
might include proto-oncogenes. Abnormal methylation marks on
DNA, altered histone modifications, or RNA-mediated silencing
could potentially result in inappropriate gene expression. Any
of these epigenetic abnormalities might cause development of
cancer. There are increasing amounts of evidence that suggest
mutual cross-talks between Hsp90 and several chromatin modi-
fiers (Figure 1, 4). Hsp90α is shown to interact and enhance the
activity of (H3–K4) histone methyltransferase (HMTase) SMYD3
whose over-expression is essential for the growth of colorectal-,
liver-, and breast cancers (40, 41).Hsp90 induces a conformational
change of SMYD3 upon binding to its N-terminal domain, which
is essential for the regulation of its cognateHMTase activity (42). It
is also reported that the tetratricopeptide repeat (TPR) present at
theC-terminal domain of SMYD3 is involved in the physical inter-
action with MEEVD regions of Hsp90. This interaction is proved
to be essential for the chromatin localization and enhancement
of HMTase activity of SMYD3 (43). It has been speculated that
disruption of the interaction between Hsp90α and SMYD3 might
be responsible for inactivation of WNT gene transcription (44).
Recent findings show that increased ATPase activity of Hsp90 by
Aha1 results in enhanced expression ofWNT target genes in colon
cancer in a p53-dependent manner (45). It has also been observed
that functional inactivation of Hsp90 or post-translational mod-
ification of Hsp90 leads to the dysfunction of several chromatin
remodelers, which eventually cause alteration of chromatin state
associatedwithmany oncogenes and tumor suppressor genes. The
“maintenance” methyltransferase DNMT1 is stabilized by Hsp90.
Elevated level of DNMT1 is observed inMCF-7 breast cancer cells
(46). DNMT1 along with HDAC1 and (H3–K9) HMTase remain
associated with the ER-α promoter, causing hypermethylation of
5′ CpG islands and thereby causes silencing of ER-α expression
in breast cancer cells (47, 48). Studies with HDAC1 inhibitors
reveal that post-translational modification (hyperacetylation) of
Hsp90 destabilizes its interaction with DNMT1 and promotes
ubiquitin-dependent degradation of DNMT1 (49).

In lower eukaryotes like Saccharomyces cerevisiae, genome-
wide two-hybrid interaction study revealed that Hsp90 may influ-
ence global gene expression through interactions with histone
deacetylases. Strong association between Hsp90E33A and Sir2
(Type III histone deacetylase) as well as Sap30 (a component
of Rpd3L histone deacetylase complex) has been observed (50).

FIGURE 1 | Schematic representation of direct and in-direct roles of
Hsp90 in transcription. (1) Hsp90 and its co-chaperones aid in the folding
of various transcription factors either activators or repressors. (2) It also
assists their nuclear transport. (3) Hsp90 being present at the TSS regulates
transcription either by nucleosome removal or by stalling RNA polymerase II.
Removal of Hsp90 complex thereby allows the movement of RNA polymerase
II and initiates gene transcription. (4) Hsp90 aids in the maturation and
enhances the activity of several chromatin modifiers. However, it is not clear
whether it assists their entry into the nucleus. (5 and 6) Chromatin modifiers
upon maturation by Hsp90 are responsible for maintaining euchromatin or
heterochromatin states under various conditions. Hsp90 remains associated
with some chromatin modifiers (e.g., Trx) near actively transcribing gene.

Recent studies have established that Hsp90 is required for the
stability and functional activity of Sir2. In Hsp90 loss of function
mutant, the endogenous level of Sir2 reduces considerably and
it results in de-repression of silencing at telomeres and at the
mating loci HMLα and HMRa (Figure 1, 6). The temperature-
sensitive mutant of Hsp90 behaves similarly as Δsir2 mutant
resulting in sterile yeast (51). On the other hand, Hsp90 over-
expression, which is a natural outcome of heat-stressed condition,
drives downregulation of SIR2 at the transcription level (52).
Such reduced abundance of SIR2 transcript is maintained through
several generations before it gradually returns to its normal level.
Hence, the level and activity of the chromatin modifier Sir2
are modulated by two independent pathways both controlled by
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Hsp90. In addition to the regulation of histone deacetylase activ-
ity, Hsp90 chaperosome also amends the activity of other types of
chromatin modifiers. Two co-chaperones of Hsp90; Tah1 (human
ortholog RPAP3) and Pih1 (also known as NOP17 and Pih1D1)
are found to interact with Rvb1/2 (53), which are the essential
components of INO80 (42, 54); SWR-C chromatin remodeling
complex (55–57); and histone acetyl transferase TIP60 complex
(58). In Drosophila melanogaster, it has been reported that Hsp90
interacts with TrithoraxG, which is an important chromatinmod-
ifier complex that controls Drosophila development. Inhibition of
Hsp90 function by radicicol causes depletion of intracellular Trx.
As a result, the recruitment of Trx at the specific chromatin locus
is reduced thereby leading to the down regulation of Trx target
genes (59).

The third arm of epigenetic control, namely the small inter-
fering RNA-mediated post-transcriptional gene silencing is also
influenced by Hsp90 chaperone complex. It has been demon-
strated that Hsp90/Hsc70 chaperone complex is required for
the loading of small RNA duplexes onto the Argonaute pro-
teins (60). Its involvement in the assembly and maintenance
of box C/D small nucleolar ribonucleoprotein (SnoRNP) com-
plexes is also observed. Hsp90 along with Tah1 and Pih1 inter-
act with Rvb1/2 to form R2TP complex, which participates in
assembly of snoRNPs (61). Interestingly, while Hsp90 controls
the activity of chromatin modifiers, its own activity is often
regulated by non-histone methyl transferases. Such regulation
provides another layer of regulation where Hsp90 is a central
molecule. Recent report witnesses that SMYD2-mediated methy-
lation of Hsp90β induces its dimerization and chaperone com-
plex formation, which accelerates the proliferation of cancer
cell (62).

Hsp90 collaborates with histone deacetylases to influence
the stability of oncogenic TFs and tumor suppressors. The
Hsp90–HDAC6 complex is critical for the stability of mutant
p53 (63). Recent reports establish that the regulation of tumor
suppressor TAp73 stability is mediated by Hsp90–HDAC1 combo
protein complex. HDAC1 knockdown induces hyperacetylation
of Hsp90, which disrupts the interaction between TAp73 and
Hsp90 and promotes proteasomal degradation of TAp73 (64).
Thus, Hsp90 influences the activity of several epigeneticmodifiers
as well as the micro-RNAs. Independent studies have revealed the
link between cancer progression and the improper functioning
of such epigenetic writers, speculating a general role of Hsp90 in
cancer progression through the modulation of chromatin dynam-
ics. However, any such direct connection between Hsp90, chro-
matin modification, and clinical progression of cancer is yet to be
established.

The Function of Hsp90 at Promoter
Proximal Regions

The transcription machinery including RNA polymerase, tran-
scription activators, and other factors need to be recruited at
the promoter adjacent region at the onset of transcription and
once transcription is over they must be dislodged from the DNA.
Hsp90 actively participates at all the above steps of transcription.
Genome wide ChIP-seq analysis reveals that Hsp90 is recruited at

the transcription start site (TSS) of about one-third of Drosophila
genome suggesting a general role of Hsp90 in transcription initia-
tion (65). Interestingly, Hsp90 targeted promoters include TFs like
c-myc, p53; genes involved in stress response and developmental
signaling such asWNT, JNK, etc.; as well as several environmental
responsive genes likeHsp70, Hsp68, andHsp22. It is observed that
Hsp90 together with negative elongation factor (NELF) represses
the expression of its target genes by forming stalled RNA poly-
merase II at the target locus. Hsp90 inhibitory condition causes
robust up-regulation of Hsp90 target genes by converting stalled
RNA polymerase to the elongated form. However, Hsp90 may
not have a general role in transcription as it is evident from
another study where Hsp90 and Trx are co-localized only at the
TSS of the actively transcribed region Abd-B in Drosophila SF4
cells (59) (Figure 1, 5) but neither it is found to be associated
with Trx at the TSS of silent genes (Dfd or Ubx) nor at the
TSS of house-keeping genes. There are reports, which show that
Hsp90 also enhances transcriptional activation in cancer cells by
binding to the DNA–protein complex. It is observed that Hsp90
interacts strongly to the hTERT promoters in telomerase posi-
tive oral cancer cell lines compared to the normal human oral
keratinocytes (NHOKs) cell lines and thereby causes enhanced
promoter activity of telomerase gene in cancer cells (66). Hsp90
inhibition by GA specifically destabilizes the interaction between
Hsp90 and hTERT promoter causing loss of hTERT mRNA
expression.

It turns out that the role of Hsp90 in transcriptional regulation
beginsmuch earlier than the recruitment of TFs or RNApol II. It is
observed that Hsp90 is involved in the steps prior to the transcrip-
tion initiation, which involves precise removal of nucleosomes
(Figure 1, 3). The transcriptional induction of GAL1 is found to
be delayed in Δhsc82 strain background due to the retention of
nucleosomes at the GAL1 promoter (67). However, the precise
mechanism of how Hsp90 aids in the eviction of nucleosomes is
not clear.

Consistent with the function of Hsp90 in the removal of his-
tone proteins from several promoters, Hsp90 also removes other
proteins from the promoter proximal regions. Hsp90 controls
the exit of steroid hormone receptors from nuclear locus. Hsp90
and its co-chaperone p23 also play pivotal roles during the dis-
lodging of steroid hormone receptor complexes from hormone
response elements (HRE) in a hormone-dependent manner (68).
First, over-expression of p23 causes significant (35-fold) reduc-
tion of GR activity in vitro. Similarly, Hsp90 over-expression
results in modest (twofold) reduction. Second, ChIP assay shows
increased recruitment of Hsp90, p23, and gluococorticoid recep-
tor at GRE upon addition of dexamethasone. Finally, forced local-
ization of Hsp90/p23 to HRE precludes GR-induced transcrip-
tional activation.

In summary, Hsp90 has multifaceted cellular functions in
transcription regulations. It could evict nucleosomes from the
promoter and thereby makes space for loading of RNA pol II
and other TFs; it could alter the heterochromatin to euchromatin
states bymodulating chromatinmodifiers; it could give functional
maturation to the TFs and regulate their nuclear entry; and finally,
it could remove the TFs from the promoter proximal regions upon
the completion of transcription.
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Future Perspective

In the light of the recent findings, it is becoming clear that besides
the well known chaperone function Hsp90 plays significant roles
at many stages of transcriptional control. However, it is not
clear whether Hsp90 has a generalized role during transcription
or its involvement is confined to certain specific promoters. In
the later case, it would be extremely important to decipher the
molecular mechanism behind such promoter specificity. It will
also be interesting to unravel whether human Hsp90 also tar-
gets promoters of tumor suppressors/oncogenes. The interplay
between Hsp90 and chromatin modifiers during carcinogenesis
needs to be investigated. Studies focusing on whether and how
human Hsp90 modulates post-transcriptional gene regulation via
non-coding micro-RNAs in cancer cells demand special atten-
tion. The classical chaperone function of cytosolic Hsp90 and
several newly emerged moonlighting functions of Hsp90 at the

nucleus prompt us to propose that the nuclear Hsp90 could be
structurally different (due to certain post-translational modifi-
cation: PTM) from the cytosolic form. Identification of differ-
ent PTM of Hsp90 might give us valuable handle in separating
the cytosolic versus the nuclear functions of Hsp90. This field
is still at its infancy and more experimentations are needed to
understand the yet to be discovered newer nuclear functions of
Hsp90.
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Pathway regulation of p63, a director
of epithelial cell fate
Kathryn Yoh and Ron Prywes *
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The p53-related gene p63 is required for epithelial cell establishment and its expression is
often altered in tumor cells. Great strides have been made in understanding the pathways
and mechanisms that regulate p63 levels, such as the Wnt, Hedgehog, Notch, and EGFR
pathways. We discuss here the multiple signaling pathways that control p63 expression
as well as transcription factors and post-transcriptional mechanisms that regulate p63
levels. While a unified picture has not emerged, it is clear that the fine-tuning of p63 has
evolved to carefully control epithelial cell differentiation and fate.

Keywords: p63, epithelial cells, notch signalling, Wnt proteins, Hedgehog pathways, EGFR, epithelial–
mesenchymal transition

Introduction

At first glance, the tumor suppressor p53 and its family member p63 seem quite similar in function
and exhibit a high degree of evolutionary conservation. In particular, the DNA-binding domains are
about 60% identical at the amino acid level; however, the adjacent domains and C-termini diverge
drastically (1). While it was first thought that p63 and p53 could regulate similar sets of genes, it has
become clear that these potent transcription factors possess some partially redundant functions, and
some that are entirely unique (2–4).

p63 is also unlike its family member p53 in that it is rarely mutated in human cancers. Instead,
mutations in p63 lead to disorders with ectodermal dysplasia such as ankyloblepharon-ectodermal
dysplasia-clefting (AEC)/Hay–Wells syndrome, which can include symptoms like cleft lip/palate and
skin erosions (5, 6). Other p63 syndromes can include split hand/foot malformation and alopecia,
but cancer predisposition is generally not seen (7–9).

Due to differential promoter usage and splicing, there are at least six common isoforms. There
are two classes that arise from different promoters, one with the N-terminal transactivation domain
(TA), and the other set lacking the N-terminal transactivation domain (ΔN).While the ΔN form can
be dominant negative to the TA isoforms (2), the ΔNp63α isoform has been shown to contain an
alternate transcriptional activation domain, suggesting it can also directly activate target genes (3,
10). Alternative splicing of the 3′ endof theTAandΔNp63mRNAsproduces theα,β, and γ isoforms,
although only the α isoforms contain the sterile-α motif (SAM) domain and the transcription-
inhibitory (TI) domain. Mutations in these domains can disrupt binding to the target Apobec-1-
binding protein-1 (ABBP1), and deletion of both domains led to increased p21Waf1/Cip1 signaling,
indicating that these domains can modulate target gene specificity (11, 12).

As to the specific functions of these isoforms, mouse models have been instrumental in providing
us with clues. Two groups reported that p63−/− mice were found to have severe limb and epithelial
defects, including partial or missing epithelial stratification, and truncated forelimbs (13, 14). More
recently, both the whole animal- and epidermal-specific deletion of ΔNp63α in mice led to skin
erosions and impaired terminal differentiation of keratinocytes, demonstrating the importance
of this isoform in the epithelial stratification process (15–17). It is possible that deregulation

Frontiers in Endocrinology | www.frontiersin.org April 2015 | Volume 6 | Article 5121

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org/Endocrinology/editorialboard
http://www.frontiersin.org/Endocrinology/editorialboard
http://dx.doi.org/10.3389/fendo.2015.00051
https://creativecommons.org/licenses/by/4.0/
mailto:mrp6@columbia.edu
http://dx.doi.org/10.3389/fendo.2015.00051
http://www.frontiersin.org/Journal/10.3389/fendo.2015.00051/abstract
http://www.frontiersin.org/Journal/10.3389/fendo.2015.00051/abstract
http://loop.frontiersin.org/people/230536/overview
http://loop.frontiersin.org/people/220842/overview
http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive


Yoh and Prywes Pathway regulation of p63

of p63 targets linked to cell–matrix adhesion and epithelial mor-
phogenesis causes these skin abnormalities (18–20).

Furthermore, loss of epithelial cells in ΔNp63-null mice sug-
gested that this isoform is essential for the establishment of epi-
dermal progenitor cells (13). Pellegrini et al. (21) suggested that
p63 is found in the stem cells of the proliferative compartment,
but not in the transit amplifying keratinocytes that have exited the
compartment. When it comes to the caudal endoderm, Pignon
et al. (22) revealed that the p63-expressing cells are capable of
differentiating into prostate, bladder, and colorectal epithelia.
Another report found p63 to be essential for the proliferative
ability and differentiation of the epidermis; however, in a thymic
model, p63 was only required for clonogenicity but not for lineage
commitment or differentiation (23, 24). Intriguingly, depletion of
ΔNp63 or its target DGCR8, anmiRNA processing factor, allowed
keratinocytes to enter amultipotent stem cell state, suggesting that
ΔNp63 is needed tomaintain the keratinocyte differentiation state
(25). Finally, an AEC-like mutation in p63 led to reduced prolif-
erative and clonogenic potential in epithelial cells (26). Together
these studies make a compelling case for p63 in the maintenance
and regulation of epithelial stem cells.

Meanwhile, TAp63 ablation demonstrated that this isoform
monitors the integrity of the germline after cellular stresses (27,
28). In particular, γ-irradiation was shown to induce tetrameriza-
tion of TAp63α from inactive dimers, leading to greatly increased
target binding ability (29), and inducing cell cycle arrest or an
apoptotic response.

Yet, p63 levels are sometimes altered in tumors. Many groups
have reported increased expression in cancers, especially in
head and neck squamous cell carcinomas (HNSCC) (30, 31).
Indeed, amplification or overexpression of p63 has frequently
been observed in lung cancers, and more rarely in HNSCC (32–
34). However, p63 expression is lost in more invasive prostate and
breast cancers, and this loss is associated with worse prognosis in
some cases (35, 36). It has been theorized that the tissue context, as
well as the balance between TA and ΔN isoforms, could partially
explain this dichotomy.

So how does p63 impact cancer formation? The last decade
has seen a preponderance of direct targets unearthed, including

adhesion-related β4 integrin, the tissue integrity factor Perp, the
Notch ligands Jagged1 and Jagged2, keratins 5 and 14, and EGF
receptor (18, 19, 37–41). Cancer-related targets like N-cadherin,
Id3, MMP13, and Wnt-4 can be activated by p63; however, p63
can also induce Sharp1 and Cyclin G2 expression, which have
been shown to be suppressors of breast cancer metastasis (42–
45). Additionally, phosphorylated ΔNp63α was found to associate
with components of the splicing machinery, as well as transcrip-
tion factors SREBP1 and E2F1, in regulation of metabolic and cell
cycle-related processes (46).

p63 is also known to regulate a diverse set of microR-
NAs. A prominent target is miR-205, a repressor of epithe-
lial–mesenchymal transition (EMT) andmetastasis in bladder and
pancreatic cancers (36, 47, 48). In contrast to the role of miR-
205, members of the miR-17 family (miR-17, miR-20b, and miR-
106a) are regulated by p63 and Myc, and were found to target
Rb, p21, and JNK2, suggesting that they are oncomirs (49–51).
Additionally, p63 can repress the prominent cell cycle regulators
miR-34a and miR-34c, thereby affecting cellular progression in a
p53-independent manner (52).

A data mining approach also identified p63 and the p53-related
p73 gene as key regulators of microRNAs differentially expressed
in ovarian carcinomas, including miR-200a, miR-200b, and miR-
429 (53). Similarly, mir-193a was repressed by both p63 and p73,
although its induction leads to p73 inhibition (54). For more on
p63 regulation of microRNAs, see the review by Candi et al. (55).

Taken together, p63, like p53 and p73, can regulate a host of
processes, some of which are known regulators for or against
tumor growth. As suggested by the opposite expression of p63
in different tumor types, the context of the cell type appears to
be critical to which p63 targets have the dominant effects in each
cell. Whether targets are differentially expressed or have different
activities in different cell types needs to be investigated further.

As ΔNp63 is required for the formation of stratified epithelial
layers and is the primary isoform expressed in the basal layer of
epithelial tissues, it is subject to multiple modes of tissue-specific
regulation (13, 14). As described below, a number of signaling
pathways and transcription factors have been identified that affect
p63 expression in epithelial cells (Figure 1).

FIGURE 1 | Signaling pathway regulation of ΔNp63. Signaling pathways
reported to regulate ΔNp63 levels are indicated. The thick, blue arrow indicates
autoregulation. *Note that the Hedgehog and NF-κB pathways repress ΔNp63

levels while simultaneously activating expression from the TAp63 promoter. See
text for feedback regulation where p63 regulates multiple components of these
pathways (not shown here).
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Notch Signaling

One prominent pathway is Notch, which can control epidermal
differentiation as well as other developmental pathways (56, 57).
Notch activation was found to suppress p63 expression in ker-
atinocytes, ectodermal progenitor cells, and mammary epithelial
cells (58–60). The repression in keratinocytes was dependent on
the IRF3 and IRF7 transcription factors (59). In mouse mammary
epithelial cells, the Notch-mediated repression of p63 functions
through the CBF1/RBP-Jk transcription factor (60). In addition
to these cases, there has been a report of Notch activation of
p63 in fibroblasts (61), suggesting differing cell-specific modes of
regulation.

The Notch-to-p63 pathway is subject to feedback regulation
by ΔNp63, as it can activate Notch pathway gene expression
(58, 60, 62). This loop could delineate the boundary between
basal and luminal mammary cells as well as allow for ectodermal
specification during development (58, 60).

As with p63 mutations, alterations in interferon regulatory
factor 6 (IRF6) are associated with craniofacial abnormalities like
cleft lip and/or palate (63, 64). Both IRF6 and p63 are required for
normal palate development, so the finding that ΔNp63 induces
IRF6 expression is logical, but surprisingly, IRF6 in turn causes
proteasomal degradation of ΔNp63 (65, 66). Notch has also
been found to activate IRF6 expression in keratinocytes (67).
Together, these results suggest a Notch/p63/IRF6 axis regulates
genes involved in epithelial development. Importantly, Notch,
p63, and IRF6 genes were foundmutated in about 30% of HNSCC
cases, suggesting that this developmental pathway can be hijacked
to promote tumor growth (68).

Hedgehog Signaling

Hedgehog is another essential pathway for development (69, 70),
and it is reported to regulate p63 expression. Hedgehog activation
is seen in various cancers including lung, prostate, and breast (71,
72). Hedgehog ligands including IndianHedgehog (IHH) can lead
to activation of the Gli3 transcription factor, while absence of
these ligands leads to a repressive form of the Gli3 transcription
factor, termed Gli3R (73, 74). This balance of Gli3 forms can
control p63 isoform formation, as IHH induction of Gli3 actually
upregulates TAp63 expression while reducing ΔNp63 promoter
usage (75). Again, there is a regulatory loop here since TAp63
expression can increase IHH expression. Similarly, both TA and
ΔNp63 β and γ isoforms can activate Sonic Hedgehog (SHH)
expression and recently ΔNp63 was found to induce expression of
Gli2 and the Hedgehog receptor Ptch1, affecting mammary stem
cell renewal (76, 77). In addition, it was posited that some of the
developmental defects observed in the p63−/− mice may occur
due to subsequent repression of SHH and other Hedgehog path-
way genes (76).Other connections between the p63 andHedgehog
pathways include ΔNp63 activation of Gli2 and Gli3 as well as
suppressor of fused (SUFU) (78–80). As SUFU is an inhibitor of
the Gli proteins, these contrasting effects show the complexity of
this signaling system. Nevertheless, together these results suggest
a strong connection between the Hedgehog and p63 signaling
pathways that could control normal epithelial differentiation or
cancer progression.

Wnt Signaling

Strikingly, mutations in the WNT genes also cause similar cranio-
facial abnormalities as p63 and IRF6 mutations (81, 82). More-
over, mutations in the Pbx genes in mice resulted in a similar
phenotype and perturbed Wnt signaling (82). Further analysis
demonstrated a Pbx-Wnt9b/Wnt3-p63-IRF6 signaling axis con-
trolling development of the midfacial ectoderm (82). Chromatin
immunoprecipitation and reporter genes suggested that p63 is
directly regulated by theWnt pathway through binding of Lef1/Tcf
with β-catenin to a region between the TA and ΔNp63 promoters
(82), although another report identified a β-catenin responsive
site within the proximal ΔNp63 promoter (83). Recently, the
Hedgehog pathwaywas also shown to be connected to craniofacial
defects (84). Compound mutations in the Hedgehog pathway
genes Hedgehog acyltransferase (Hhat) and Patched 1 (Ptch1)
led to a cleft lip-like phenotype and these acted through reduced
Wnt-p63-IRF6 signaling.

Analysis of keratinocyte differentiation has led to a different
characterization of the p63, Wnt, and Notch signaling pathways.
Knockdown of p63 caused reduced Wnt and Notch signaling (50,
51), suggesting that they lie downstream of p63 in contrast to
the models of craniofacial development. This could be reconciled
as part of a feedback regulation pathway as described above for
Notch and p63. Additionally, the activation of Wnt and Notch by
p63 may be dependent upon the availability of other transcription
factors. For instance, the depletion of p63 led to reducedMyc gene
expression via lowered Wnt/β-catenin and Notch signaling, and
this is consistent with the requirement of both p63 and Myc for
keratinocyte proliferation (50, 51). p63 was also found to regulate
the expression of Myc and β-catenin in esophageal squamous
cell carcinomas, suggesting the general functioning of a p63/β-
catenin/Myc pathway in tumorigenesis (85). Finally, ΔNp63 was
shown to upregulate the Wnt receptor Fzd7, leading to enhanced
mammary stem cell formation and clonogenic potential (86).

FGFR2/EGFR Pathways

Mutations in the FRGR2 gene (also known as KGFR) can also
lead to craniofacial disorders such as cleft lip and Crouzon’s
syndrome (87, 88). The splice variant FGFR2-2b is an epithelial-
specific receptor for ligands like FGF1 and FGF7 (KGF), and is
required for embryogenesis and adult tissue homeostasis (89).
FGFR signaling and ΔNp63 can influence each other, as ΔNp63
activates expression of FGFR2 in thymic epithelial cells (90) and
KGF-induced ΔNp63 expression in limbal epithelial cells (91).
KGF’s effects on ΔNp63 require p38 MAPK, suggesting a novel
pathway for regulation of p63 (91). Furthermore,mutations in p63
that cause AEC syndrome led to impaired FGFR2 gene expression
and increased splicing of themesenchymal FGFR2-2c isoform (11,
26). Together, the combination of FGFR2 activation of ΔNp63
and ΔNp63 induction of specific isoforms of FGFR2 are likely to
lead to increased proliferation of specific epithelial cell types. This
could enhance proliferation of progenitor cells, but might block
progression of specific epithelial cancers.

Interestingly, FGFR2 can induce expression of the epithelial-
specific transcription factor Elf5, and deletion of Elf5 causes
altered expression of ΔNp63 in the luminal compartment of
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mouse mammary tissue (92–94). This suggests a pathway for cell
type-specific expression of ΔNp63 mediated by Elf5.

The tyrosine kinase receptor EGFR has also been found
to induce ΔNp63 expression. In one case, this was through
phosphatidylinositol-3-kinase (PI3K) signaling in keratinocytes
(42), while in two types of carcinomas EGFR activation of ΔNp63
was found to be mediated by STAT3 (95, 96). STAT3 was also
required for ΔNp63 expression in limbal keratinocytes (97). The
inhibition of the STAT3 growth-stimulatory pathway allowed the
concomitant differentiation of the limbal keratinocytes, further
suggesting the importance of ΔNp63 regulation in these and likely
other epithelial cells. The PI3K and STAT3 pathways may be
connected through mTOR signaling, as Ma et al. (62) found that
PI3K activation of mTOR led to mTOR-dependent activation of
the STAT3-p63-Jagged pathway. This highlights the interconnect-
edness of these signaling pathways, and the role of STAT3 as a
key regulator of p63. However, a clear mechanism for how STAT3
directly regulates p63 remains to be determined.

Regulation of ΔNp63 during the Epithelial
to Mesenchymal Transition

Epithelial cells can undergo an EMTduring development and dur-
ing carcinogenesis, progressing to a more invasive and metastatic
phenotype. This differentiation is thought to allow the cancer-
ous cells greater motility and increased metastatic potential [see
reviews by Thiery (98) and Kang and Massagué (99)]. The expres-
sion of ΔNp63 is repressed during this transition (100, 101).
Transcription factors that can induce EMT include Snail, Slug
(also known as Snail2), and Zeb1, and all of these can repress
ΔNp63 in epithelial cells (100, 102–104). This inhibition, however,
may be due to a feedback loop, as ΔNp63 expression can inhibit
EMT by activation of miR-205, which suppresses Zeb1 and Zeb2
expression (36, 48).

Other transcription factors involved in control of EMT are
Ovol1 andOvol2 (85, 105). These factors can repress Zeb1 expres-
sion; however, it was also found that ΔNp63 expression increased
in Ovol1- and Ovol2-deficient cells, and that Ovol2 could bind
to several sites within the ΔNp63 promoter (85). Ovol2 may be
upstream of ΔNp63 in an EMT-inducing pathway; alternatively,
there may be feedback of Ovol2 to ΔNp63 (as there is with Zeb1
and ΔNp63) with ΔNp63 being an activator of Ovol2. In general, it
remains to be characterized how ΔNp63 is regulated during EMT
in different epithelial cell types.

Transcription Factor Control

While we have mentioned a number of transcription factors as
regulators of ΔNp63, a clear picture has yet to emerge on which
factors are critical direct regulators of ΔNp63 and through which
sequence elements they act near the ΔNp63 gene.

It is possible that multiple pathways regulate p63 through the
C/EBP family of transcription factors, as they have been repeatedly
found to regulate p63. C/EBPδ was found to bind to multiple
regions of the ΔNp63 gene in human keratinocytes (106, 107).
Antonini et al. (108, 109) assayed all conserved regions through-
out the p63 gene and identified two, termed as C38 and C40, in

the second intron of the ΔNp63 gene that affect expression in
mouse keratinocytes. The C40 region was needed for expression
in keratinocytes, while C38 provided repression during calcium-
dependent differentiation. They found that C/EBPα and β bound
to the C38 and C40 regions, and that overexpression of these
factors repressed reporter gene expression. In addition, siRNA
depletion of C/EBPα and β slightly increased p63 mRNA levels
in differentiating cells, suggesting that C/EBPα and β are direct
repressors of p63 expression. Furthermore, these investigators
found AP-2 to be an activator of the C40 region and the POU
domain protein Pou3f1 to be a repressor (108, 109). In contrast
to the repression by C/EBPα and β described above, another
group described a C/EBP site within the proximal human ΔNp63
promoter, which was required for expression in A431 epider-
mal carcinoma cells (100). C/EBPα was also found to positively
activate a site within the mouse ΔNp63 promoter in mouse
keratinocytes (110). Finally, after chemical stress, the cytosolic
NAD(P)H:quinone oxidoreductase 1 (NQO1) was found to bind
to and inhibit C/EBPα, partially accounting for its inhibition of
ΔNp63 expression (110, 111). These contrasting effects of C/EBP
may reflect different family members, DNA-binding sites or cell
types used, suggesting that further studies are needed to better
understanding of the roles these factors play in regulating p63.

Other transcription factors have also been found to regulate
the p63 gene. An OCT4 binding site within the TAp63 promoter
activates its expression, suggesting its involvement in stem cell
regulation (112). Another pluripotency factor, Sox2, bound to
p63 protein and localized with it to common gene loci in chro-
matin immunoprecipitation experiments. This binding occurred
in squamous cell carcinoma cells, but not in embryonic stem
cells, suggesting that p63 may co-opt pluripotency factors for
differentiated cell-specific expression (105).

p63 Autoregulation and Interaction with
p53

p63 positively activates its own expression through binding to the
C38 and C40 intronic enhancers as well as to its own proximal
promoter (108, 109, 113). Overexpression of the ΔNp63γ isoform
increased expression of ΔNp63α in HeLa cells, and of a pro-
moter reporter gene in keratinocytes (108, 113). Overexpression
of ΔNp63 was also found to increase expression of endogenous
ΔNp63 in a nasopharyngeal carcinoma cell line where activa-
tion was dependent upon the STAT3 transcription factor (95).
Whether binding of p63 to its promoter is direct or through
another transcription factor, the evidence consistently shows that
it positively feeds back to augment its own expression.

Initially, p63 expression was found to be suppressed by stresses,
such as UV irradiation, that stimulate p53 expression (114–116).
Binding of p53 to the ΔNp63 proximal promoter was detected in a
mammary epithelial cell line, suggesting direct regulation by p53
of ΔNp63 expression (116). Mutant p53 proteins could also bind
to the p63 protein in tumor cell lines and inhibit its activity (117),
while in carcinoma cells it was shown that mutant p53 together
with SMADs could sequester p63, resulting in inhibition of p63
and increased metastatic potential (45). While these results sug-
gest that wild-type andmutant p53 can repress p63 expression and
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function, more work is needed to demonstrate the significance of
this effect in human cancers, and exactly how this could contribute
to tumorigenesis.

Post-Transcriptional Regulation

p63 levels are also regulated by miRNA, ubiquitin-dependent
proteasomal degradation, and protein phosphorylation. Notably,
miR-203 can repress p63 expression in supra-basal epithelial cells,
contributing to definition of the border between progenitor and
differentiated epithelial cells (118, 119). In addition, miR-203
expression was activated during luminal mammary epithelial dif-
ferentiation and ectopic expression of miR-203 stimulated EMT
(120). These results suggest that miR-203 is an essential part of
the epithelial differentiation pathway.

OthermiRNAshave also been found to regulate p63 expression.
miR-92 targets ΔNp63α and β in the HaCaT keratinocyte cell
line and in myeloid cells, respectively, and miR-302 suppressed
p63 expression in germ cells (121, 122). The apotosis stimulating
protein of p53 (ASPP) family of p53 coactivators has similarities
with protein phosphatases (123). A related family member iASPP
(also known as PPP1R13L) is an inhibitor of apoptosis and can
also bind to p63 (124). The expression of iASPP in the basal layer
of skin cells is strikingly similar to that of p63, and knockdown of
iASPP promoted epithelial differentiation (125). However, rather
than regulating p63 by protein–protein interaction, Chikh et al.
(125) found that iASPP inhibits the expression of two miRNAs,
miR-574-3p and miR-720, which inhibit p63 expression. There
is an auto-regulatory loop as p63 is needed for expression of
these miRNAs and binds to the promoter of the iASPP gene.
These experiments point to a critical role of iASPP and repression
of its target miRNAs in maintenance of p63 expression and the
epithelial phenotype.

p63 protein stability is also regulated by the ubiqui-
tin–proteasome system, adding another layer of regulation (126).
One example is p53-induced RING-H2 (Pirh2), an E3 ubiquitin
ligase, which can directly bind to p63 and cause its poly ubiquiti-
nation and degradation in keratinocytes (127, 128). Pirh2 was also
a transcriptional target of ΔNp63, establishing an auto-regulatory
loop, and was required for epithelial differentiation. Another E3
ubiquitin ligase, Ring1B, part of the polycomb repressive complex
1 (PRC1), was found to target p63 (129). Ring1b is overexpressed
in breast and pancreatic cancer cells (129, 130), suggesting a
possible mechanism for p63 suppression in these tumors.

While p53 is stabilized by DNA damaging agents, such as
UV irradiation, ΔNp63 is degraded (115, 131, 132). Two mech-
anisms related to the NF-κB pathway have been found to mediate
this degradation. In the first, IKKβ binds to ΔNp63 and phos-
phorylates it to induce ubiquitination and degradation (133). A
second mechanism is direct binding of the p65 subunit of NF-
κB to ΔNp63 in cisplatin-treated cells, leading to proteasomal
degradation of ΔNp63 (134). The reduction of ΔNp63 augmented
activation of p53 target genes and may contribute to cell death
in UV-damaged cells. NF-κB repression of p63 may also have a
role in epithelial cell differentiation, as overexpression of the NF-
κB factor p65 in epithelial cells led to p63 downregulation and
increased EMT (103). ΔNp63 also bound to target genes with

p65, suggesting that these two factors coordinately regulate a gene
program promoting cell survival (135).

NF-κB can also activate the TAp63 promoter, suggesting that
a shift to the TAp63 form could also underlie the DNA damage
response (136). Again, there is an auto-regulatory loop where
TAp63 activates p65 expression as well as stabilizes p65 protein
by direct binding (137, 138).

An alternativemechanism for ΔNp63 degradation as part of the
DNA damage response is phosphorylation on threonine 397 by
the protein kinase HIPK2 (139). HIPK2 has previously been iden-
tified as a DNA damage-induced kinase targeting p53 (140), such
that it provides amechanism to coordinate p63 levels with p53 and
other aspects of the DNA damage response. For more regulators
of p63 protein stability, see the review by Li and Xiao (126).

Conclusion

p63 has been termed as a master regulator of epithelial cells, and
it is often suppressed in order for these cells to differentiate (21,
141, 142). We now understand more about how p63 is regulated,
uncovering a large array of signaling pathways (Figure 1) and
feedback regulation that controls expression of components of
the signaling pathway as well as p63. Besides the processes of
differentiation and development, p63 is also regulated during the
DNA damage response, suggesting that it can mediate the more
immediate fate of cells. The regulation of ΔNp63 expression, the
predominant form in epithelial cells, includes transcriptional and
post-transcriptional components. The relative importance of each
pathway is still unclear and their usage will likely vary in different
cell types and developmental stages. While there are multiple
reports of some pathways and mechanisms, common regulatory
sequence element(s) for control of the p63 gene across systems
have yet to be established.

It will also be important to understand how modulation of p63
levels affects cancer formation. The combination of heterozygous
p63 and p53 genotypes in mice yielded conflicting results, giving
either greater or reduced tumor burdens (143, 144). Additionally,
while ΔNp63 is often highly expressed or amplified in squamous
carcinomas, other tumors such as esophageal adenocarcinomas
and hepatocellular carcinomas generally lack expression (145–
147). Naturally, these cancers arise from diverse tissues, but it is
confounding that p63 can have oncogenic effects in some cases
and tumor suppressive ones in others. As EMT is part ofmetastatic
progression of some carcinomas, it is interesting that repression of
p63 was seen during this differentiation process; is this regulation
critical for progression of tumor cells to a more aggressive state?
Further, which of the pathways described here, if any, are altered
in cancer cells and modulate p63 levels in a critical manner?

Other open questions concern p63 promoter usage and splic-
ing – what factors determine the balance of usage of the TA and
ΔN promoters, and what governs the presence of different 3′
splicing isoforms? How does the balance of these 3′ isoforms lead
to differences in development or oncogenesis? Finally, can the
signaling pathways that control p63 levels be controlled to provide
a therapeutic benefit in specific cancers? We can hope that the
following years will bring a greater understanding of this master
regulator of epithelial biology.
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Estrogen receptor-α (ERα) is a steroid hormone-sensitive transcription factor that plays
a critical role in development of breast cancer. The binding of estrogen to ERα triggers
the recruitment of transcriptional co-activators as well as chromatin remodeling factors to
estrogen-responsive elements (ERE ) of ERα target genes. This process is tightly associ-
ated with post-translational modifications (PTMs) of ERα and its co-activators for promotion
of transcriptional activation, which leads to proliferation of a large subset of breast tumor
cells. These PTMs include phosphorylation, acetylation, methylation, and conjugation by
ubiquitin and ubiquitin-like proteins. Ubiquitin-fold modifier 1 (UFM1), one of ubiquitin-like
proteins, has recently been shown to be ligated to activating signal co-integrator 1 (ASC1),
which acts as a transcriptional co-activator of nuclear receptors. Here, we discuss the
mechanistic connection between ASC1 modification by UFM1 and ERα transactivation,
and highlight how the interplay of these processes is involved in development of breast
cancer. We also discuss potential use of UFM1-conjugating system as therapeutic targets
against not only breast cancer but also other nuclear receptor-mediated cancers.

Keywords: ASC1, breast cancer, ERα, post-translational modification, UFM1

INTRODUCTION
Protein modifications by ubiquitin and ubiquitin-like proteins,
including SUMO and ISG15, have emerged as critical regulatory
processes, such as in the control of cell cycle, stress response, signal-
ing transduction, and immune response. Moreover, deregulation
of the modification systems often gives rise to numerous human
diseases, such as cancers, neurodegenerative diseases, and immune
diseases (1–4).

Ubiquitin-fold modifier 1 (UFM1) is the most recently identi-
fied ubiquitin-like protein (5). Like ubiquitination, protein mod-
ification by UFM1 (ufmylation) utilizes a cascade three-enzyme
system: UBA5 as an UFM1-activating E1 enzyme, UFC1 as an
UFM1-conjugating E2 enzyme, and UFL1 as an UFM1 E3 lig-
ase. This ufmylation process can be reversed by UFM1-specific
proteases (UFSPs) (6). All of the proteins involved in reversible
protein modification by UFM1 are conserved in metazoa and
plants,but not in yeast, implicating its specific roles in multicellular
organisms.

Abbreviations: AR, androgen receptor; ASC1, activating signal co-integrator 1;
Cdk5rap3, CDK5 regulatory subunit-associated protein 3; DDRGK1, DDRGK
domain-containing protein 1, ERα, estrogen receptor-α; ISG15, interferon-
stimulated gene 15; LZAP, LXXLL/leucine zipper-containing alternative reading
frame (ARF)-binding protein; Maxer, multiple α–helix protein located at ER;
NCAM, neuronal cell adhesion molecule; NLBP, novel LZAP-binding protein;
RARα, retinoic acid receptor α; RCAD, regulator of C53/LZAP and DDRGK1; SRC1,
steroid receptor coactivator 1; SUMO, small ubiquitin-related modifier; TRIP4,
thyroid hormone receptor interactor 4; UBA, ubiquitin-like modifier activating
enzyme; UBE1DC1, ubiquitin activating enzyme E1-domain containing 1; UFBP1,
UFM1-binding protein 1 containing a PCI domain; UFC1, ubiquitin-fold modifier-
conjugating enzyme 1; UFL1, UFM1-specific ligase 1; UFM1, ubiquitin-fold
modifier 1; UFSP, UFM1-specific protease; Urm1, ubiquitin-related modifier 1.

Not only estrogen receptor α (ERα) itself but also its co-
regulators, including SRC1 and p300, are known to undergo a
wide variety of post-translational modifications (PTMs), such
as phosphorylation, acetylation, methylation, ubiquitination, and
sumoylation. Moreover, these PTMs have been identified as critical
events that regulate the expression of ERα and its transcriptional
co-regulators and their stability, subcellular localization, and sen-
sitivity to hormonal response (7–12). Although the components
of estrogen signaling pathways are suitable and efficient targets for
breast cancer therapies, the role of their PTMs in initiation and
progression of breast carcinogenesis remains largely elusive.

Activating signal co-integrator 1 (ASC1), originally identified
as thyroid hormone receptor interactor 4 (TRIP4), is one of ERα

transcriptional co-activators (13). It also serves as a co-activator
of other nuclear receptors, such as thyroid hormone receptor
(TR) and retinoic acid receptor α (RARα) (14–16). However,
it remained unknown whether ASC1 also undergoes PTMs and
how the PTMs of ASC1 influence its co-activator function toward
nuclear receptors.

In this review, we will provide an overview on current and
emerging roles of the UFM1 system, with a focus on ASC1 ufmy-
lation in regulation of breast cancer development. A thorough
understanding of ASC1 ufmylation would promote not only the
identification of new markers for prognosis of breast cancer but
also the development of novel therapeutic strategies.

PROPERTIES OF UFM1
UFM1 consists of 85 amino acids with a predicted molecular mass
of 9.1 kDa. Its gene is located in human chromosome 13q13.3.
UFM1 is expressed in human cells as a precursor with a C-terminal
Ser-Cys dipeptide extension,which needs to be processed by UFSPs
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FIGURE 1 | 3D structures of ubiquitin and UFM1 in human. PDB IDs for
ubiquitin and UFM1 are 1UBQ and 1WXS, respectively.

prior to conjugation to target proteins (5). Matured UFM1 has a
single glycine residue at the C-terminus, which also is required for
conjugation to its target proteins, unlike ubiquitin and most other
ubiquitin-like proteins, such as SUMO and NEDD8, which have
a conserved C-terminal di-glycine. UFM1 is localized in both the
nucleus and the cytoplasm (5).

Although UFM1 has a limited amino acid sequence iden-
tity (~16%) with ubiquitin, it displays a striking similarity in
its tertiary structure to ubiquitin (Figure 1). UFM1 adopts an
ubiquitin-like α+ β fold with ordered β−β−α−β−β−α−β sec-
ondary structure along the sequence (17). A special feature in
UFM1 structure is the absence of the cluster of the acidic residues
in the α1 surface, which is displayed by ubiquitin (17). Therefore,
it has been suggested that UFM1 employs the uncharged surface
for binding to its putative partners.

ENZYMES FOR UFM1 MODIFICATION
UBA5
UBA5 (also known as UBE1DC1), an UFM1-activating E1
enzyme, consists of 404 amino acids with a predicted molecu-
lar mass of 44.7 kDa (18). Its gene is located in human chro-
mosome 3q22.1. UBA5 is expressed in human as two distinct
isoforms (amino acid sequences: 1–404 and 57–404) due to alter-
native splicing of its primary transcript (19, 20). The role of
the additional N-terminal region (1–56) is unknown, as it is not
required for UFM1 activation (19). Typically, E1 enzymes consist
of the first and second catalytic cysteine half-domains (FCCH and
SCCH, respectively), the adenylation domain, and the C-terminal
ubiquitin-fold domain (19). UBA5 lacks the FCCH and SCCH
domains, but instead simply comprises an adenylation domain, in
which the catalytic cysteine (Cys250) is located, and an ubiquitin-
fold domain (19, 20). Therefore, UBA5 is much smaller than other
E1 enzymes, which comprise >1,000 amino acid residues. UBA5
is predominantly localized in the cytoplasm (20).

At the expense of ATP, UBA5 activates UFM1 (i.e., generates
adenylated UFM1 and inorganic pyrophosphate). UFM1 is then
conjugated to Cys250 of UBA5 via a thioester bond with the release
of AMP (5). It has been reported that UBA5 can also activate

SUMO2 under both in vitro and in vivo conditions (20). How-
ever, the loss of mouse UBA5 has no effect on the conjugation of
ubiquitin-like proteins to cellular proteins, except that of UFM1
(21). In addition, overexpression of UBA5 promotes the modifi-
cation of ASC1 by UFM1, but not by any other ubiquitin-like pro-
teins (22), indicating that UBA5 is a specific E1 enzyme for UFM1.

Significantly, UBA5-deficient mice die in utero due to severe
anemia associated with defective differentiation of both megakary-
ocytes and erythrocytes, although UBA5 is dispensable for the
production of erythropoietin (21). Moreover, transgenic expres-
sion of UBA5 in the erythroid lineage rescues the UBA5-deficient
embryos from anemia and prolongs their survival, revealing that
the UFM1-conjugating system has an essential role in erythroid
differentiation. However, it is necessary to clarify whether UBA5
has other functions distinct from protein conjugation in the con-
trol of erythrocyte biogenesis in mice, as UBA4, the E1 enzyme of
the Urm1 system, is known to function in tRNA uracyl thiolation
in yeast, independent of protein modification by Urm1 (18).

UFC1
UFC1 (also known as HSPC155) is an UFM1-conjugating E2
enzyme consisting of 167 amino acids with a predicted mol-
ecular mass of 19.4 kDa. Its gene is located in human chro-
mosome 1q23.3. UFC1 is mainly localized in the nucleus and
partly in the cytoplasm, but excluded from the nucleoli (http:
//www.proteinatlas.org). UFC1 shows low sequence homology
(within a range of 13–17%) with other E2 enzymes (23). How-
ever, UFC1 has the catalytic core domain conserved in all E2-like
enzymes, except that it contains an additional N-terminal helix.
The active site Cys116 is located in a flexible loop that is highly
solvent accessible. Upon binding of UFC1 to the ubiquitin-fold
domain of UBA5, UFM1 is transferred to the cysteine residue of
UFC1 by a transesterification reaction.

The neuronal cell adhesion molecule (NCAM) plays important
roles in the control of cell migration, synaptogenesis, and axonal
outgrowth (24). Recently, NCAM140, an isoform of NCAM, was
shown to interact with UFC1 upon analysis by protein macro-
array and ELISA (24). NCAM140 and UFC1 co-localize in the
surface of B35 neuroblastoma cells and overexpression of UFM1
increases NCAM140 endocytosis. Therefore, UFM1 has been sug-
gested to play a role in trafficking of cell surface molecules,
although it remains unknown whether NCAM140 or other cell
surface proteins are modified by UFM1.

UFL1
UFL1 (also known as Maxer, NLBP, and RCAD) is an UFM1 E3 lig-
ase consisting of 794 amino acids with a predicted molecular mass
of 89.5 kDa. Its gene is located in human chromosome 6q16.1.
UFL1 has a transmembrane domain and localizes predominantly
in ER membrane. It also has a nuclear localization signal (NLS)
sequence, which is functional only when the transmembrane
domain is deleted (25, 26).

UFL1 does not have any domain conserved for ubiquitin E3
ligases, such as HECT, RING finger, and U-box. However, its
N-terminal region (amino acid sequence: 1–202) is highly con-
served across species, and sufficient for the transfer of UFM1 from
UFC1 to C20orf116, the first target substrate identified for ufmy-
lation, under both in vitro and in vivo conditions (26). Since the
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N-terminal region lacks the active site cysteine residue, which
is typically found in HECT type E3 ligase for transthiolation
reaction, UFL1 may play a role as a scaffold protein that recruits
E2 enzyme and target proteins similarly to RING type ubiquitin
E3 ligase.

UFBP1
UFM1-binding protein 1 (UFBP1: also known as Dashurin and
DDRGK1) consists of 314 amino acids with a predicted molecular
mass of 35.6 kDa. Its gene is located in human chromosome 20q13.
UFBP1 contains a transmembrane helix (amino acid sequence:
4–21), a NLS sequence (64–68), a PCI [proteasome, COP9, and
initiation factor domain (228–272)], and a DDRGK sequence
(253–267) (27). UFBP1 also has an N-terminal signal sequence (1–
26) for its localization in ER. However, deletion of the N-terminal
signal sequence leads to nuclear localization of UFBP1.

UFBP1 was originally identified as C20orf116, which is the first
target protein identified for ufmylation (26). It interacts not only
with UFM1 but also with UFL1 and target proteins for ufmylation,
such as ASC1 and LZAP. Depletion of UFBP1 abrogates ufmylation
of the target proteins, indicating that UFBP1 serves as a cofactor as
well as a substrate for ufmylation. Interestingly, ASC1 ufmylation
could also be prevented by substitution of the UFM1 acceptor site
Lys267 in UFBP1 with Arg. Moreover, this Lys-to-Arg mutation
markedly reduces the interaction of UFBP1 with UFL1, although
not with ASC1. Thus, it appears that UFBP1 may first act as a
substrate of UFL1 through their weak binding and the ufmylated
UFBP1, then binds to the ligase with high affinity, which might
be required for the activation of UFL1. Figure 2 summarizes the
overall process of protein ufmylation.

FIGURE 2 | Pathway for protein modification by UFM1. Matured UFM1
generated from its precursor by UFSP2 is activated by UBA5 (E1),
transferred to UFC1 (E2), and then conjugated to target substrates by UFL1
(E3) with the aid of UFBP1. This ufmylation pathway can be reversed by
USFP2. “S ~” indicates the thioester bond.

UFM1-SPECIFIC PROTEASES
UFSP1
Mouse Ufsp1 consists of 217 amino acids with a predicted molecu-
lar mass of 23.4 kDa. Like most deubiquitinating enzymes (DUBs)
and ubiquitin-like protein-specific proteases (ULPs), mouse Ufsp1
belongs to the family of cysteine proteases. However, it shows
no sequence homology to previously known proteases (28). This
novel cysteine protease has a papain-like fold with a unique active
site that is composed of a Cys box and a conserved “Asp-Pro-
His”box, instead of the canonical Cys-His-Asp catalytic triad. This
novel active site configuration appears to form a new subfamily of
the cysteine protease superfamily (28).

Human USFP1 consists of 142 amino acids with a predicted
molecular mass of 15.0 kDa. Its gene is located in human chromo-
some 7q22.1. However, unlike the catalytically active mouse Ufsp1,
human UFSP1 is expected to be non-functional, since it is shorter
on the N-terminus and thereby lacks the conserved cysteine active
site (Figure 3).

UFSP2
Human USFP2 consists of 469 amino acids with a predicted mole-
cular mass of 53.16 kDa. Its gene is located in chromosome 4q35.1.
The crystal structure of mouse UFSP2 shows that the protease is
composed of two domains (29). The C-terminal catalytic domain
is similar to UFSP1 with the active site composed of a Cys box
and a conserved Asp-Pro-His box. The novel N-terminal domain
shows a unique structure and plays a role in the recognition
of UFBP1. UFSP2 resides in both the nucleus and the cyto-
plasm. However, overexpressed N-terminal domain co-localizes
with UFBP1 in ER, where UFBP1 predominantly localizes, sug-
gesting that the N-terminal domain of UFSP2 plays an important
role in the recruitment of UFBP1 to ER for reversal of ufmylation
process.

A mutation within the human UFSP2 gene has been identified
in a family with an autosomal dominant form of hip dysplasia,
called Beukes familial hip dysplasia (29). This mutation predicts
the replacement of the highly conserved Tyr290 by His in the
encoded protein. Interestingly, the substitution of Tyr282 in mouse
UFSP2, which is equivalent to Tyr290 in human UFSP2, abolishes
the in vitro UFM1-processing activity (22). Thus, it appears that
impairment of reversible modification of unknown protein(s) by
UFM1 is associated with an autosomal dominant form of hip
dysplasia.

FIGURE 3 | Schematic diagram for primary structures of UFBPs. “C”
and “DPH” denote the active site Cys-box (red) and Asp-Pro-His box
(orange), respectively. Note that hUFSP1 lacks the Cys box.
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ROLE OF ASC1 UFMYLATION IN BREAST CANCER
DEVELOPMENT
IDENTIFICATION OF ASC1 AS A TARGET FOR UFMYLATION
Although UFBP1 (C20orf116) was identified as the first tar-
get protein for ufmylation (26), its biological function remained
unknown. Recently, however, numerous target proteins for ufmy-
lation have been identified by stable expression of Flag-His-
UFM1 in NIH3T3 and double affinity purification using Ni2+-
nitrilotriacetic acid-conjugated agarose and anti-Flag antibody-
conjugated resins, followed by mass spectrometry (22). The iden-
tified ufmylated proteins include ASC1, a transcriptional coacti-
vator of ERα, and LZAP (also known as CDK5RAP3 and C53)
that has tumor suppressive functions, including activation of
p53, induction of apoptosis, and suppression of NF-κB signaling
(30–32).

All of Lys324, Lys325, Lys334, and Lys367 in ASC1 serve as the
acceptor sites for UFM1 (22). Of the six lysine residues in UFM1,
only Lys69 is involved in poly-UFM1 chain formation on ASC1 via
isopeptide bond linkage. However, it is possible that other lysine
residues may also participate in poly-UFM1 chain formation on
other target proteins. Knockdown of any of UBA5 (E1), UFC1
(E2), UFL1 (E3), and UFBP1 abrogates poly-UFM1 chain forma-
tion on ASC1, indicating that UFBP1 serves as an essential cofactor
for ufmylation process.

REQUIREMENT OF ESTROGEN FOR ASC1 UFMYLATION
Endogenous ASC1 can be ufmylated upon treatment of ERα-
negative cells with estrogen, but not without it (22). In the absence
of estrogen, UFSP2 remains bound to the N-terminal zinc-finger
domain of ASC1, and rapidly removes UFM1 molecules that are
conjugated to ASC1. In the presence of the hormone, ERα forms a
dimeric complex, translocates to the nucleus, and displaces UFSP2
for its binding to the zinc-finger domain of ASC1, thus allowing
ASC1 ufmylation. On the other hand, no ufmylation of ASC1 can
be observed in ERα-negative cells, such as MDA-MB-453, regard-
less of the presence of estrogen. In addition, 4-hydroxy-tamoxifen,
an ERα antagonist, abrogates ASC1 ufmylation by preventing the
interaction of ASC1 with ERα, indicating the requirement of
estrogen binding to ERα for ASC1 ufmylation.

ASC1 acts as a general transcriptional co-activator of nuclear
hormone receptors upon binding to not only ERα but also
other nuclear receptors, such as androgen receptor (AR) (15).
Accordingly, dihydrotestosterone (DHT), an AR agonist, induces
ASC1 ufmylation in LNCap (AR-positive) cells, but not in PC3
(AR-negative) cells (22). Thus, ligand-dependent ASC1 ufmy-
lation appears specific to cognate nuclear hormone receptors
and it is likely that ligands for other nuclear receptors (e.g.,
all-trans-retinoic acid for RARα) can induce ASC1 ufmylation.

REQUIREMENT OF ASC1 UFMYLATION FOR ERα TRANSACTIVATION
The zinc-finger domain of ASC1 serves as a binding site for nuclear
hormone receptors, transcriptional co-activators (e.g., SRC1 and
p300), and basic transcriptional machinery (e.g., TFIIA and TBP)
(14). Thus, ASC1 plays an important role as a platform that
recruits the necessary components for nuclear receptor-mediated
transcription. However, it remained unclear how the zinc-finger
domain, a short region in ASC1 (amino acid sequence: 125-237),

can simultaneously interact with such a group of the proteins.
Remarkably, poly-UFM1 chain conjugated to ASC1 plays a cru-
cial role as a scaffold protein that recruits SRC1, p300, ERα,
and ASC1 itself to estrogen-responsive elements (EREs) located
in the promoters of ERα target genes, such as pS2, Cyclin D,
and c-MYC (22, 33, 34). Moreover, this recruitment leads to a
dramatic increase in ERα transactivation. Whereas knockdown
of UFSP2 markedly promotes ERα transactivation, its overex-
pression abolishes it. Knockdown of UBA5 or overexpression of
an ufmylation-deficient ASC1 mutant, in which the four UFM1
acceptor lysine residues are replaced by arginine, also abrogates
ERα transactivation, indicating that ASC1 ufmylation is crucial
for ERα transactivation.

PROMOTION OF TUMOR FORMATION BY ASC1 UFMYLATION
Recently, colony-forming assay has shown that estrogen-induced
ASC1 ufmylation is critically involved in anchorage-independent
growth of ERα-positive MCF7 breast cancer cells (22). Xenograft
analysis using ovariectomized mice has further revealed that ASC1
ufmylation is tightly associated with estrogen-dependent tumor
formation in vivo (22). Whereas depletion of ASC1, UBA5, or
both prevent colony formation and tumor growth, overexpres-
sion of ASC1 markedly increases them. Remarkably, depletion of
UFSP2 most dramatically promotes the cell growth and tumor
formation, and this promotion can be abrogated by simultane-
ous depletion of ASC1, implicating the role of UFSP2 as a tumor
suppressor. In addition, tamoxifen could completely reverse the
stimulatory effects of ASC1 overexpression and UFSP2 depletion
on colony formation and tumor growth. These findings impli-
cate a crucial role of ASC1 ufmylation in development of ERα-
positive breast cancer by promoting ERα transactivity. Figure 4
summarizes estrogen-induced ASC1 ufmylation pathway for ERα

transactivation, which leads to development of breast cancer.

POSSIBILITY FOR DEVELOPMENT OF ANTI-BREAST CANCER DRUG
Breast cancer is one of the most prevailing cancers of woman.
It is well-known that estrogen plays a critical role in the patho-
genesis and development of breast cancer (35). Moreover, nearly
70% of breast cancer is ERα-positive (36). Therefore, patients with
ERα-positive cancer have been treated with aromatase inhibitors,
which prevent the synthesis of estrogen or with tamoxifen, which
blocks the binding of estrogen to ERα (35–38). These treat-
ments are highly effective, but many patients inevitably develop
the drug-resistant invasive tumors. Therefore, new drugs against
ERα-positive breast cancer are of high demand.

As to the findings that estrogen-induced ASC1 ufmylation is
required for ERα transactivation and tumor formation (22), UBA5
and other components of UFM1-conjugating machinery involved
in ASC1 ufmylation could be used as potential targets for develop-
ment of new therapeutic drugs against ERα-positive breast cancer.
Significantly, the induction of ASC1 ufmylation is not limited to
estrogen, but could also occur in the presence of other ligands,
such as testosterone and retinoic acid, if their cognate nuclear
receptors are present in cells (22). Thus, the components of UFM1-
conjugating system may also represent potent therapeutic targets
in patients with other nuclear receptor-related cancers, such as
prostate and leukemic cancers. Since UFSP2 knockdown leads
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FIGURE 4 | Pathway for estrogen-induced ASC1 ufmylation for ERα

transactivation. “DRUG” indicates any small molecule that can act as a
therapeutic anti-breast cancer drug by blocking ASC1 ufmylation.

to the most dramatic effect on the increase in cell proliferation,
anchorage-independent colony formation, and tumor formation,
small molecules that increase the affinity of UFSP2 to the zinc-
finger domain of ASC1, or the activity of the protease could also
be used as a potential drug against the nuclear receptor-mediated
cancers.

OTHER BIOLOGICAL FUNCTIONS OF THE
UFM1-CONJUGATING SYSTEM
UFL1 IN TUMORIGENESIS
The human UFL1 gene is located in chromosome 6q16.1, a region
that was reported to be frequently lost in prostate and gastric can-
cers as well as in bile duct cancer cell lines (39–41). It has also been
reported that the expression of UFL1 (also called NLBP, RCAD,
and Maxer) cannot be detected in invasive hepatocellular carci-
noma cells including HepG2, Hep3B, HLE, and PLC, whereas it
can be detected in non-invasive Huh7 hepatocellular carcinoma
cell line (39). In addition, UFL1 was shown to cooperate with
LZAP in suppression of cell invasion and NF-κB signaling by

mutual stabilization, suggesting that UFL1 may act as a tumor
suppressor (27).

However, it has also been reported that UFL1 knockdown sup-
presses the proliferation of C6 glioma cells and LZAP-mediated
inhibition of Cyclin D1 transcription (25). In addition, UFL1 is
highly expressed in human lung adenocarcinoma and its overex-
pression promotes the proliferation of rat H1299 lung cancer cells
through interaction with p120 catenin, suggesting that UFL1 may
play a role in development of lung carcinoma (42). Thus, UFL1
seems to have two opposite functions: one in tumor suppression
and the other in tumor development, perhaps depending on its tar-
get proteins for ufmylation in different types of cells and tissues.
In this respect, it would be of high interest to see if UFL1-mediated
ufmylation differentially influences the function of LZAP and p120
catenin in the control of tumorigenesis, although it is also possible
that UFL1 may regulate their functions independently of its E3
ligase activity.

Interestingly, UFBP1 was shown to bind to I-κB, stabilize it, and
thereby inhibit NF-κB signaling (43). In addition, UFBP1 knock-
down leads to inhibition of cell migration and invasion. Thus,
UFBP1, like UFL1, plays two opposite roles as a tumor suppressor
by inhibiting NF-κB signaling and as a tumor promoter by serv-
ing as a cofactor of the UFM1-conjugating system for ASC1 in
development of breast cancer. UFBP1 may regulate NF-κB path-
way independently of its cofactor function in ufmylation. Further
studies are required to clarify the opposite dual functions of UFBP1
and UFL1 in the control of tumorigenesis and NF-κB signaling.

THE UFM1 SYSTEM IN ER STRESS RESPONSE
The expression of UFM1 was shown to be up-regulated in type
2 diabetes and ischemic heart disease in mice, whose pathologi-
cal conditions are associated with activation of ER stress response
(44–47). ER stress induced by cyclopiazonic acid or thapsigargin,
both of which are inhibitors of the ER Ca2+ATPase pump, was also
shown to increase the expression of UFM1, UFBP1, and UFL1 (48).
Interestingly, this increase attenuates ER stress-induced apopto-
sis of mouse pancreatic β-cells. Recently, brefeldin, an inhibitor
of vesicle trafficking, has been shown to increase the transcript
level of UFM1, UFBP1, and UFL1, and this increase could not
be observed in Xbp1-/- MEFs (45). These findings suggest that the
UFM1-conjugating system plays an important role in maintaining
the ER homeostasis.

CONCLUDING REMARKS
The UFM1-conjugating machinery, consisting of UBA5 (E1),
UFC1 (E2), UFL1 (E3), and UFBP1, is the most recently discovered
post-translational protein modification system, whose biological
function is largely unknown. Intriguingly, estrogen-induced ASC1
ufmylation by this system plays a crucial role in development
of breast cancer by promoting ERα-transactivation. Thus, each
component of the UFM1-conjugating machinery and UFSP2 that
reverses ufmylation process could be potential targets for devel-
opment of drug against ERα-positive breast cancer. Since ASC1
ufmylation can be achieved by specific ligands for other nuclear
receptors, such as AR and RARα, it would be of interest to examine
whether ASC1 ufmylation also promotes the transcriptional activ-
ity of the nuclear receptors and thereby the receptor-mediated
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cancers, such as prostate and leukemic cancers, respectively. Up to
present, however, the knowledge on biological function of protein
ufmylation is limited to ASC1. Significantly, ER stress induces the
expression of UBA5, UFBP1, and UFL1, suggesting that proteins
involved in UPR response may be potential targets for ufmylation.
Thus, extensive studies are of necessity to identify more target
proteins for ufmylation and explore their biological function.
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Histone, and non-histone, protein acetylation plays an important role in a variety of cellular 
events, including the normal and abnormal development of blood cells, by changing 
the epigenetic status of chromatin and regulating non-histone protein function. Histone 
acetyltransferases (HATs), which are the enzymes responsible for histone and non-histone 
protein acetylation, contain p300/CBP, MYST, and GNAT family members. HATs are not 
only protein modifiers and epigenetic factors but also critical regulators of cell develop-
ment and carcinogenesis. Here, we will review the function of HATs such as p300/CBP, 
Tip60, MOZ/MORF, and GCN5/PCAF in normal hematopoiesis and the pathogenesis of 
hematological malignancies. The inhibitors that have been developed to target HATs will 
also be reviewed here. Understanding the roles of HATs in normal/malignant hematopoiesis 
will provide the potential therapeutic targets for the hematological malignancies.

Keywords: histone acetyltransferases, hematopoiesis, transcriptional regulation, hematopoietic stem cells, 
hematological malignancies

Introduction

Histone acetyltransferases (HATs) acetylate histone proteins by transferring acetyl group from 
acetyl-CoA to specific lysine residues (1, 2). The acetylation of histones by HATs results in a 
dispersed structure of chromatin, which becomes accessible by transcriptional factors. Besides 
histones, a variety of non-histone substrates also have been shown to be acetylated by HATs, thus 
the HATs are now generally categorized as lysine acetyltransferases (3). The acetylome studies have 
led to discovery of many new substrates of HATs, and a lot of non-histone substrates of HATs, 
such as AML1, AML1-ETO (AE), p53, c-MYC, NF-κB, Cohesin and Tubulin, have been found 
to play important roles in different cellular processes (4–10). Based on the cellular localization, 
HATs are classified into type A and type B HATs. The type A HATs show nuclear localization and 
likely catalyze the processes related to transcription (11). The type A HATs are further divided 
into five families according to their homology and acetylation mechanisms. The GNAT family 
members include PCAF, Gnc5 and ELP3. CBP and p300 form the CBP/p300 family (12). Tip60, 
MOZ, MORF, HBO1 and HMOF belong to the MYST family (13). The transcriptional factor related 
HAT family includes TAF1 and TIFIIIC90. In addition, several steroid receptor co-activators, 
such as p600, SRC1, CLOCK and AIB1/ACTR/SCR3 etc., are also HATs. (14, 15). Type B HATs 
are localized in the cytoplasm and they are shown to acetylate the newly synthesized histones. For 
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TABLE 2 | The role of HATs in hematological malignancies.

Acetyltransferase Disease Non-histone substrate Target genes Established role/function Inhibitors

p300/CBP AML C-Myb, AML1–ETO Id1, p21, Egr1 Block differentiation and promote self-renewal C646, EGCG, L002
p300 T cell leukemia Notch3 Unknown Promote Notch3-induced T cell proliferation Garcinol
Tip60 AML, lymphoma Unknown C-Myc, p53 Tumor suppressor and modulate DDR signaling Garcinol
MOZ/MORF AML AML1 p53, RARβ, PU.1 MOZ-related fusion proteins transduce HSPCs Garcinol
GCN5 B cell ALL, AML E2A-PBX1, AME Syk, Btk Promote cell transformation MB-3, Garcinol
PCAF AML, CML AME AML1 Promote AML1-dependent transcription MG153, Garcinol
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example, HAT1 is one of type B HAT members and functions 
in DNA repair and histone deposition (16).

Histone acetyltransferases play key roles in normal and malig-
nant hematopoiesis. The acetylation of histones and non-histone 
proteins has been shown to regulate normal blood cell develop-
ment (17–19) (Table 1). Analysis of chromatin factor interaction 
network in hematopoietic development shows multiple chromatin 
factor complexes, including NuA4/P300/CBP/HBO1, are required 
for normal hematopoiesis (20). Protein acetylation regulates 
hematopoietic stem cell (HSC) self-renewal, proliferation, and 
their differentiation into committed hematopoietic progenitors. 
In line with the critical functions of HATs in normal hematopoiesis, 
chromosomal translocations that involve HAT genes are frequently 
found in hematological malignancies. Recent cancer genome 
studies have identified HATs as common targets for mutations in 
these diseases. Meanwhile, the acetylation states of some onco-
proteins and tumor suppressor proteins have been correlated with 
hematological malignancies manifestation (5, 19, 21–25) (Table 2). 
Notably, most leukemogenic fusion proteins physically interact 
with HATs, even though they are not directly fused with HATs, 
suggesting that the aberrant acetylation regulation by these fusion 
proteins are critically important in leukemogenesis (26). In this 
article, we will first briefly review a few examples of interesting 
findings that potentially lead to development of new therapeutic 
strategies for hematological malignancies, and then provide an 
overview of the functions of HATs in normal and malignant 
hematopoiesis (Figure 1). 

TABLE 1 | The role of HATs in hematopoietic stem/progenitor cells.

Cell type Acetyl- 
transferase

Target  
genes

Established role/
function

Hematopoietic 
stem/progenitor 
cells

p300 C-Myb Block proliferation and 
promote differentiation

CBP Gfi1b Promote self-renewal  
and block differentiation

MOZ p16 Generate and maintain 
HSCs

Myeloid 
progenitor cells

p300/CBP C-Myb Block proliferation and 
promote differentiation

MOZ p16 Promote hematopoietic 
progenitors proliferation

HBO1 Gata1 Promote fetal liver 
erythropoiesis

Lymphoid cells p300 Foxp3/C-Myb Regulate Foxp3(+) 
Treg cell function and 
homeostasis

GCN5 PI3K/AKT/Syk/Btk Regulate B cell apoptosis

Bromodomains are Promising Targets for 
treating Hematological malignancies

Acetylated lysine residues generated by HATs can be specifically 
bound by some protein domains (“readers”). Bromodomains 
have been identified as an important type of the readers of acetyl 
lysine. The human genome encodes over 60 bromodomain 
proteins, including HATs, HAT-associated proteins (such as 
GCN5L2, PCAF, and BRD9), histone methyltransferases (such as 
ASH1L and MLL), transcriptional co-activators (such as TRIMs 
and TAFs), as well as the BET family proteins (27). BRD4, a 
member of the BET family proteins, is shown to locate at the 
enhancer and/or promoter regions of many active genes. The 
bromodomain inhibitor JQ1 is able to disassociate BRD4 from 
acetylated histones, leading to downregulation of gene transcrip-
tion and decreased phosphorylation of RNA polymerase II (28) 
(Figure 2). JQ1 is also able to remove BRD4 from the super-
enhancers and thus repress many super-enhancer regulated 
oncogenes. These findings have been verified in hematological 
malignancies, such as diffuse large B cell lymphoma (DLBCL), 
and provide a basis for using JQ1, as well as other BET bromodo-
main inhibitors, in the treatment of hematological malignancies 
(29–31).

HATs Generate the Markers of Super-
Enhancers in Hematological Malignancies

Super-enhancers are clusters of active enhancers bound by master 
transcription factors and cofactors, including the mediator complex, 
and can promote the high-level expression of genes that control 
cell identity (32, 33). Cancer cells can acquire super-enhancers to 
active oncogenes, which suggest that super-enhancer-associated 
genes could be candidate oncogenic drivers (29, 34–36). Histone 
H3 lysine 27 acetylation (H3K27ac) by p300/CBP is used as an 
active enhancer mark, which biophysically facilitates opening of 
chromatin and recruits the co-activators that recognize ϵ-acetyl 
lysine through bromodomain (37). BRD4 is most commonly asso-
ciated with enhancer regions, defined by the presence of H3K27ac 
by p300/CBP and the absence of H3K4me3. In a genome-wide 
study of DLBCL, a rank ordering of the enhancer regions by 
H3K27ac enrichment reveals that BRD4 binds to the majority of 
active enhancers and that the genome-wide correlation between 
BRD4 occupancy and H3K27ac is extremely strong. Importantly, 
BRD4 is highly loaded at the super-enhancers (29). These findings 
suggest that the HAT-mediated H3K27ac and the BRD4 recruit-
ment may play an important role in the formation and function 
of the super-enhancers.
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Histone Acetylation-Methylation Crosstalk 
in Hematological Malignancies

Polycomb group (PcG) proteins are transcriptional repressors, 
and their abnormal expression is frequently associated with 
hematological malignancies. The PcG proteins can induce 
transcription repression through disassociating HATs from their 
target genes (38). The Polycomb repressive complex 2 (PRC2) 
catalyzes trimethylation of H3K27, and this activity is important 
for transcriptional repression. Depletion of PRC2 leads to a global 
increase of H3K27 acetylation, which is catalyzed by p300 and CBP. 
In MLL-AF9-transduced HSCs, the transcriptional activation of 
PcG-targeted genes has been found to correlate with a methylation-
to-acetylation change (Figure 1). These findings suggest that the 
acetylation–methylation crosstalk plays an important role in 
hematological malignancies.

FIGURE 1 | Recent advances in the emerging fields of histone acetylation 
in hematopoiesis: (1) Bromodomains are a promising target for the 
therapy of hematological malignancies; (2) HATs generate histone marks 

found in active enhancers; (3) Histone acetylation-methylation crosstalk 
in hematopoiesis; (4) Third generation HDAC inhibitors for the therapy of 
hematological malignancies.

FIGURE 2 | Histone acetyltransferases regulate both normal and malignant hematopoiesis.

The Role of Histone Acetyltransferases in 
Normal Hematopoiesis

The Role of HATs in Hematopoietic Stem/
Progenitor Cells
p300/CBP Knockout Mouse studies
The initial studies showed that CBP, instead of p300, is pivotal 
for the self-renewal of HSCs. However, it has been shown that 
p300, but not CBP, is essential for hematopoietic differentiation 
(39). However, it has been recently reported that CBP regulates 
both self-renewal and differentiation in adult HSCs and that loss 
of CBP leads to an increase in apoptosis, differentiation, and 
quiescence in HSCs through regulating Gfi1b (40). The num-
bers of colony-forming cells and erythroid cells are reduced in 
mouse embryos expressing the truncated CBP protein (1–1084 
amino acids), which suggests that CBP mutations disrupt 
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primitive hematopoiesis. Abnormal endothelial precursors have 
been found when the CBP mutant para-aortic splanchnopleural 
mesoderm was cultured with stromal cells, suggesting defects in 
the hematopoietic microenvironment (39). CBP+/− mice develop 
highly penetrant, multilineage defects in hematopoietic differ-
entiation (41). These findings indicate that CBP has important 
functions in normal hematopoiesis. No such pathology was 
observed in p300+/− mice. Thus, p300 and CBP play essential 
but distinct roles in maintaining normal hematopoiesis (42).

MOZ is Crucial for the Generation and Development of 
HSPCs
MOZ contains two coactivation domains and a HAT catalytic 
domain. The fetal liver cells with moz mutation were able to help 
reconstitute the hematopoietic system in the lethally irradiated 
recipient mice. In the Moz-deficient mice, the number of hemat-
opoietic progenitors in all lineages was reduced, and defects 
in HSCs were found (43). Loss of MOZ HAT activity causes 
abnormalities in hematopoietic stem/progenitor cell (HSPC) 
numbers in mice since HSPCs lacking MOZ HAT activity cannot 
expand. Loss of MOZ HAT activity also leads to the disruption of 
B cell development in mice. MOZ-mediated acetylation has been 
found to play an important role, controlling the balance between 
differentiation and proliferation in normal hematopoiesis (26, 
44). MOZ controls the proliferation of HSCs at least in part 
by repressing the transcription of p16. The expression level of 
p16 is increased in HSPCs without MOZ HAT activity, which 
can induce the senescence of HSPCs. Loss of p16 rescues the 
proliferative abnormality in the hematopoietic progenitors 
lacking the MOZ HAT activity. These findings indicate an 
important role of MOZ HAT activity in the transcription of 
p16 and HSPC senescence (45). Together, MOZ is essential 
for a fundamental property of HSCs and the development of 
hematopoietic progenitors.

The Role of HATs in Myeloid Progenitors and 
Differentiation
The KIX Domains of p300/CBP are Required for Definitive 
Hematopoiesis
The KIX domains in p300 and CBP are responsible for inter-
acting with other proteins, and they regulate c-Myb-mediated 
transcription activation and repression. Loss of the CH1 
or KIX domain in p300 leads to profound abnormalities in 
hematopoiesis, while deletion of other portions of p300 only 
affects some specific lineages (46). Certain site specific point 
mutations in the KIX domain of p300 can disrupt the interaction 
between p300 and CREB/c-Myb, and mice homozygous for these 
mutations have many hematopoietic defects, such as anemia, 
thrombocytosis, megakaryocytosis, thymic hypoplasia, and B 
cell deficiency. However, no defects are detected in mice carrying 
the same point mutations in CBP. The interaction between the 
KIX domain of p300 and c-Myb is important for the function 
and development of megakaryocytes, and a synergistic genetic 
interaction has been found between the mutations in the KIX 
domain of p300 and mutations in c-Myb. CBP KIX domain 
mutations affect platelets, B cells, T cells, and red cells. Therefore, 
the KIX domains in p300 and CBP have their unique functions 

in normal hematopoiesis (47). Altogether, the KIX domains 
in p300 and CBP are essential for the normal hematopoiesis 
through regulating c-Myb-mediated transcription activation 
and repression (48).

The Hbo1-Brd1/Brpf2 Complex is Required for Fetal Liver 
Erythropoiesis
HBO1 is responsible for the acetylation of histone H4K5, K8, 
and K12. The interaction between ING4 and histone H3K4me3 
augments the ability of HBO1 to acetylate histone H3 (49, 
50). HBO1 and BRD1 can form a HAT complex and control 
erythropoiesis. Loss of Brd1 leads to severe anemia in mouse 
embryos due to abnormal erythropoiesis in the fetal liver. HBO1 
and BRD1 are found to mostly co-localize in the erythroblast 
genome, and regulate critical developmental genes. Loss of 
Brd1 or depletion of Hbo1 significantly decreases the levels 
of H3K14 acetylation in erythroblasts. Loss of Brd1 leads to 
reduced expression of Gata1, the key erythroid developmental 
regulator, and the forced expression of Gata1 can partially rescue 
the abnormal erythropoiesis induced by loss of Brd1. Taken 
together, the Brd1–Hbo1 HAT complex is an important H3K14 
HAT, which is essential for the transcriptional activation of key 
erythroid regulators (17).

The Role of HATs in Lymphoid Cells
p300 is Critical for the Function and Homeostasis of 
Foxp3(+) Treg Cells
Forkhead box P3 (Foxp3) is acetylated by p300 and is essen-
tial for the development of a Treg suppressor phenotype. 
Hyperacetylation of Foxp3 prevents its ubiquitination and 
proteasome mediated degradation, which leads to a significant 
increase in the Foxp3 protein level. Foxp3 acetylation can rapidly 
control Foxp3 protein levels in T cells, which provides a new 
mechanism for regulating the number and function of Treg cells 
(51). In the presence of a p300 inhibitor, Garcinol, p300 becomes 
disassociated from the FOXP3 protein complex, and subse-
quently FOXP3 is degraded through the lysosome-dependent 
system. A subset of four lysine residues, which together control 
the total acetylation of FOXP3, could also be acetylated by p300 
(52, 53). The conditional deletion or pharmacologic inhibition 
of p300, was able to increase apoptosis induced by the T cell 
receptor in Foxp3(+) Treg cells, and inhibit tumor growth in 
immunodeficient mice. Together, p300 is critical for the func-
tion and homeostasis of Foxp3(+) Treg cells, and thus p300 
inhibitors are able to impair the function of Treg cells without 
affecting T effector cells suggesting a new approach for cancer 
immunotherapy (54).

The Role of GCN5 in Lymphoid Cells
GCN5 controls the PI3K/AKT pathway activation through regulat-
ing the transcription of Btk and Syk, which are involved in PI3K/
AKT pathway activation in B cells under oxidative stress. GCN5 
deficiency significantly induced apoptosis in chicken DT40 cells 
treated with hydrogen peroxide. GCN5 is localized at the proximal 
5′-upstream regions of Btk and Syk, and the expression levels of Syk 
and Btk were significantly decreased in GCN5-deficient chicken 
DT40 cells exposed to exogenous hydrogen peroxide. Moreover, 
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the phosphorylation level of AKT was also significantly decreased 
in hydrogen peroxide-treated GCN5-deficient chicken DT40 cells. 
Together, GCN5 regulates the transcription of Btk and Syk, and 
is crucial for the epigenetic regulation of the PI3K/AKT pathway 
activation in lymphoid cells under oxidative stress (55).

The Role of Histone Acetyltransferases in 
Malignant Hematopoiesis

p300/CBP
The Interaction of p300/CBP with c-Myb is Required for 
the Induction of Acute Myeloid Leukemia
CBP/p300 is an essential co-activator for the transforming capacity 
of c-Myb (56). CBP/p300 is required for the ability of c-Myb to 
repress several key target genes involved in myeloid differentiation 
and p300 is recruited to c-Myb-binding sites close to c-Myb target 
genes (57). The interaction of p300/CBP with c-Myb is essential 
for leukemic transformation by the myeloid leukemia oncogenes 
AE, MLL-ENL, and MLL-AF9 (58). The p300–c-Myb interaction 
is essential for the ability of AE, MLL-ENL, and MLL-AF9 fusion 
proteins to confer self-renewal properties on myeloid progenitor 
cells. In the absence of this interaction, these fusion oncoproteins 
are unable to impose a block of differentiation, leading instead 
to terminal differentiation. Myeloid progenitors from Plt6 mice, 
which have a mutation in p300, are also refractory to transfor-
mation by the AE and MLL fusion proteins. Taken together, the 
specific interaction between p300 and c-Myb is required to control 
a transcriptional program, which is essential for the acquisition 
of self-renewal and possibly other leukemogenic properties upon 
expression of fusion oncoproteins. Thus, disruption of the p300–c-
Myb interaction could be a potential therapeutic strategy for acute 
myeloid leukemia (AML) (58).

The Acetylation of Notch 3 by p300 in T Cell Leukemia
Notch3 is acetylated at lysine 1692 and lysine 1731 by p300, which 
can be deacetylated by HDAC1. The acetylation of Notch3 by p300 
is able to promote its ubiquitination and protein degradation 
through proteasome system. Consequently, the expression level 
of Notch3 and its transcriptional activity are decreased in the non-
acetylatable Notch3 mutant transgenic mice, which leads to defects 
in the Notch3 downstream signaling. The non-acetylatable Notch3 
mutant can enhance Notch3-induced growth of T cell leukemia 
proliferation, which can be blocked by a histone deacetylases 
(HDAC) inhibitor. In the Notch3 transgenic mouse model, 
HDAC inhibitor-mediated hyperacetylation of Notch3 inhibits 
the proliferation of T cell leukemia/lymphoma cells. Altogether, 
targeting Notch3 deacetylation could be a promising therapeutic 
strategy for T-cell leukemia (25).

The HAT Domain and Bromodomain are Required for 
MLL–CBP-Induced Transformation in AML
The CBP gene is fused with the MLL gene in patients with 
t(11;16) MDS; the MLL–CBP fusion contains a mostly intact 
CBP, suggesting involvement of CBP in leukemogenesis (59). 
Both the CBP HAT domain and bromodomain are required for 
MLL–CBP-induced transformation in AML, which is usually 
preceded by an MDS phase. The replacement of the MLL–CBP 

HAT domain with the PCAF/GCN5 HAT domain enhanced the 
proliferation of hematopoietic progenitor cells and led to the loss 
of myeloid cell surface markers in these cells. These phenotypes 
were not observed when the CBP bomodomain of MLL–CBP was 
replaced by the PCAF/TAFII250 bromodomain. The recipient 
mice transplanted with domain-swapped hematopoietic pro-
genitors developed lymphoid disease or had low-frequency 
MDS that progressed to AML. Thus, the CBP HAT domain and 
bromodomain have different functions but play important roles 
in the pathogenesis of MLL–CBP-positive leukemias (60).

The Acetylation of the AE Fusion Protein by p300 is 
Required for the Induction of Acute Leukemia
We have shown that transcriptional activation by AE is crucial 
for leukemogenesis and that AE interacts with the transcriptional 
co-activator, p300. The important function of the AML1–ETO/
p300 interaction is that AE can be acetylated, as acetylation of AE 
is essential for its self-renewal promoting effects. The acetylation 
of AE9a by p300 at a specific lysine residue (K43) is required for 
its ability to induce leukemia in mice. Pharmacological and RNA 
interference-mediated inhibition of p300 specifically impairs AE/
AE9a-induced transcriptional activation and leukemogenesis, 
but does not affect the development of MLL–AF9-induced 
leukemia. Acetyl-AEK43 is present in blast cells isolated from 
t(8;21) leukemia patients and these leukemia cells, but not normal 
human CD34+ cells, are sensitive to growth inhibition by p300 
inhibitors. AE and p300 co-localize at the regulatory regions 
of many AE upregulated genes, which includes the regulators 
of self-renewal (e.g., Id1, p21, and Egr1). AE and p300 can 
cooperate in the transcriptional regulation of these target genes. 
Several TFIID subunits that specifically bind to a K43 acetylated 
AML1 peptide but not to the identical non-acetylated peptide. 
Furthermore, these results establish a novel link between post-
translational modification of a non-histone protein (by a “histone 
modifying enzyme”) and transcriptional regulation, which has 
crucial implications for the study of cancer and the regulation 
of gene expression. As ETO is thought to be a key component 
of co-repressor complexes, its interactions with the co-activator 
p300 in cells is surprising and raises a question about whether 
“bipotential” complexes, like bivalent histone marks, may allow 
cells to turn on or off a given set of genes in response to certain 
internal or external signals. Thus, acetylation of an oncogenic 
fusion transcription factor itself can promote gene activation 
independent of any effect on histone acetylation, and can be 
essential for leukemia stem cell to self-renewal and malignant 
transformation (4, 61).

Tip60
Tip60 is Required for an Oncogene-Induced DNA-
Damage Response
Tip60 regulates several transcription factors, which can promote 
or suppress carcinogenesis (e.g., p53 and Myc). Tip60 regulates 
DNA-damage response (DDR) signaling induced by oncogenes, 
which can prevent cancer progression. Loss of one allele of Tip60 
inhibited Myc-induced DDR but had no effect on DDR in normal 
B cells. In the Tip60 heterozygous knockout mice, Tip60 inhibits 
Myc-induced lymphomagenesis at the pre-tumoral stage. The 
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mono-allelic loss of Tip60 occurs often in lymphomas with con-
comitant reduction in mRNA levels; this often coexists with p53 
mutations and is related to the disease grade. Thus, Tip60 functions 
as a tumor suppressor in a haplo-insufficient manner, and Tip60 
is essential for controlling Myc-induced DDR in cancer cells (62).

Tip60 is Involved in c-Myb-Driven Leukemogenesis
TIP60 interacts with c-Myb, which requires the transactivation 
domain of c-Myb and the HAT domain of TIP60. Coexpression of 
TIP60 impairs c-Myb-induced transcription activation. TIP60 can 
bind to the promoters of c-Myb target genes, which is dependent on 
c-Myb. Furthermore, c-Myb interacts with HDAC1 and HDAC2, 
which are associated with TIP60 and cause transcriptional repres-
sion. TIP60 negatively regulates the transcription activity of c-Myb 
through interacting with HDACs in human hematopoietic cells. 
Consistently, knockdown of Tip60 increased the expression level of 
c-Myc. It has been found that the expression level of Tip60 is much 
(~60%) lower in the patients with AML. These findings suggest 
that TIP60 regulates the function of c-Myb and that dysregulated 
TIP60 could be involved in c-Myb-driven leukemogenesis (63).

MOZ/MORF
The MOZ-TIF2 Fusion Protein is Associated with AML
MOZ–TIF2 is associated with AML chromosomal abnormalities at 
inv(8)(p11q13). MOZ–TIF2 contains the CBP interaction domain 
(CID) of TIF2 and the HAT domains of MOZ and TIF2 (64–67). 
In a murine bone marrow transplant assay, MOZ–TIF2 causes 
AML that could be serially transplanted (67). It has been found 
that the interaction between MOZ–TIF2 and CBP through the 
CID domain and the C2HC nucleosome recognition motif in MOZ 
are essential for transformation (68). MOZ–TIF2 dominantly 
inhibits the transcription activity of CBP-dependent activation 
(e.g., p53 and nuclear receptors), which requires the CID domain. 
The nuclear localization of MOZ–TIF2 is abnormal, which 
is dependent on the MOZ portion of this fusion protein. CBP 
expression is decreased in the cells expressing MOZ–TIF2, which 
results in the depletion of CBP from PML bodies. The critical 
characteristics of MOZ–TIF2 are to disrupt the normal activity 
of CBP/CBP-dependent activators in acute myeloid leukemia 
(69). MOZ–TIF2 binds to the promoter of RARβ2, leading to 
the dissociation of CBP/p300, the abnormal histone acetylation 
and the downregulation of RARβ2. MOZ–TIF2 was recruited to 
AML1 target promoters and upregulated transcription mediated 
by AML1. Both MOZ and MOZ–TIF2 were found to co-localize 
with AML1 (70). MOZ–TIF2 impaired retinoic acid-mediated 
transcription activation of C/EBPβ/CD11b, and inhibited nuclear 
receptor-induced gene activation through aberrant recruitment 
of CBP, which required both the MOZ and TIF2 domains of this 
fusion protein (71).

In a transgenic zebrafish model, spi1 promoter-driven 
MOZ–TIF2 expression induced the development of AML in 2 
of 180 embryos expressing MYST3/NCOA2, in which kidney 
invasion by myeloid blast cells was observed (72). MOZ–TIF2 
interacted with PU.1 to stimulate the expression of M-CSFR, and 
PU.1 is required for the establishment and maintenance of LSCs 
by MOZ–TIF2. Loss of CSF1R impairs MOZ–TIF2-induced 
leuekmogenesis in mouse models and CSF1R inhibitors delay 

the development of MOZ–TIF2-induced AML (73). MOZ–TIF2 
can cooperate with FLT3–ITD to transform hematopoietic 
cells. STAT5 signaling is required for MOZ–TIF2-induced 
leukemogenesis. Deletion of STAT5 led to the differentiation 
of MOZ–TIF2-transduced fetal liver cells, and these cells lost 
their replating ability. The recipient mice transplanted with 
Stat5−/− MOZ–TIF2 leukemia cells have longer latency and 
incomplete penetrance. STAT5 is essential for the self-renewal 
of leukemia stem cells in MOZ–TIF2 driven leukemia (74). 
Overexpression of HOXA9, HOXA10, and MEIS1 was observed 
in AML patients with MOZ fusions. MOZ–TIF2 forms a stable 
complex with bromodomain-PHD finger protein 1 (BRPF1), 
and MOZ–TIF2/BRPF1 associate with Hox genes in the 
MOZ–TIF2 driven leukemia cells. BRPF1 depletion disrupts 
the localization of MOZ on the Hox genes, which led to the 
inhibition of MOZ–TIF2-induced transformation. Moreover, 
mutant MOZ–TIF2 lacking HAT activity could not deregulate 
HOX genes or initiate AML. Thus, MOZ–TIF2/BRPF1 induces 
leukemogenesis through the upregulation of HOX genes, which 
is regulated by MOZ-dependent histone acetylation (75).

MOZ–CBP and MOZ–p300 are Generated by 
Chromosomal Translocations in AML
The recurrent translocation t(8;16)(p11;p13) leads to the 
MOZ–CBP fusion gene, which contains the MOZ finger motifs 
and HAT domain and a mostly intact CBP (76). This t(8;16)
(p11;p13) translocation occurs in the M5 subtype AML, which 
is characterized by erythrophagocytosis and a poor prognosis. 
The CBP–MOZ mRNA is not in-frame, which suggested that 
MOZ–CBP is the critical fusion for the initiation of leukemia 
(77, 78). MOZ, CBP, and MOZ–CBP are all able to acetylate the 
transcription factor AML1. The level of MOZ–AML1 complex 
upregulates when M1 myeloid cells differentiate into mac-
rophages/monocytes. This finding suggests that the MOZ–AML1 
complex could have important functions in the differentiation 
of myeloid cells. MOZ–CBP inhibits the differentiation of M1 
myeloid cells, and could induce the development of leukemia 
through impairing AML1-induced transcription activation (79). 
MOZ–CBP cooperates with steroid receptor co-activator-1 to 
activate transcription, and the CBP portion of MOZ–CBP is 
required for the transcription activity of this fusion protein. It 
has been found that the interaction between MOZ–CBP and 
NF-κB could also have critical functions in leukemogenesis 
(80). MOZ–CBP inhibits p53-mediated transcription, and the 
impairment of MOZ/p53-induced transcription contributes to 
the development of leukemia (81).

The translocation t(8;22)(p11;q13) in acute myeloid leukemia 
generates the fusion gene MOZ–p300, and the MOZ zinc finger/
HAT domain are fused to a mostly intact p300. Thus, MOZ–p300 
has two HAT domains from MOZ and p300 portions, and may 
play an important role in the development of leukemia through 
deregulation of histone acetylation (82). It has been found 
that MOZ is fused with an unknown partner at 2p23 in one 
patient with tMDS. Therefore, MOZ might lead to the abnormal 
histone acetylation and promote the pathogenesis of myeloid  
malignancies (83).

http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org


May 2015  |  Volume 5  |  Article 10843

Sun﻿﻿﻿﻿ et al. Histone acetyltransferases regulate hematopoiesis

Frontiers in Oncology  |  www.frontiersin.org

GCN5/PCAF
The t(1;19) translocation was found in pediatric pre-B cell ALL, 
which leads to the fusion of E2A and PBX1 and the generation 
of a E2A–PBX1 fusion protein. E2A–PBX1 is able to induce the 
transformation of hematopoietic cells. It has been found that 
SPT3–TAFII31–GCN5L acetylase (STAGA) and its HAT subunit 
GCN5 directly binds to the E2A portion of E2A–PBX1. GCN5 
can acetylate and stabilize the E2A–PBX1 fusion protein (23). 
AML1/MDS1/EVI1 (AME), a transcription repressor generated 
by translocation t(3;21) in human leukemia, binds to P/CAF 
and GCN5 through two binding sites, with one of the binding 
sites being in the Runt domain. GCN5 and P/CAF are able to 
acetylate AME, and either P/CAF or GCN5 can cooperate with 
AME to impair the repression of AML1-dependent transcriptional 
activation (84, 85).

The Important Role of p53 Acetylation in 
Hematological Malignancies
The transcription factor p53 was the first non-histone substrate 
discovered to be acetylated by HATs (5). Levels of p53 acetyla-
tion are associated with the activation and stabilization of p53 
(86–93); acetylation of p53 also stimulates its sequence-specific 
DNA-binding (94–97). The seven different lysine (K164, K305, 
K370, K372, K373, K381, and K382) in the C-terminus of p53 are 
acetylated by CBP and PCAF (98). Acetylation of p53 is crucial for 
the recruitment of CBP/p300 to the promoters of its target genes. 
CBP and p300 are able to promote p53-mediated transcription 
activation (99). TIP60/hMOF acetylates p53 at position 120 (100, 
101), which can be induced by DNA damage or oncogenic stress-
mediated p19ARF activation (102). Mutation of p53 lysine 120 
to arginine inhibited p53-induced transcription activation. p53 
can also be acetylated at one lysine outside its C-terminus, which 
is critical for the activation of the proapoptotic genes PUMA 
and BAX. In the p53 acetylation-deficient knockin mouse, the 
expression of p53 target genes is decreased after DNA damage 
(103). The deletion of the lysine residue at position 164 and other 
acetylation sites in p53 blocked p53-mediated transactivation of 
p21 and inhibition of cell growth (104). These findings suggest 
that p53 acetylation may play a critical role in the pathogenesis 
of hematological malignancies.

Third Generation HDAC Inhibitors for the 
Therapy of Hematological Malignancies
The FDA approved drug, Beleodaq, is used for the therapy of 
patients with peripheral T cell lymphomas (PTCL), an aggres-
sive disease, which accounts for ~15% of all non-Hodgkin 
lymphomas. Beleodaq inhibits HDAC and it is the third drug to 
receive FDA approval for PTCL. In the trial that led to the FDA 
approval, Beleodaq’s overall response rates were comparable to 
those of Folotyn and Istodax; 10.8% of patients experienced a 
complete response and 15% had a partial response. The response 
rate was even higher in patients with angioimmunoblastic T 
cell lymphoma, which suggests that targeting acetylation is a 
promising therapeutic strategy for the therapy of hematological 
malignancies.

The Potential Therapeutic Effects of Histone 
Acetyltransferase inhibitor in Hematopoiesis

The HAT Inhibitor, Garcinol, Induces the Expansion 
of Hematopoietic Stem/Progenitor Cells
The HAT inhibitor, Garcinol, is derived from plants. It has 
been identified as a stimulator of human HSPCs expansion in 
the screening of natural products. During a 7-day culture of 
CD34+CD38− HSCs or CD34+ HSPCs, Garcinol was able to induce 
the expansion of HSPCs, and this ability is associated with its 
inhibitory effect on HATs. The derivatives of Garcinol, which can 
expand HSPCs, are also able to inhibit HAT activity and histone 
acetylation. Altogether, the Garcinol effects suggest that targeting 
HATs could be a promising strategy for expanding HSPCs (105).

Inhibition of p300 Impairs Antitumor Immunity
Foxp3+ Treg cells can not only regulate immune homeostasis/
autoimmunity but also limit the immune response of hosts to 
tumors. Thus, targeting Foxp3+ Treg cells could be a promising 
strategy to improve antitumor immunity. Conditional deletion 
or pharmacological inhibition of p300 was able to increase T cell 
receptor-induced apoptosis in Foxp3+ Treg cells and abrogate 
the suppressive functions of Treg cells. Inhibition of p300 can 
also impair the induction of peripheral Treg cells and tumor 
growth in the immunocompetent mouse model. Collectively, 
p300 is critical for the homeostasis and function of Foxp3+ Treg 
cells, and targeting p300 could be a new approach for cancer 
immunotherapy (54).

The p300 Inhibitor, C646, Acts selectively on 
t(8;21) leukemia Cells
The HAT p300 can enhance the self-renewal ability of leukemia 
stem cells through acetylating AE and activating the target genes 
of AE, which indicated that p300 could be a promising drug target 
for t(8;21) leukemia. C646, a selective and competitive p300 inhibi-
tor, can inhibit the proliferation and colony formation of t(8;21) 
leukemia cells, and induce apoptosis and G1 phase cell cycle arrest 
in t(8;21) leukemia cells and primary cells isolated from patients 
with t(8;21) leukemia. C646 does not significantly affect the normal 
HSPCs mobilized by GCSF. In particular, AML1−ETO+ AML cells 
are more sensitive to C646 compared with AML1−ETO− AML cells. 
The growth inhibition of AML1−ETO+ leukemia cells induced by 
C646 are associated with the decreased acetylation of histone H3 
and downregulation of Bcl2/C-kit, suggesting that C646 could 
be a promising drug candidate for the treatment of AML1−ETO+ 
leukemia (4, 106).

The HAT inhibitor, Epigallocatechin-3-Gallate, 
inhibits B cell Transformation
Epigallocatechin-3-gallate (EGCG) has been found as a HAT 
inhibitor in natural compound screening. EGCG can block 
p300-mediated acetylation of p65, impairing its translocation 
to the nucleus, and it can upregulate the amount of IκBα in the 
cytoplasm, thus inhibiting NF-κB activity in several ways, and 
decreasing the expression of NF-κB target genes. EGCG impairs 
B cell transformation by EBV, perhaps via suppression of NF-κB 
acetylation (107), and it can inhibit the binding of p300 to the IL-6 
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promoter and block cytokine gene expression. Thus, EGCG could 
be a potential therapy for B cell malignancies.

Leukemia and Lymphoma Cell Lines are 
sensitive to p300 Inhibitor L002
p300 plays an important role in signal transduction pathways that 
promote the proliferation and survival of malignant cells. Therefore, 
p300 represents a promising drug target for hematological malig-
nancies, and libraries of compounds have been screened for p300 
inhibitors. One candidate, L002, inhibits p300 in vitro, with an IC50 
of ~2 μM. L002 can block histone acetylation and p53 acetylation, 
and can inhibit the activation of STAT3. Biochemical testing of a 
series of related compounds revealed functional groups that may 
impact the inhibitory potency of L002 against p300. Interestingly, 
these analogs show inhibitory activities against CBP, PCAF, and 
GCN5, but against several other acetyltransferases (KAT5, KAT6B, 
and KAT7), HDACs and HMTases. Among the NCI-60 panel of 
cancer cell lines, leukemia, and lymphoma cell lines were extremely 
sensitive to L002. Thus, this new acetyltransferase inhibitor, L002, 
is a potential anticancer agent (108).

Anacardic Acid Derivatives Inhibit PCAF and 
induce Apoptosis in Chronic Myeloid  
Leukemia Cells
The different acetylation of proteins correlates with the develop-
ment of BCR–ABL-positive leukemia. A derivative of anacardic 
acid – small molecule MG153, which is developed to have stronger 
HAT inhibitory ability, is a potent inhibitor of PCAF. The inhibition 
of PCAF decreases proliferation and induces apoptosis, which 
correlates with loss of the mitochondrial membrane potential 
and DNA fragmentation. Importantly, cells expressing BCR–ABL 
are more sensitive to PCAF inhibition compared to parental cells 
without BCR–ABL. Moreover, inhibition of PCAF in BCR–ABL-
expressing cells breaks their resistance to DNA damage-induced 
cell death. Targeting the PCAF alone or in combination with DNA-
damaging drugs shows cytotoxic effects and should be considered 
as a prospective therapeutic strategy in chronic myeloid leukemia 
(CML) cells. Moreover, anacardic acid derivative MG153 is a valu-
able agent and further studies validating its therapeutic relevance 
should be performed (109).

GCN5 Inhibitors have Anti-Leukemia Effects
The a-methylene-g-butyrolactone 3 (MB-3) is a cell-permeable 
inhibitor against GCN5, and is able to decrease the levels of 
histone H3 acetylation and non-histone substrate (a-tubulin) 
acetylation. GCN5 acetylates E2A–PBX1, and MB-3 reduces the 
levels of E2A–PBX1 acetylation and E2A–PBX1 protein in a 
dose-dependent manner. RCH–ACV cells are derived from the 
bone marrow cells of a patient with pre-B cell acute lymphoid 
leukemia, and has t(1;19) translocation, which generates the 
E2A–PBX1 fusion gene. E2A–PBX1 acetylation was inhibited 
by MB-3, and the level of E2A–PBX1 and GCN5 protein was 
decreased when RCH–ACV cells were treated with MB-3. The 
E2A–PBX1 half-life was shorter in the cells treated with MB-3, 
indicating GCN5-dependent acetylation can affect the stability 
of E2A–PBX1 protein. A reduction in Wnt16, an E2A–PBX1 
target gene were also observed in RCH–ACV cells cultured 

with MB-3, indicating the importance for the pathogenesis of 
t(1;19)-positive pre-B cell leukemia. Additionally, the expression 
of E2A–PBX1, E2A, and Wnt16 were significantly decreased 
in the primary t(1;19) pre-B ALL cells treated with MB-3. 
MB-3 does not affect the expression of Pol II or Tubulin, which 
suggests that MB-3 can destabilize certain proteins probably 
through the inhibition of GCN5-dependent histone or non-
histone substrate acetylation. These findings indicate that 
GCN5 inhibitors have potential value as therapeutic agents 
for ALL (23). Some recently identified GCN5 inhibitors, such 
as (thiazol-2-yl)hydrizones (110, 111), might also be able to 
target hematological malignancies.

Conclusions

Lysine acetylation acetylation occurs not only at the histone tails 
but also in the non-histone proteins. LATs are catalytic subunits 
of multiprotein complexes, whose biochemical and molecular 
characterization have yielded much important information 
about the function and regulation of acetyltransferase activity. 
Importantly, HATs have the catalytic/non-catalytic and histone/
non-histone effects on the hematopoietic cells, which confer HAT 
the ability to control a variety of cellular events in normal and 
malignant hematopoiesis. Genetic approaches are very useful to 
study how protein acetylation controls a variety of cellular events 
in normal and malignant hematopoiesis. The study on the gene 
knockout mouse models shows that p300 and CBP play distinct 
roles in hematopoiesis; GCN5 but not PCAF is essential in early 
embryonic development. Thus, such an in vivo approach will gen-
erate the new findings on the role and mechanism of LATs. One 
major finding in the mechanism study on the function of protein 
acetylation is that bromodomain can bind to the acetylated lysine. 
Since a lot of proteins have bromodomain, it would be interest-
ing to understand whether all bromodomains can recognize the 
acetylated lysine and how bromodomains specifically recognize 
the acetylated lysine. MOZ, MORF, p300, and CBP are involved 
in the leukemia-associated chromosomal translocation, which 
can generate leukemogenic fusion genes. Thus, LATs have critical 
functions in the pathogenesis of hematological malignancies. 
The direct involvement of LATs in hematological malignancies 
indicates that compounds with the ability to regulate the activity 
of LATs are the potential drugs for the treatment of hematological 
malignancies. Thus, the studies on the function and mechanism 
of histone/non-histone proteins acetylation will not only shed 
new light on how lysine acetylation controls a variety of cellular 
events in normal and malignant hematopoiesis but also provide 
critical insights into the development of new therapeutic strate-
gies for the therapy of hematological malignancies.

Acknowledgments

This work was supported by funding from an Institutional 
Research Grant (IRG-98-277-13) from the American Cancer 
Society (LW), Gabrielle’s Angel Foundation for Cancer Research 
(LW), the Women’s Cancer Association of the University of 
Miami (LW), Leukemia Research Foundation (LW), and a grant 
from the National Institutes of Health R01CA166835 (SN).

http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/Oncology/
http://www.frontiersin.org


May 2015  |  Volume 5  |  Article 10845

Sun﻿﻿﻿﻿ et al. Histone acetyltransferases regulate hematopoiesis

Frontiers in Oncology  |  www.frontiersin.org

References

	 1.	 Furdas SD, Kannan S, Sippl W, Jung M. Small molecule inhibitors of histone 
acetyltransferases as epigenetic tools and drug candidates. Arch Pharm (2012) 
345(1):7–21. doi:10.1002/ardp.201100209

	 2.	 Friedmann DR, Marmorstein R. Structure and mechanism of non-histone 
protein acetyltransferase enzymes. FEBS J (2013) 280(22):5570–81. doi:10.1111/
febs.12373

	 3.	 Allis CD, Berger SL, Cote J, Dent S, Jenuwien T, Kouzarides T, et al. New 
nomenclature for chromatin-modifying enzymes. Cell (2007) 131(4):633–6. 
doi:10.1016/j.cell.2007.10.039

	 4.	 Yamaguchi Y, Kurokawa M, Imai Y, Izutsu K, Asai T, Ichikawa M, et al. AML1 
is functionally regulated through p300-mediated acetylation on specific lysine 
residues. J Biol Chem (2004) 279(15):15630–8. doi:10.1074/jbc.M400355200

	 5.	 Wang L, Gural A, Sun XJ, Zhao X, Perna F, Huang G, et al. The leukemogenicity 
of AML1-ETO is dependent on site-specific lysine acetylation. Science (2011) 
333(6043):765–9. doi:10.1126/science.1201662

	 6.	 Gu W, Roeder RG. Activation of p53 sequence-specific DNA binding by acetyl-
ation of the p53 C-terminal domain. Cell (1997) 90(4):595–606. doi:10.1016/
S0092-8674(00)80521-8

	 7.	 Vervoorts J, Luscher-Firzlaff JM, Rottmann S, Lilischkis R, Walsemann G, 
Dohmann K, et al. Stimulation of c-MYC transcriptional activity and acetylation 
by recruitment of the cofactor CBP. EMBO Rep (2003) 4(5):484–90. doi:10.1038/
sj.embor.embor821

	 8.	 Santander VS, Bisig CG, Purro SA, Casale CH, Arce CA, Barra HS. Tubulin must 
be acetylated in order to form a complex with membrane Na(+),K (+)-ATPase 
and to inhibit its enzyme activity. Mol Cell Biochem (2006) 291(1–2):167–74. 
doi:10.1007/s11010-006-9212-9

	 9.	 Ivanov D, Schleiffer A, Eisenhaber F, Mechtler K, Haering CH, Nasmyth K. Eco1 
is a novel acetyltransferase that can acetylate proteins involved in cohesion. Curr 
Biol (2002) 12(4):323–8. doi:10.1016/S0960-9822(02)00681-4

	 10.	 Buerki C, Rothgiesser KM, Valovka T, Owen HR, Rehrauer H, Fey M, et al. 
Functional relevance of novel p300-mediated lysine 314 and 315 acetylation of 
RelA/p65. Nucleic Acids Res (2008) 36(5):1665–80. doi:10.1093/nar/gkn003

	 11.	 Roth SY, Denu JM, Allis CD. Histone acetyltransferases. Annu Rev Biochem 
(2001) 70:81–120. doi:10.1146/annurev.biochem.70.1.81

	 12.	 Bowers EM, Yan G, Mukherjee C, Orry A, Wang L, Holbert MA, et al. Virtual 
ligand screening of the p300/CBP histone acetyltransferase: identification of a 
selective small molecule inhibitor. Chem Biol (2010) 17(5):471–82. doi:10.1016/j.
chembiol.2010.03.006

	 13.	 Voss AK, Thomas T. MYST family histone acetyltransferases take center stage 
in stem cells and development. Bioessays (2009) 31(10):1050–61. doi:10.1002/
bies.200900051

	 14.	 Chen H, Lin RJ, Schiltz RL, Chakravarti D, Nash A, Nagy L, et al. Nuclear receptor 
coactivator ACTR is a novel histone acetyltransferase and forms a multimeric 
activation complex with P/CAF and CBP/p300. Cell (1997) 90(3):569–80. 
doi:10.1016/S0092-8674(00)80516-4

	 15.	 Spencer TE, Jenster G, Burcin MM, Allis CD, Zhou J, Mizzen CA, et al. 
Steroid receptor coactivator-1 is a histone acetyltransferase. Nature (1997) 
389(6647):194–8. doi:10.1038/38304

	 16.	 Blanco-Garcia N, Asensio-Juan E, de la Cruz X, Martinez-Balbas MA. 
Autoacetylation regulates P/CAF nuclear localization. J Biol Chem (2009) 
284(3):1343–52. doi:10.1074/jbc.M806075200

	 17.	 Mishima Y, Miyagi S, Saraya A, Negishi M, Endoh M, Endo TA, et al. The 
Hbo1-Brd1/Brpf2 complex is responsible for global acetylation of H3K14 and 
required for fetal liver erythropoiesis. Blood (2011) 118(9):2443–53. doi:10.1182/
blood-2011-01-331892

	 18.	 Aerbajinai W, Zhu J, Gao Z, Chin K, Rodgers GP. Thalidomide induces gam-
ma-globin gene expression through increased reactive oxygen species-mediated 
p38 MAPK signaling and histone H4 acetylation in adult erythropoiesis. Blood 
(2007) 110(8):2864–71. doi:10.1182/blood-2007-01-065201

	 19.	 Bruserud O, Stapnes C, Tronstad KJ, Ryningen A, Anensen N, Gjertsen BT. 
Protein lysine acetylation in normal and leukaemic haematopoiesis: HDACs 
as possible therapeutic targets in adult AML. Expert Opin Ther Targets (2006) 
10(1):51–68. doi:10.1517/14728222.10.1.51

	 20.	 Huang HT, Kathrein KL, Barton A, Gitlin Z, Huang YH, Ward TP, et al. A 
network of epigenetic regulators guides developmental haematopoiesis in vivo. 
Nat Cell Biol (2013) 15(12):1516–25. doi:10.1038/ncb2870

	 21.	 Shen H, Chen Z, Ding X, Qi X, Cen J, Wang Y, et al. BMI1 reprogrammes 
histone acetylation and enhances c-fos pathway via directly binding to Zmym3 
in malignant myeloid progression. J Cell Mol Med (2014) 18(6):1004–17. 
doi:10.1111/jcmm.12246

	 22.	 Kosan C, Ginter T, Heinzel T, Kramer OH. STAT5 acetylation: mechanisms and 
consequences for immunological control and leukemogenesis. JAKSTAT (2013) 
2(4):e26102. doi:10.4161/jkst.26102

	 23.	 Holmlund T, Lindberg MJ, Grander D, Wallberg AE. GCN5 acetylates and 
regulates the stability of the oncoprotein E2A-PBX1 in acute lymphoblastic 
leukemia. Leukemia (2013) 27(3):578–85. doi:10.1038/leu.2012.265

	 24.	 Joosten M, Seitz V, Zimmermann K, Sommerfeld A, Berg E, Lenze D, et al. 
Histone acetylation and DNA demethylation of T cells result in an anaplastic large 
cell lymphoma-like phenotype. Haematologica (2013) 98(2):247–54. doi:10.3324/
haematol.2011.054619

	 25.	 Palermo R, Checquolo S, Giovenco A, Grazioli P, Kumar V, Campese AF, et al. 
Acetylation controls Notch3 stability and function in T-cell leukemia. Oncogene 
(2012) 31(33):3807–17. doi:10.1038/onc.2011.533

	 26.	 Perez-Campo FM, Costa G, Lie-a-Ling M, Kouskoff V, Lacaud G. The MYSTerious 
MOZ, a histone acetyltransferase with a key role in haematopoiesis. Immunology 
(2013) 139(2):161–5. doi:10.1111/imm.12072

	 27.	 Filippakopoulos P, Knapp S. Targeting bromodomains: epigenetic readers of 
lysine acetylation. Nat Rev Drug Discov (2014) 13(5):337–56. doi:10.1038/
nrd4286

	 28.	 Zhang W, Prakash C, Sum C, Gong Y, Li Y, Kwok JJ, et al. Bromodomain-containing 
protein 4 (BRD4) regulates RNA polymerase II serine 2 phosphorylation in 
human CD4+ T cells. J Biol Chem (2012) 287(51):43137–55. doi:10.1074/jbc.
M112.413047

	 29.	 Chapuy B, McKeown MR, Lin CY, Monti S, Roemer MG, Qi J, et al. Discovery 
and characterization of super-enhancer-associated dependencies in diffuse 
large B cell lymphoma. Cancer Cell (2013) 24(6):777–90. doi:10.1016/j.
ccr.2013.11.003

	 30.	 Tolani B, Gopalakrishnan R, Punj V, Matta H, Chaudhary PM. Targeting Myc 
in KSHV-associated primary effusion lymphoma with BET bromodomain 
inhibitors. Oncogene (2014) 33(22):2928–37. doi:10.1038/onc.2013.242

	 31.	 Mottok A, Gascoyne RD. Bromodomain inhibition in diffuse large B-cell 
lymphoma – giving MYC a brake. Clin Cancer Res (2015) 21(1):4–6. 
doi:10.1158/1078-0432.CCR-14-1651

	 32.	 Hnisz D, Abraham BJ, Lau A, Saint-André V, Sigova AA, Hoke HA, et al. Super-
enhancers in the control of cell identity and disease. Cell (2013) 155:934–47. 
doi:10.1016/j.cell.2013.09.053

	 33.	 Lovén J, Hoke HA, Lin CY, Lau A, Orlando DA, Vakoc CR, et al. Selective 
inhibition of tumor oncogenes by disruption of super-enhancers. Cell (2013) 
153:320–34. doi:10.1016/j.cell.2013.03.036

	 34.	 Mansour MR, Abraham BJ, Anders L, Berezovskaya A, Gutierrez A, Durbin AD, et 
al. Oncogene regulation. An oncogenic super-enhancer formed through somatic 
mutation of a noncoding intergenic element. Science (2014) 346(6215):1373–7. 
doi:10.1126/science.1259037

	 35.	 Affer M, Chesi M, Chen WD, Keats JJ, Demchenko YN, Tamizhmani K, et al. 
Promiscuous MYC locus rearrangements hijack enhancers but mostly super-en-
hancers to dysregulate MYC expression in multiple myeloma. Leukemia (2014) 
28(8):1725–35. doi:10.1038/leu.2014.70

	 36.	 Qian J, Wang Q, Dose M, Pruett N, Kieffer-Kwon KR, Resch W, et al. B cell 
super-enhancers and regulatory clusters recruit AID tumorigenic activity. Cell 
(2014) 159(7):1524–37. doi:10.1016/j.cell.2014.11.013

	 37.	 Marushige K. Activation of chromatin by acetylation of histone side chains. Proc 
Natl Acad Sci U S A (1976) 73(11):3937–41. doi:10.1073/pnas.73.11.3937

	 38.	 Pasini D, Malatesta M, Jung HR, Walfridsson J, Willer A, Olsson L, et al. 
Characterization of an antagonistic switch between histone H3 lysine 27 
methylation and acetylation in the transcriptional regulation of Polycomb 
group target genes. Nucleic Acids Res (2010) 38(15):4958–69. doi:10.1093/nar/
gkq244

	 39.	 Oike Y, Takakura N, Hata A, Kaname T, Akizuki M, Yamaguchi Y, et al. Mice 
homozygous for a truncated form of CREB-binding protein exhibit defects in 
hematopoiesis and vasculo-angiogenesis. Blood (1999) 93(9):2771–9. 

	 40.	 Chan WI, Hannah RL, Dawson MA, Pridans C, Foster D, Joshi A, et al. The 
transcriptional coactivator Cbp regulates self-renewal and differentiation in 
adult hematopoietic stem cells. Mol Cell Biol (2011) 31(24):5046–60. doi:10.1128/
MCB.05830-11

http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/Oncology/
http://dx.doi.org/10.1002/ardp.201100209
http://dx.doi.org/10.1111/febs.12373
http://dx.doi.org/10.1111/febs.12373
http://dx.doi.org/10.1016/j.cell.2007.10.039
http://dx.doi.org/10.1074/jbc.M400355200
http://dx.doi.org/10.1126/science.1201662
http://dx.doi.org/10.1016/S0092-8674(00)80521-8
http://dx.doi.org/10.1016/S0092-8674(00)80521-8
http://dx.doi.org/10.1038/sj.embor.embor821
http://dx.doi.org/10.1038/sj.embor.embor821
http://dx.doi.org/10.1007/s11010-006-9212-9
http://dx.doi.org/10.1016/S0960-9822(02)00681-4
http://dx.doi.org/10.1093/nar/gkn003
http://dx.doi.org/10.1146/annurev.biochem.70.1.81
http://dx.doi.org/10.1016/j.chembiol.2010.03.006
http://dx.doi.org/10.1016/j.chembiol.2010.03.006
http://dx.doi.org/10.1002/bies.200900051
http://dx.doi.org/10.1002/bies.200900051
http://dx.doi.org/10.1016/S0092-8674(00)80516-4
http://dx.doi.org/10.1038/38304
http://dx.doi.org/10.1074/jbc.M806075200
http://dx.doi.org/10.1182/blood-2011-01-331892
http://dx.doi.org/10.1182/blood-2011-01-331892
http://dx.doi.org/10.1182/blood-2007-01-065201
http://dx.doi.org/10.1517/14728222.10.1.51
http://dx.doi.org/10.1038/ncb2870
http://dx.doi.org/10.1111/jcmm.12246
http://dx.doi.org/10.4161/jkst.26102
http://dx.doi.org/10.1038/leu.2012.265
http://dx.doi.org/10.3324/haematol.2011.054619
http://dx.doi.org/10.3324/haematol.2011.054619
http://dx.doi.org/10.1038/onc.2011.533
http://dx.doi.org/10.1111/imm.12072
http://dx.doi.org/10.1038/nrd4286
http://dx.doi.org/10.1038/nrd4286
http://dx.doi.org/10.1074/jbc.M112.413047
http://dx.doi.org/10.1074/jbc.M112.413047
http://dx.doi.org/10.1016/j.ccr.2013.11.003
http://dx.doi.org/10.1016/j.ccr.2013.11.003
http://dx.doi.org/10.1038/onc.2013.242
http://dx.doi.org/10.1158/1078-0432.CCR-14-1651
http://dx.doi.org/10.1016/j.cell.2013.09.053
http://dx.doi.org/10.1016/j.cell.2013.03.036
http://dx.doi.org/10.1126/science.1259037
http://dx.doi.org/10.1038/leu.2014.70
http://dx.doi.org/10.1016/j.cell.2014.11.013
http://dx.doi.org/10.1073/pnas.73.11.3937
http://dx.doi.org/10.1093/nar/gkq244
http://dx.doi.org/10.1093/nar/gkq244
http://dx.doi.org/10.1128/MCB.05830-11
http://dx.doi.org/10.1128/MCB.05830-11
http://www.frontiersin.org


May 2015  |  Volume 5  |  Article 10846

Sun﻿﻿﻿﻿ et al. Histone acetyltransferases regulate hematopoiesis

Frontiers in Oncology  |  www.frontiersin.org

	 41.	 Kung AL, Rebel VI, Bronson RT, Ch’ng LE, Sieff CA, Livingston DM, et al. Gene 
dose-dependent control of hematopoiesis and hematologic tumor suppression 
by CBP. Genes Dev (2000) 14(3):272–7. doi: 10.1101/gad.14.3.272

	 42.	 Rebel VI, Kung AL, Tanner EA, Yang H, Bronson RT, Livingston DM. Distinct 
roles for CREB-binding protein and p300 in hematopoietic stem cell self-renewal. 
Proc Natl Acad Sci U S A (2002) 99(23):14789–94. doi:10.1073/pnas.232568499

	 43.	 Thomas T, Corcoran LM, Gugasyan R, Dixon MP, Brodnicki T, Nutt SL, et al. 
Monocytic leukemia zinc finger protein is essential for the development of long-
term reconstituting hematopoietic stem cells. Genes Dev (2006) 20(9):1175–86. 
doi:10.1101/gad.1382606

	 44.	 Perez-Campo FM, Borrow J, Kouskoff V, Lacaud G. The histone acetyl transferase 
activity of monocytic leukemia zinc finger is critical for the proliferation of 
hematopoietic precursors. Blood (2009) 113(20):4866–74. doi:10.1182/
blood-2008-04-152017

	 45.	 Perez-Campo FM, Costa G, Lie ALM, Stifani S, Kouskoff V, Lacaud G. MOZ-
mediated repression of p16 is critical for the self-renewal of neural and hema-
topoietic stem cells. Stem Cells (2014) 32(6):1591–601. doi:10.1002/stem.1606

	 46.	 Kimbrel EA, Lemieux ME, Xia X, Davis TN, Rebel VI, Kung AL. Systematic 
in vivo structure-function analysis of p300 in hematopoiesis. Blood (2009) 
114(23):4804–12. doi:10.1182/blood-2009-04-217794

	 47.	 Kasper LH, Boussouar F, Ney PA, Jackson CW, Rehg J, van Deursen JM, et 
al. A transcription-factor-binding surface of coactivator p300 is required for 
haematopoiesis. Nature (2002) 419(6908):738–43. doi:10.1038/nature01062

	 48.	 Kasper LH, Fukuyama T, Lerach S, Chang Y, Xu W, Wu S, et al. Genetic interaction 
between mutations in c-Myb and the KIX domains of CBP and p300 affects 
multiple blood cell lineages and influences both gene activation and repression. 
PLoS One (2013) 8(12):e82684. doi:10.1371/journal.pone.0082684

	 49.	 Hung T, Binda O, Champagne KS, Kuo AJ, Johnson K, Chang HY, et al. ING4 
mediates crosstalk between histone H3 K4 trimethylation and H3 acetylation to 
attenuate cellular transformation. Mol Cell (2009) 33(2):248–56. doi:10.1016/j.
molcel.2008.12.016

	 50.	 Saksouk N, Avvakumov N, Champagne KS, Hung T, Doyon Y, Cayrou C, et 
al. HBO1 HAT complexes target chromatin throughout gene coding regions 
via multiple PHD finger interactions with histone H3 tail. Mol Cell (2009) 
33(2):257–65. doi:10.1016/j.molcel.2009.01.007

	 51.	 van Loosdregt J, Vercoulen Y, Guichelaar T, Gent YY, Beekman JM, van Beekum 
O, et al. Regulation of Treg functionality by acetylation-mediated Foxp3 protein 
stabilization. Blood (2010) 115(5):965–74. doi:10.1182/blood-2009-02-207118

	 52.	 Du T, Nagai Y, Xiao Y, Greene MI, Zhang H. Lysosome-dependent p300/FOXP3 
degradation and limits Treg cell functions and enhances targeted therapy against 
cancers. Exp Mol Pathol (2013) 95(1):38–45. doi:10.1016/j.yexmp.2013.04.003

	 53.	 Dang EV, Barbi J, Yang HY, Jinasena D, Yu H, Zheng Y, et al. Control of 
T(H)17/T(reg) balance by hypoxia-inducible factor 1. Cell (2011) 146(5):772–84. 
doi:10.1016/j.cell.2011.07.033

	 54.	 Liu Y, Wang L, Predina J, Han R, Beier UH, Wang LC, et al. Inhibition of p300 
impairs Foxp3(+) T regulatory cell function and promotes antitumor immunity. 
Nat Med (2013) 19(9):1173–7. doi:10.1038/nm.3286

	 55.	 Kikuchi H, Kuribayashi F, Takami Y, Imajoh-Ohmi S, Nakayama T. GCN5 
regulates the activation of PI3K/Akt survival pathway in B cells exposed to 
oxidative stress via controlling gene expressions of Syk and Btk. Biochem Biophys 
Res Commun (2011) 405(4):657–61. doi:10.1016/j.bbrc.2011.01.088

	 56.	 Pattabiraman DR, Sun J, Dowhan DH, Ishii S, Gonda TJ. Mutations in multiple 
domains of c-Myb disrupt interaction with CBP/p300 and abrogate myeloid 
transforming ability. Mol Cancer Res (2009) 7(9):1477–86. doi:10.1158/1541-
7786.MCR-09-0070

	 57.	 Zhao L, Glazov EA, Pattabiraman DR, Al-Owaidi F, Zhang P, Brown MA, et al. 
Integrated genome-wide chromatin occupancy and expression analyses identify 
key myeloid pro-differentiation transcription factors repressed by Myb. Nucleic 
Acids Res (2011) 39(11):4664–79. doi:10.1093/nar/gkr024

	 58.	 Pattabiraman DR, McGirr C, Shakhbazov K, Barbier V, Krishnan K, 
Mukhopadhyay P, et al. Interaction of c-Myb with p300 is required for the 
induction of acute myeloid leukemia (AML) by human AML oncogenes. Blood 
(2014) 123(17):2682–90. doi:10.1182/blood-2012-02-413187

	 59.	 Taki T, Sako M, Tsuchida M, Hayashi Y. The t(11;16)(q23;p13) translocation in 
myelodysplastic syndrome fuses the MLL gene to the CBP gene. Blood (1997) 
89(11):3945–50. 

	 60.	 Santillan DA, Theisler CM, Ryan AS, Popovic R, Stuart T, Zhou MM, 
et al. Bromodomain and histone acetyltransferase domain specificities 

control mixed lineage leukemia phenotype. Cancer Res (2006) 66(20):10032–9. 
doi:10.1158/0008-5472.CAN-06-2597

	 61.	 Sun XJ, Wang Z, Wang L, Jiang Y, Kost N, Soong TD, et al. A stable transcription 
factor complex nucleated by oligomeric AML1-ETO controls leukaemogenesis. 
Nature (2013) 500(7460):93–7. doi:10.1038/nature12287

	 62.	 Gorrini C, Squatrito M, Luise C, Syed N, Perna D, Wark L, et al. Tip60 is a 
haplo-insufficient tumour suppressor required for an oncogene-induced DNA 
damage response. Nature (2007) 448(7157):1063–7. doi:10.1038/nature06055

	 63.	 Zhao H, Jin S, Gewirtz AM. The histone acetyltransferase TIP60 interacts with 
c-Myb and inactivates its transcriptional activity in human leukemia. J Biol Chem 
(2012) 287(2):925–34. doi:10.1074/jbc.M111.279950

	 64.	 Carapeti M, Aguiar RC, Goldman JM, Cross NC. A novel fusion between MOZ 
and the nuclear receptor coactivator TIF2 in acute myeloid leukemia. Blood 
(1998) 91(9):3127–33. 

	 65.	 Liang J, Prouty L, Williams BJ, Dayton MA, Blanchard KL. Acute mixed lineage 
leukemia with an inv(8)(p11q13) resulting in fusion of the genes for MOZ and 
TIF2. Blood (1998) 92(6):2118–22. 

	 66.	 Carapeti M, Aguiar RC, Watmore AE, Goldman JM, Cross NC. Consistent fusion 
of MOZ and TIF2 in AML with inv(8)(p11q13). Cancer Genet Cytogenet (1999) 
113(1):70–2. doi:10.1016/S0165-4608(99)00007-2

	 67.	 Huntly BJ, Shigematsu H, Deguchi K, Lee BH, Mizuno S, Duclos N, et al. MOZ-
TIF2, but not BCR-ABL, confers properties of leukemic stem cells to committed 
murine hematopoietic progenitors. Cancer Cell (2004) 6(6):587–96. doi:10.1016/j.
ccr.2004.10.015

	 68.	 Deguchi K, Ayton PM, Carapeti M, Kutok JL, Snyder CS, Williams IR, et al. 
MOZ-TIF2-induced acute myeloid leukemia requires the MOZ nucleosome 
binding motif and TIF2-mediated recruitment of CBP. Cancer Cell (2003) 
3(3):259–71. doi:10.1016/S1535-6108(03)00051-5

	 69.	 Kindle KB, Troke PJ, Collins HM, Matsuda S, Bossi D, Bellodi C, et al. MOZ-TIF2 
inhibits transcription by nuclear receptors and p53 by impairment of CBP func-
tion. Mol Cell Biol (2005) 25(3):988–1002. doi:10.1128/MCB.25.3.988-1002.2005

	 70.	 Collins HM, Kindle KB, Matsuda S, Ryan C, Troke PJ, Kalkhoven E, et al. MOZ-
TIF2 alters cofactor recruitment and histone modification at the RARbeta2 
promoter: differential effects of MOZ fusion proteins on CBP- and MOZ-
dependent activators. J Biol Chem (2006) 281(25):17124–33. doi:10.1074/jbc.
M602633200

	 71.	 Yin H, Glass J, Blanchard KL. MOZ-TIF2 repression of nuclear receptor-mediated 
transcription requires multiple domains in MOZ and in the CID domain of TIF2. 
Mol Cancer (2007) 6:51. doi:10.1186/1476-4598-6-51

	 72.	 Zhuravleva J, Paggetti J, Martin L, Hammann A, Solary E, Bastie JN, et al. MOZ/
TIF2-induced acute myeloid leukaemia in transgenic fish. Br J Haematol (2008) 
143(3):378–82. doi:10.1111/j.1365-2141.2008.07362.x

	 73.	 Aikawa Y, Katsumoto T, Zhang P, Shima H, Shino M, Terui K, et al. PU.1-mediated 
upregulation of CSF1R is crucial for leukemia stem cell potential induced by 
MOZ-TIF2. Nat Med (2010) 16(5):580–5. doi:10.1038/nm.2122

	 74.	 Tam WF, Hahnel PS, Schuler A, Lee BH, Okabe R, Zhu N, et al. STAT5 is crucial to 
maintain leukemic stem cells in acute myelogenous leukemias induced by MOZ-
TIF2. Cancer Res (2013) 73(1):373–84. doi:10.1158/0008-5472.CAN-12-0255

	 75.	 Shima H, Yamagata K, Aikawa Y, Shino M, Koseki H, Shimada H, et al. 
Bromodomain-PHD finger protein 1 is critical for leukemogenesis associated 
with MOZ-TIF2 fusion. Int J Hematol (2014) 99(1):21–31. doi:10.1007/
s12185-013-1466-x

	 76.	 Borrow J, Stanton VP Jr, Andresen JM, Becher R, Behm FG, Chaganti RS, et al. 
The translocation t(8;16)(p11;p13) of acute myeloid leukaemia fuses a putative 
acetyltransferase to the CREB-binding protein. Nat Genet (1996) 14(1):33–41. 
doi:10.1038/ng0996-33

	 77.	 Panagopoulos I, Isaksson M, Lindvall C, Bjorkholm M, Ahlgren 
T, Fioretos T, et al. RT-PCR analysis of the MOZ-CBP and CBP-
MOZ chimeric transcripts in acute myeloid leukemias with t(8;16)
(p11;p13). Genes Chromosomes Cancer  (2000) 28(4):415–24. 
doi:10.1002/1098-2264(200008)28:4<415::AID-GCC7>3.0.CO;2-I

	 78.	 Rozman M, Camos M, Colomer D, Villamor N, Esteve J, Costa D, et al. Type 
I MOZ/CBP (MYST3/CREBBP) is the most common chimeric transcript in 
acute myeloid leukemia with t(8;16)(p11;p13) translocation. Genes Chromosomes 
Cancer (2004) 40(2):140–5. doi:10.1002/gcc.20022

	 79.	 Kitabayashi I, Aikawa Y, Nguyen LA, Yokoyama A, Ohki M. Activation of AML1-
mediated transcription by MOZ and inhibition by the MOZ-CBP fusion protein. 
EMBO J (2001) 20(24):7184–96. doi:10.1093/emboj/20.24.7184

http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/Oncology/
http://dx.doi.org/10.1101/gad.14.3.272
http://dx.doi.org/10.1073/pnas.232568499
http://dx.doi.org/10.1101/gad.1382606
http://dx.doi.org/10.1182/blood-2008-04-152017
http://dx.doi.org/10.1182/blood-2008-04-152017
http://dx.doi.org/10.1002/stem.1606
http://dx.doi.org/10.1182/blood-2009-04-217794
http://dx.doi.org/10.1038/nature01062
http://dx.doi.org/10.1371/journal.pone.0082684
http://dx.doi.org/10.1016/j.molcel.2008.12.016
http://dx.doi.org/10.1016/j.molcel.2008.12.016
http://dx.doi.org/10.1016/j.molcel.2009.01.007
http://dx.doi.org/10.1182/blood-2009-02-207118
http://dx.doi.org/10.1016/j.yexmp.2013.04.003
http://dx.doi.org/10.1016/j.cell.2011.07.033
http://dx.doi.org/10.1038/nm.3286
http://dx.doi.org/10.1016/j.bbrc.2011.01.088
http://dx.doi.org/10.1158/1541-7786.MCR-09-0070
http://dx.doi.org/10.1158/1541-7786.MCR-09-0070
http://dx.doi.org/10.1093/nar/gkr024
http://dx.doi.org/10.1182/blood-2012-02-413187
http://dx.doi.org/10.1158/0008-5472.CAN-06-2597
http://dx.doi.org/10.1038/nature12287
http://dx.doi.org/10.1038/nature06055
http://dx.doi.org/10.1074/jbc.M111.279950
http://dx.doi.org/10.1016/S0165-4608(99)00007-2
http://dx.doi.org/10.1016/j.ccr.2004.10.015
http://dx.doi.org/10.1016/j.ccr.2004.10.015
http://dx.doi.org/10.1016/S1535-6108(03)00051-5
http://dx.doi.org/10.1128/MCB.25.3.988-1002.2005
http://dx.doi.org/10.1074/jbc.M602633200
http://dx.doi.org/10.1074/jbc.M602633200
http://dx.doi.org/10.1186/1476-4598-6-51
http://dx.doi.org/10.1111/j.1365-2141.2008.07362.x
http://dx.doi.org/10.1038/nm.2122
http://dx.doi.org/10.1158/0008-5472.CAN-12-0255
http://dx.doi.org/10.1007/s12185-013-1466-x
http://dx.doi.org/10.1007/s12185-013-1466-x
http://dx.doi.org/10.1038/ng0996-33
http://dx.doi.org/10.1002/1098-2264(200008)28:4﻿<﻿415::AID-GCC7﻿>﻿3.0.CO;2-I
http://dx.doi.org/10.1002/gcc.20022
http://dx.doi.org/10.1093/emboj/20.24.7184
http://www.frontiersin.org


May 2015  |  Volume 5  |  Article 10847

Sun﻿﻿﻿﻿ et al. Histone acetyltransferases regulate hematopoiesis

Frontiers in Oncology  |  www.frontiersin.org

	 80.	 Chan EM, Chan RJ, Comer EM, Goulet RJ III, Crean CD, Brown ZD, et al. 
MOZ and MOZ-CBP cooperate with NF-kappaB to activate transcription 
from NF-kappaB-dependent promoters. Exp Hematol (2007) 35(12):1782–92. 
doi:10.1016/j.exphem.2007.07.015

	 81.	 Rokudai S, Aikawa Y, Tagata Y, Tsuchida N, Taya Y, Kitabayashi I. Monocytic 
leukemia zinc finger (MOZ) interacts with p53 to induce p21 expression and 
cell-cycle arrest. J Biol Chem (2009) 284(1):237–44. doi:10.1074/jbc.M805101200

	 82.	 Kitabayashi I, Aikawa Y, Yokoyama A, Hosoda F, Nagai M, Kakazu N, et al. Fusion 
of MOZ and p300 histone acetyltransferases in acute monocytic leukemia with 
a t(8;22)(p11;q13) chromosome translocation. Leukemia (2001) 15(1):89–94. 
doi:10.1038/sj.leu.2401983

	 83.	 Imamura T, Kakazu N, Hibi S, Morimoto A, Fukushima Y, Ijuin I, et al. 
Rearrangement of the MOZ gene in pediatric therapy-related myelodysplastic 
syndrome with a novel chromosomal translocation t(2;8)(p23;p11). Genes 
Chromosomes Cancer (2003) 36(4):413–9. doi:10.1002/gcc.10172

	 84.	 Senyuk V, Sinha KK, Chakraborty S, Buonamici S, Nucifora G. P/CAF and 
GCN5 acetylate the AML1/MDS1/EVI1 fusion oncoprotein. Biochem Biophys 
Res Commun (2003) 307(4):980–6. doi:10.1016/S0006-291X(03)01288-9

	 85.	 Yang XJ. The diverse superfamily of lysine acetyltransferases and their roles in 
leukemia and other diseases. Nucleic Acids Res (2004) 32(3):959–76. doi:10.1093/
nar/gkh252

	 86.	 Luo J, Su F, Chen D, Shiloh A, Gu W. Deacetylation of p53 modulates its 
effect on cell growth and apoptosis. Nature (2000) 408(6810):377–81. 
doi:10.1038/35042612

	 87.	 Rodriguez MS, Desterro JM, Lain S, Lane DP, Hay RT. Multiple C-terminal lysine 
residues target p53 for ubiquitin-proteasome-mediated degradation. Mol Cell 
Biol (2000) 20(22):8458–67. doi:10.1128/MCB.20.22.8458-8467.2000

	 88.	 Barlev NA, Liu L, Chehab NH, Mansfield K, Harris KG, Halazonetis TD, et 
al. Acetylation of p53 activates transcription through recruitment of coacti-
vators/histone acetyltransferases. Mol Cell (2001) 8(6):1243–54. doi:10.1016/
S1097-2765(01)00414-2

	 89.	 Ito A, Lai CH, Zhao X, Saito S, Hamilton MH, Appella E, et al. p300/CBP-mediated 
p53 acetylation is commonly induced by p53-activating agents and inhibited by 
MDM2. EMBO J (2001) 20(6):1331–40. doi:10.1093/emboj/20.6.1331

	 90.	 Knights CD, Catania J, Di Giovanni S, Muratoglu S, Perez R, Swartzbeck A, et al. 
Distinct p53 acetylation cassettes differentially influence gene-expression patterns 
and cell fate. J Cell Biol (2006) 173(4):533–44. doi:10.1083/jcb.200512059

	 91.	 Li AG, Piluso LG, Cai X, Gadd BJ, Ladurner AG, Liu X. An acetylation switch 
in p53 mediates holo-TFIID recruitment. Mol Cell (2007) 28(3):408–21. 
doi:10.1016/j.molcel.2007.09.006

	 92.	 Kim JE, Chen J, Lou Z. DBC1 is a negative regulator of SIRT1. Nature (2008) 
451(7178):583–6. doi:10.1038/nature06500

	 93.	 Zhao W, Kruse JP, Tang Y, Jung SY, Qin J, Gu W. Negative regulation of the 
deacetylase SIRT1 by DBC1. Nature (2008) 451(7178):587–90. doi:10.1038/
nature06515

	 94.	 Liu L, Scolnick DM, Trievel RC, Zhang HB, Marmorstein R, Halazonetis TD, 
et al. p53 sites acetylated in vitro by PCAF and p300 are acetylated in vivo in 
response to DNA damage. Mol Cell Biol (1999) 19(2):1202–9. 

	 95.	 Sakaguchi K, Herrera JE, Saito S, Miki T, Bustin M, Vassilev A, et al. DNA damage 
activates p53 through a phosphorylation-acetylation cascade. Genes Dev (1998) 
12(18):2831–41. doi:10.1101/gad.12.18.2831

	 96.	 Luo J, Li M, Tang Y, Laszkowska M, Roeder RG, Gu W. Acetylation of p53 
augments its site-specific DNA binding both in vitro and in vivo. Proc Natl Acad 
Sci U S A (2004) 101(8):2259–64. doi:10.1073/pnas.0308762101

	 97.	 Zhao Y, Lu S, Wu L, Chai G, Wang H, Chen Y, et al. Acetylation of p53 at 
lysine 373/382 by the histone deacetylase inhibitor depsipeptide induces 
expression of p21(Waf1/Cip1). Mol Cell Biol (2006) 26(7):2782–90. doi:10.1128/
MCB.26.7.2782-2790.2006

	 98.	 Wang YH, Tsay YG, Tan BC, Lo WY, Lee SC. Identification and characterization 
of a novel p300-mediated p53 acetylation site, lysine 305. J Biol Chem (2003) 
278(28):25568–76. doi:10.1074/jbc.M212574200

	 99.	 Goodman RH, Smolik S. CBP/p300 in cell growth, transformation, and devel-
opment. Genes Dev (2000) 14(13):1553–77. doi: 10.1101/gad.14.13.1553

	100.	 Sykes SM, Mellert HS, Holbert MA, Li K, Marmorstein R, Lane WS, et al. 
Acetylation of the p53 DNA-binding domain regulates apoptosis induction. 
Mol Cell (2006) 24(6):841–51. doi:10.1016/j.molcel.2006.11.026

	101.	 Tang Y, Luo J, Zhang W, Gu W. Tip60-dependent acetylation of p53 modulates the 
decision between cell-cycle arrest and apoptosis. Mol Cell (2006) 24(6):827–39. 
doi:10.1016/j.molcel.2006.11.021

	102.	 Mellert H, Sykes SM, Murphy ME, McMahon SB. The ARF/oncogene pathway 
activates p53 acetylation within the DNA binding domain. Cell Cycle (2007) 
6(11):1304–6. doi:10.4161/cc.6.11.4343

	103.	 Feng L, Lin T, Uranishi H, Gu W, Xu Y. Functional analysis of the roles of 
posttranslational modifications at the p53 C terminus in regulating p53 
stability and activity. Mol Cell Biol (2005) 25(13):5389–95. doi:10.1128/
MCB.25.13.5389-5395.2005

	104.	 Tang Y, Zhao W, Chen Y, Zhao Y, Gu W. Acetylation is indispensable for p53 
activation. Cell (2008) 133(4):612–26. doi:10.1016/j.cell.2008.06.005

	105.	 Nishino T, Wang C, Mochizuki-Kashio M, Osawa M, Nakauchi H, Iwama A. Ex 
vivo expansion of human hematopoietic stem cells by garcinol, a potent inhibitor 
of histone acetyltransferase. PLoS One (2011) 6(9):e24298. doi:10.1371/journal.
pone.0024298

	106.	 Gao XN, Lin J, Ning QY, Gao L, Yao YS, Zhou JH, et al. A histone acetyltransferase 
p300 inhibitor C646 induces cell cycle arrest and apoptosis selectively in AML1-
ETO-positive AML cells. PLoS One (2013) 8(2):e55481. doi:10.1371/journal.
pone.0055481

	107.	 Choi KC, Jung MG, Lee YH, Yoon JC, Kwon SH, Kang HB, et al. Epigallocatechin-
3-gallate, a histone acetyltransferase inhibitor, inhibits EBV-induced B lym-
phocyte transformation via suppression of RelA acetylation. Cancer Res (2009) 
69(2):583–92. doi:10.1158/0008-5472.CAN-08-2442

	108.	 Yang H, Pinello CE, Luo J, Li D, Wang Y, Zhao LY, et al. Small-molecule inhibitors 
of acetyltransferase p300 identified by high-throughput screening are potent 
anticancer agents. Mol Cancer Ther (2013) 12(5):610–20. doi:10.1158/1535-7163.
MCT-12-0930

	109.	 Kusio-Kobialka M, Dudka-Ruszkowska W, Ghizzoni M, Dekker FJ, Piwocka K. 
Inhibition of PCAF by anacardic acid derivative leads to apoptosis and breaks 
resistance to DNA damage in BCR-ABL-expressing cells. Anticancer Agents Med 
Chem (2013) 13(5):762–7. doi:10.2174/1871520611313050010

	110.	 Secci D, Carradori S, Bizzarri B, Bolasco A, Ballario P, Patramani Z, et al. Synthesis 
of a novel series of thiazole-based histone acetyltransferase inhibitors. Bioorg 
Med Chem (2014) 22(5):1680–9. doi:10.1016/j.bmc.2014.01.022

	111.	 Chimenti F, Bizzarri B, Maccioni E, Secci D, Bolasco A, Chimenti P, et al. A 
novel histone acetyltransferase inhibitor modulating Gcn5 network: cyclo-
pentylidene-[4-(4’-chlorophenyl)thiazol-2-yl)hydrazone. J Med Chem (2009) 
52(2):530–6. doi:10.1021/jm800885d

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest.

Copyright © 2015 Sun, Man, Tan, Nimer and Wang. This is an open-access article 
distributed under the terms of the Creative Commons Attribution License (CC BY). 
The use, distribution or reproduction in other forums is permitted, provided the original 
author(s) or licensor are credited and that the original publication in this journal is cited, 
in accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms.

http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/Oncology/
http://dx.doi.org/10.1016/j.exphem.2007.07.015
http://dx.doi.org/10.1074/jbc.M805101200
http://dx.doi.org/10.1038/sj.leu.2401983
http://dx.doi.org/10.1002/gcc.10172
http://dx.doi.org/10.1016/S0006-291X(03)01288-9
http://dx.doi.org/10.1093/nar/gkh252
http://dx.doi.org/10.1093/nar/gkh252
http://dx.doi.org/10.1038/35042612
http://dx.doi.org/10.1128/MCB.20.22.8458-8467.2000
http://dx.doi.org/10.1016/S1097-2765(01)00414-2
http://dx.doi.org/10.1016/S1097-2765(01)00414-2
http://dx.doi.org/10.1093/emboj/20.6.1331
http://dx.doi.org/10.1083/jcb.200512059
http://dx.doi.org/10.1016/j.molcel.2007.09.006
http://dx.doi.org/10.1038/nature06500
http://dx.doi.org/10.1038/nature06515
http://dx.doi.org/10.1038/nature06515
http://dx.doi.org/10.1101/gad.12.18.2831
http://dx.doi.org/10.1073/pnas.0308762101
http://dx.doi.org/10.1128/MCB.26.7.2782-2790.2006
http://dx.doi.org/10.1128/MCB.26.7.2782-2790.2006
http://dx.doi.org/10.1074/jbc.M212574200
http://dx.doi.org/10.1101/gad.14.13.1553
http://dx.doi.org/10.1016/j.molcel.2006.11.026
http://dx.doi.org/10.1016/j.molcel.2006.11.021
http://dx.doi.org/10.4161/cc.6.11.4343
http://dx.doi.org/10.1128/MCB.25.13.5389-5395.2005
http://dx.doi.org/10.1128/MCB.25.13.5389-5395.2005
http://dx.doi.org/10.1016/j.cell.2008.06.005
http://dx.doi.org/10.1371/journal.pone.0024298
http://dx.doi.org/10.1371/journal.pone.0024298
http://dx.doi.org/10.1371/journal.pone.0055481
http://dx.doi.org/10.1371/journal.pone.0055481
http://dx.doi.org/10.1158/0008-5472.CAN-08-2442
http://dx.doi.org/10.1158/1535-7163.MCT-12-0930
http://dx.doi.org/10.1158/1535-7163.MCT-12-0930
http://dx.doi.org/10.2174/1871520611313050010
http://dx.doi.org/10.1016/j.bmc.2014.01.022
http://dx.doi.org/10.1021/jm800885d
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org


ORIGINAL RESEARCH
published: 07 July 2015

doi: 10.3389/fendo.2015.00093

Edited by:
Wen Zhou,

Columbia University, USA

Reviewed by:
Gregory A. Kaltsas,

National University of Athens, Greece
Lei Zhang,

University of Miami, USA

*Correspondence:
Elisabeth D. Martinez,

6000 Harry Hines Blvd., NB8.218,
Dallas, TX 75390, USA

elisabeth.martinez@
utsouthwestern.edu

†Kenneth Edward Huffman and
Ryan Carstens have contributed

equally to this work.

Specialty section:
This article was submitted to Cancer

Endocrinology, a section of the journal
Frontiers in Endocrinology

Received: 30 March 2015
Accepted: 17 May 2015
Published: 07 July 2015

Citation:
Huffman KE, Carstens R and

Martinez ED (2015) A subset of
nuclear receptors are uniquely

expressed in uveal melanoma cells.
Front. Endocrinol. 6:93.

doi: 10.3389/fendo.2015.00093

A subset of nuclear receptors are
uniquely expressed in uveal
melanoma cells
Kenneth Edward Huffman1†, Ryan Carstens1† and Elisabeth D. Martinez1,2*

1 Hamon Center for Therapeutic Oncology Research, Dallas, TX, USA, 2 Department of Pharmacology, University of Texas
Southwestern Medical Center, Dallas, TX, USA

Uveal melanoma (UM) is recognized as the most common intraocular malignancy and the
secondmost common form of melanoma. Nearly 50% of UM patients develop untreatable
and fatal metastases. The 48-member nuclear receptor (NR) superfamily represents a
therapeutically targetable group of transcription factors known for their regulation of key
cancer pathways in numerous tumor types. Here, we profiled the expression of the
48 human NRs by qRT-PCR across a melanoma cell line panel including 5 UM lines,
9 cutaneous melanoma (CM) lines, and normal primary melanocytes. NR expression
patterns identified a few key features. First, in agreement with our past studies identifying
RXRg as a CM-specific marker, we found that UM cells also exhibit high levels of RXRg
expression, making it a universal biomarker for melanoma tumors. Second, we found
that LXRb is highly expressed in both UM and CM lines, suggesting that it may be a
therapeutic target in a UMmetastatic setting as it has been in CMmodels. Third, we found
that RARg, PPARd, EAR2, RXRa, and TRa expressions could subdivide UM from CM.
Previous studies of UM cancers identified key mutations in three genes: GNAQ, GNA11,
and BRAF. We found unique NR expression profiles associated with each of these UM
mutations. We then performed NR-to-NR and NR-to-genome expression correlation
analyses to find potential NR-driven transcriptional programs activated in UM and CM.
Specifically, RXRg controlled gene networks were identified that may drive melanoma-
specific signaling and metabolism. ERRa was identified as a UM-defining NR and genes
correlated with its expression confirm the role of ERRa in metabolic control. Given
the plethora of available NR agonists, antagonists, and selective receptor modulators,
pharmacologic manipulation of these NRs and their transcriptional outputs may lead to a
more comprehensive understanding of key UM pathways and how we can leverage them
for better therapeutic alternatives.

Keywords: nuclear receptor expression, uveal melanoma, cutaneous melanoma, NCI-60, profiling

Introduction

Uveal melanoma (UM) is the most common form of intraocular cancer in adults and comprises
about 5% of all malignant melanoma diagnoses (1). UM tumors differ from cutaneous melanomas
(CM) in that they arise from melanocytes of the choroid, ciliary body, and iris, defined as the
uvea. Although there are effective therapeutic approaches for treating primary uveal tumors, more
than 50% of patients exhibit hematogenous spread and metastatic disease, most often to the liver
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(~80–90%of cases) (2). OnceUMdisease has disseminated, thera-
peutic options are severely limited and average survival rates range
from 2 to 8months (3).

One of the major factors hampering development of therapeu-
tic options for metastatic UM is the lack of discernible driver
mutations. Unlike CMs, which frequently harbor BRAFV600E or
NRAS mutations, only ~5% of UMs (specifically, only UMs orig-
inating from the iris) exhibit BRAFV600E mutations, and NRAS
mutations are typically not observed in UM tumors (4). Recent
mutational profiling studies ofUMhave identifiedmutually exclu-
sive, activatingmutations in two G protein coupled receptor alpha
subunits, GNAQ and GNA11, in more than 80% of profiled UM
tumors (5). These mutations appear to be relatively UM spe-
cific and are only found in about 5% of cases in other tumor
types (6).

The nearly ubiquitous presence of the GNAQ and GNA11
mutations in UM suggests that they would make an effective
therapeutic target, but functional studies of these mutations
have noted them to be relatively weak oncoproteins that require
other genetic alterations (including p53 and p16/CDK4/RB1 path-
way inactivation) to transform immortalized melanocytes (7).
Some success has been seen with targeting of downstream tar-
gets of GNAQ/GNA11 (specifically combined PKC and MEK
inhibition), suggesting that indirect targeting of these muta-
tions may be more effective (8). Recent advances have been
made in understanding the underlying mechanism of the GPCR
alpha subunit’s oncogenic activity, specifically the identifica-
tion of the transcriptional coactivator yes-associated protein 1
(YAP 1) as a pro-proliferative oncogene and potential therapeutic
target (9).

The nuclear receptor (NR) superfamily of transcription factors
includes 48 members, most of which activate complex transcrip-
tional programs via ligand binding (10). NRs regulate numer-
ous physiological programs including developmental, homeo-
static, proliferative, reproductive, and metabolic pathways (11).
In a cancer context, NRs have been validated as pro-proliferative
and oncogenic drivers in many tumor types including breast,
ovarian, prostate, endometrial, and hematological malignancies
(12, 13). In these diseases, NRs have proven to be effective
therapeutic targets with numerous drugs targeting many NRs
including estrogen receptor (ER) in breast, ovarian, and endome-
trial cancers, androgen receptor (AR) in prostate tumors, and
glucocorticoid receptor (GR) in some hematological malignancies
(14). In previously published work studying lung cancer, NR
expression analysis has been successfully used to develop a prog-
nostic signature for both survival and progression free survival
and to identify potential therapeutic drug targets in pre-clinical
models (15).

Nuclear receptors have also been noted as having tumor sup-
pressive functions including VDR’s protective function in colon
cancer (16); PPARg’s activation in reducing tumorigenicity in
many cancer tissue types (17); TR4 and RARb as tumor sup-
pressors in prostate (18, 19), and NUR77 and NOR1 as tumor
suppressors in AML (20). Given the extensive roles that NRs play
in the maintenance of normal development and physiology as
well as the emerging understanding of NRs in oncogenic path-
ways, we set out to investigate how NR expression and activity

may be leveraged to discover novel diagnostic, prognostic, and
therapeutic alternatives in UM.

The expression and activity of NRs in UMs have been, to date,
completely unstudied. To address this issue, we have used high-
throughput qRT-PCR to profile the expression of the 48 members
of the NR superfamily in various UM cell lines derived from both
primary and metastatic lesions and in a normal melanocyte cell
line. Based on these results, we report UM-specific NR expression
patterns as well as pharmacologically targetable NR-regulated
gene networks that could be driving proliferative or oncogenic
signaling in UM.

Materials and Methods

Cell Lines and RNA Extractions
All UM cell lines were a kind gift from Dr. Jerry Niederkorn at
UT Southwestern and were grown as originally described (21).
CM cell lines were received from the NCI, NIH. Cell line identity
was confirmed by fingerprinting and compared to standardswhen
available. Primary adult humanmelanocytes were purchased from
Cascade Biologics andwere grownper the company’s instructions.
Cell pellets were processed for RNA extraction using the RNeasy
kit, according to the manufacturer’s protocol. Extracted RNA was
quantified, aliquoted, and stored at −80°C and used to make the
corresponding cDNA with Invitrogen’s (Carlsbad, CA, USA) First
Strand kit.

qRT-PCR and Data Analysis
Analysis of NR expression (mRNA) was performed in tripli-
cate using the TaqMan-based efficiency-corrected cycle threshold
method with 12.5 ng cDNA per reaction for 50 cycles in an ABI
7900HT sequence detection system (Applied Biosystems, Foster
City, CA, USA) as previously described (22). NR mRNAs with
cycle times >35 were determined to be below detection. Primer
concentrations were 75 nM for 18S rRNA and 300 nM for NR
primers; probes were added at 250 nM. The sequences of the
validated primer/probe sets for the 48 human NRs are available
at www.nursa.org under the rapid release tab. Universal cDNA
standards generated from human adult RNA (BD Clontech, Palo
Alto, CA, USA) were used for analysis of all receptors except CAR,
FXRb, PXR, SHP, DAX-1, ERb, LRH-1, PNR, SF-1, and TLX,
which were too limited in expression to use the universal RNA set.
For these receptors, commercially available tissue-specific total
RNA standards derived from cell lines or adult organ donors
were used from liver, ovary, eye, adrenal, and brain, as appropri-
ate. qRT-PCR data were analyzed using ABI instrument software
SDS2.1. Baseline values of amplification plots were set automati-
cally, and threshold values were kept constant to obtain normal-
ized cycle times and linear regression data. Because PCR efficien-
cies for each receptor primer set vary, individual receptor PCR
efficiencies were determined to permit receptor-to-receptor com-
parisons. PCR efficiencies were calculated from the slope of the
resulting standard curves as reported previously (11). Normalized
mRNA levels are expressed as arbitrary units andwere obtained by
dividing the averaged, efficiency-corrected values for NR mRNA
expression by that for 18S RNA expression for each sample.
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Microarray Data
All microarray data were obtained from published datasets avail-
able at the GEO Database (http://www.ncbi.nlm.nih.gov/gds/)
(23–25). The data were generated using two different platforms,
Affymetrix Human Genome U133 Plus 2.0 Array (63 UM tumors
and nine NCI-60 melanoma cell lines) and Illumina HumanHT-
12 V4.0 expression beadchip (three UM cell lines). Data were
compiled and a consensus list of 17,700 unique genes was further
analyzed as described in the manuscript text.

Statistical Methodologies
Dendrograms were generated using R Statistical Software. Analy-
sis parameters included distance calculations using a Manhattan
methodology and Ward’s method for cluster aggregation. Cor-
relation coefficients for comparisons between data were cal-
culated using Pearson Correlation. p-Values for comparisons
between groups of measurements were performed using Student’s
t-tests. Bonferroni Corrections were used to account for multiple-
hypothesis testing as appropriate.

Gene Ontology Analysis
Correlation coefficients (Pearson) were calculated for each gene
and the NR in question (either ERRa or RXRg). Lists were then
culled to retain the most significantly positively correlated genes
(cutoff of r> 0.6was used). Culled lists were input into gene ontol-
ogy (GO) analysis tool GOrilla and GO analyses were performed
as described (26).

Results

NR Expression in Melanomas
To investigate the expression levels of the human NR superfamily
(n= 48) inUM,we performed high-throughput qRT-PCR expres-
sion analysis across a cell line panel consisting of five UM cell
lines, nine CM cell lines from the NCI-60 (27), and one primary
melanocyte control (Figure 1). A heat map was generated to
display the results and it was seen that several receptors including
SF-1, SHP, TLX, PR, and HNF4a are either expressed at very low
levels or completely unexpressed across the panel, suggesting that
they do not play a large role in either CM or UM. Other receptors,
such as COUPT-FII, LXRb, and RXRg, were found to be strongly
expressed across all the samples analyzed. GR, NOR1, NURR1,
PPARa, TR2, and TR4 were also expressed in all samples, but at
more moderate levels.

Data quality was assessed by comparison to 63 previously pub-
lished microarray profiles generated from patient UM samples
(Figure S1 in Supplementary Material) (24). In this comparison, it
was seen that NRs unexpressed in the qRT-PCR dataset reported
here were also unexpressed in the patient dataset. Likewise, NRs
found highly expressed in the qRT-PCR dataset were generally
well expressed in the UM patient samples. Examples of these
NRs are shown on Figure S1 in Supplementary Material. Overall,
Spearman rank correlation of the expression levels of the 48 NRs
between the two datasets was found to be 0.619 (p< 0.0001), sug-
gesting that the data presented here forUM lines are representative
of findings in clinical UM samples.

Hierarchical Clustering of Cell Lines by
NR Expression
To visualize relationships within the dataset, unsupervised hierar-
chical clustering analyseswere performed on the qRT-PCRdataset
for both the 13 cell lines and the 48 NRs (Figure 1). For these
analyses, distance matrices were calculated using the Manhattan
distance methodology and clusters were aggregated based on
Ward’s method. First, we observed that the expression of the 48
NRs can properly segregate the UM lines from the CM lines.
The known mutational spectrum of CM and UM would suggest
that these two types of melanoma differ from each other, and
the unique NR expression signatures seen here, support this idea.
As would be expected, NR expression does subdivide the normal
melanocyte from the tumor cell lines, but interestingly places the
melanocyte in closer proximity to the uveal cluster.

Analysis of the clusters generated by aggregation of the NR
probes found several levels of distinctions. Primary subdivisions
include a large group of receptors that are either lowly expressed
or fairly uniformly expressed, and a second group of receptors
that are differentially expressed between CM and UM samples.
Interestingly, two NRs (LXRb and RXRg) were particularly dis-
tinct from the other NRs in the dataset due to their exceptionally
high expression. Previously published work from our group noted
that RXRg expression is very high inCMcell lineswhile essentially
unexpressed in every other tissue type in the NCI-60 cancer cell
line panel (27). High levels of RXRg expression are similarly seen
in UM. When the UM samples were clustered together with the
previously published NCI-60 NR expression data, it was found
that RXRg expression defined a “melanoma cluster,” which con-
tained both UM and CM samples (Figure S2 in Supplementary
Material).

Differential Expression of NRs in
UM Compared to CM
We next examined NRs differentially expressed between UM and
CM (Figure 2). First, three NRs (RARg, PPARd, and EAR2) were
found to have significantly lower expression levels in CM than in
UM cell lines. Comparison to the melanocyte control suggested
that the UM samples had retained “normal” expression of these
receptors while expression had been lost in the CM samples.
Conversely, it was found that RXRa expression was lower in UM
than in CM or in the melanocyte control, suggesting UM had
specifically lost RXRa expression. Analysis of TRa levels found
that UM lines retained expression of this NR similar to that of the
melanocyte, but that expression of TRa was significantly higher
in CM. By contrast, REVerb an expression appears to be lost
specifically in UM. As was previously mentioned, LXRb is highly
expressed across all melanoma samples, but is expressed signifi-
cantly higher in UM samples. This finding is particularly notable
since LXRb agonists have been shown to reduce proliferative and
metastatic potential in CM pre-clinical mouse models (28).

Clusters of Co-Expressed NRs
To better understand the relationships between the NRs them-
selves within the melanoma panel, we calculated correlation
coefficients (performed as before) for all possible pairwise combi-
nations of the 48 NRs. The results of this unsupervised clustering
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FIGURE 1 | Nuclear receptor expression in melanomas. Clustered
heat map representation of mRNA expression levels of the 48 human
NRs in a panel of human uveal melanoma (n= 5) and cutaneous
melanoma (n= 9) cell lines as measured by qRT-PCR. Additionally, a
melanocyte was included as a normal comparator. Unsupervised
hierarchical clustering (Distance calculations: Manhattan, Aggregation

method: Ward’s) was performed on the NRs (columns) and cell line
samples (rows, colored according to key). qRT-PCR data were quantified
using standard curves and normalized to 18S as described in Section
“Materials and Methods.” Data are color coded such that relatively highly
expressed NRs are dark blue while lowly or unexpressed receptors (cycle
time >35) are white.

analysis are shown as a heat map in Figure 3. Several clusters of
strongly positive correlations could be seen, including a cluster
containing receptors identified as differentially regulated between
CM and UM. The CM-specific cluster included EAR2, REV-ERb,
RARg, NOR1, andGCNFwhile theUM-specific cluster contained
LXRb, ERRb, TR2, and ERRa. These pockets of strong correla-
tion suggest transcriptional and/or functional interconnections
within these receptor subgroups and within specific melanoma
subtypes.

Differential Expression of NRs Across UM
Finally, we compared NR profiles across the different UM cell
lines (Figure 4). Because UM metastatic disease is essentially
fatal, we were particularly interested in identifying metastasis-
specific NR expression patterns. Initially, we chose to compare NR
expression in the cell line pair MEL270 (primary) and OMM2.3
(metastasis), both of which were derived from the same patient.
Several genes were found differentially expressed between the pair

with the most significant, liganded NRs highlighted in Figure 4A.
ERa and GR expressions were found to be lost in the metastasis-
derived OMM2.3 versus the primary MEL270. Conversely, LXRb
and PPARg expressions were either significantly lower (LXRb)
or completely undetected (PPARg) in the primary while robust
expression was seen in the metastatic line, suggesting that these
genes were up-regulated during the metastatic process and may
be essential for retention of proliferative capacity or for survival at
distant anatomical sites.

Within the UM panel, three cell lines were derived from pri-
mary tumors (OCM3, MEL270, and OCM1) and two cell lines
were derived from metastatic lesions (OMM1 and OMM2.3).
Comparison between these two groups found that NGFIBwas up-
regulated in the metastatic lines versus the primary tumor lines
and the melanocyte control line (Figure 4B). There were several
other NRs that were up-regulated in the metastatic group, but the
small sample size and heterogeneity among primary tumor lines
precluded statistical significance.
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FIGURE 2 | Uveal versus cutaneous melanoma NR expression
patterns. Patterns of mRNA expression across the cell line panel for
select receptors. p-Values are shown for the comparison of the
expression level of the indicated nuclear receptor between uveal and
cutaneous melanoma cell lines. Calculations were performed using a
Student’s t-test and were Bonferroni-corrected for to account for

multiple-hypothesis testing. (A) Three receptors (RARg, PPARd, and
EAR2) are lost in cutaneous melanoma but retained in the uveal
melanoma samples (versus melanocyte expression). (B) (Top) RXRa is
lost in uveal melanoma samples. (Middle) TRa is overexpressed by
cutaneous melanomas. (Bottom) LXRb expression is higher in uveal
melanoma samples.

Examples of all three of the key UM mutations are represented
in the cell line panel (Table 1). Because GNAQ, GNA11, and
BRAF mutations are mutually exclusive in clinical samples (5), we
identified potentially mutation-specific NR expression patterns
(Figure 4C). First, we found that the GNA11 mutant cell line
OMM1 showed significant overexpression of NOR1 versus the
rest of the panel. Comparisons between the BRAF mutant UM
lines OCM1 and OCM3 and the rest of the panel found that the
BRAF mutants retained expression levels of AR comparable to
the melanocyte while the other cell lines had lost AR expression.
Finally, it was found that both OMM2.3 and MEL270 (GNAQ
mutants) had almost completely lost RORa expression while the
other cell lines maintained RORa expression at levels comparable
to the primary melanocyte line.

NR-Driven Gene Networks in UM
Finally, because NR activity has been largely unstudied in UM, we
examined publically available microarray profiles generated from
both UM and CM cell lines (23, 25) to identify gene networks
that might be NR-regulated in the melanoma context. For these
analyses, we selected two liganded NRs (ERRa and RXRg) that are
expressed across the melanoma panel and that correlated strongly
with our qRT-PCRdata for these same cell lines (r= 0.82 for ERRa
and 0.7 for RXRg). Lists ofmicroarray probes positively correlated
with either ERRa or RXRg expression patterns were generated,
culled to the top 400 genes correlating with each receptor (Table
S1 in Supplementary Material), and subjected to gene ontology
(GO) analysis using publically available GO analysis tool Gorilla
(26). Top GO terms associated with ERRa and RXRg are shown
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FIGURE 3 | NR-to-NR pairwise correlation comparisons. Pairwise Pearson
correlation coefficient (PCC) analysis of the nuclear receptors. Hierarchical
clustering analysis was performed as in Figure 1. Positive correlations are
depicted in orange with the strongest intensities corresponding to higher

correlations (0.95 was the highest pairwise correlation). Similarly, negative
correlations are depicted in blue tending toward white as they become less
intense. The range of positive correlations (0–0.95) was greater than the range
of negative correlations (0 to −0.64).

in Tables 2 and 3, respectively. For RXRg (the main differentiator
between melanomas and other cancers), top GO terms included
numerous lipid and basal metabolism associated functions as
expected (10), suggesting RXRg may be regulating these func-
tions within a melanoma context. Furthermore, four GO terms
associated with RXRg pertained to peroxisome activity [RXRs
and PPARs have a well-established relationship (10)], suggesting
RXRg could acquire activities within a melanoma setting. One of
the genes defining the UM cluster was ERRa, a known regulator
of metabolic pathways (29). Predictably, 11 of the top 12 GO
terms involved metabolic regulation, indicating that ERRa may
contribute to regulation of metabolism in UM, a role that may be
pharmacologically targetable via inverse agonists of ERRa.

Discussion

In this study, we measured expression levels of the 48 human
NRs by qRT-PCR across a panel of UM cell lines and a nor-
mal melanocyte control to expand on our original work across
the NCI-60 panel. We demonstrated that UM (like CM) is dis-
tinguished from other cancer cell lines by high expression of
RXRg, an NR that we previously reported separates melanomas

from other cancers. Furthermore, UM and CM can be differen-
tiated based solely on their NR expression profiles with several
NRs differentially expressed between the two (including RARg,
PPARd, EAR2, RXRa, and TRa). Our results confirm the dis-
tinction of UM and CM as separate diseases in line with their
differing mutational profiles. We also examined whether there are
NRs preferentially expressed in the different mutational subtypes
of UM (GNA11Q209L, BRAFV600E, and GNAQQ209P) and identi-
fied receptors (NOR1, AR, and RORa, respectively) exhibiting
mutation-specific expression patterns.

Because of the particular importance of metastases within UM,
we compared primary-derived and metastasis-derived UM cell
lines to identifyNRs thatmight be playing specific roles within the
metastatic context. We discovered that NGFIB was up-regulated
in UM metastatic cell lines versus primary-derived UM cell lines.
Although this was the only NR that met our statistical thresh-
old, it is notable that two other members of the NR4 family
(NOR1 and NURR1) also showed generally higher expression
in the metastasis-derived UM cell lines. The role of NR4 family
members in cancer is controversial as it has been noted to be pro-
proliferative in some contexts and tumor suppressive in others
(20). One other notable NR that trended toward higher expression
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FIGURE 4 | Identification of NR expression patterns within uveal
melanoma subtypes. (A) Comparisons were made between replicate data
generated from UM cell line pair OMM2.3 (metastasis-derived) and MEL270
(primary-derived) with p-values calculated through a Bonferroni-corrected
Student’s t-test. ERa and GR expressions were lost in the metastatic line (top)
while LXRb and PPARg expressions were higher in the metastasis (bottom).

(B) NGFIB expression was found higher in the metastasis-derived UM cell
lines versus the primary-derived UM lines (p-value from corrected t-test).
(C) Receptor expression was compared between the different mutational states
of UM. (Top) NOR1 was found overexpressed in the GNA11 mutant, (middle) AR
expression was retained in the BRAF mutants, and (bottom) RORa expression
was lost in the GNAQ mutant cell lines.

TABLE 1 | Mutation status of cell lines studied.

Cell line Gq mutant G11 mutant BRAF mutant

Melanocytes WT WT WT
OCM1 WT WT V600E
OCM3 WT WT V600E
OMM1 WT Q209L WT
OMM2.3* Q209P WT WT
Mel270* Q209P WT WT
LOXIMVI WT WT V600E
M14 WT WT V600E
MALME-3M WT WT V600E
MDA-MB-435 WT WT V600E
SK-MEL-2 WT WT V600E
SK-MEL-28 WT WT V600E
SK-MEL-5 WT WT V600E
ACC-257 WT WT V600E
UACC-62 WT WT V600E

*Indicates cell lines from same patient.
The cell lines used in this study are listed, along with their mutation status for GNAQQ209P

(Gq), GNA11Q209L (G11), and BRAFV600E (BRAF). WT, wild type.

in the metastasis-derived uveal lines was PPARg, which has been
noted in many cancer models to be anti-proliferative upon ligand
activation (17).

Finally, we examined NR-to-NR correlation patterns as well
as NR-to-genome correlation patterns to identify receptors that
might be interacting with each other and to identify networks of
genes that certain, key NRs might be controlling within the UM
context. ERRa was one of the NRs that differentiated the UM clus-
ter from theCMcluster, and is particularly important given its role
as a therapeutic target in other cancers (particularly breast cancer)
and the growing availability of ERRa-targeted therapeutics (30)
including inverse agonists, which lower the receptor’s constitutive
activity.

Analogous studies conducted previously by our group and
others have successfully utilized NR expression profiles to sub-
divide between different cancer types. It has been demonstrated
that expression profiles of the 48 NRs alone can properly dis-
tinguish between cancers of vastly different origins (within the
NCI-60 panel) (27), between small-cell and non-small-cell lung
cancers (15), and between different types of thyroid cancers (31).
Here, we further add the differentiation by NRs between UM
and CMs, suggesting that the use of NR expression patterns may
be broadly applicable as a tool to categorize different cancers
and histological groupings. Given their key roles in regulation
of global cellular signaling processes and in cellular development
pathways, it is not surprising that NRs play such a central role
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TABLE 2 | ERR alpha associated gene ontology (GO) terms.

GO term Description p-Value FDR
q-value

GO:0044238 Primary metabolic process 2.35E-05 3.07E-01
GO:0071704 Organic substance metabolic

process
5.93E-05 3.88E-01

GO:0044260 Cellular macromolecule metabolic
process

8.73E-05 3.81E-01

GO:0044237 Cellular metabolic process 1.03E-04 3.37E-01
GO:0043170 Macromolecule metabolic process 1.93E-04 5.05E-01
GO:0090304 Nucleic acid metabolic process 2.28E-04 4.98E-01
GO:0006139 Nucleobase-containing compound

metabolic process
2.59E-04 4.84E-01

GO:0016070 RNA metabolic process 4.45E-04 7.28E-01
GO:0046483 Heterocycle metabolic process 4.85E-04 7.05E-01
GO:0006725 Cellular aromatic compound

metabolic process
5.08E-04 6.65E-01

GO:0006366 Transcription from RNA polymerase
II promoter

6.71E-04 7.98E-01

GO:0009058 Biosynthetic process 9.59E-04 1.00E+ 00

Gene ontology descriptions of genes positively correlated to ERR alpha expression levels
in UM are shown, along with the corresponding p-value and false discovery rate q-values.

TABLE 3 | RXR gamma associated gene ontology (GO) terms.

GO term Description p-Value FDR
q-value

GO:0044255 Cellular lipid metabolic process 4.39E-06 5.75E-02
GO:0006629 Lipid metabolic process 1.36E-05 8.89E-02
GO:0008610 Lipid biosynthetic process 3.67E-05 1.60E-01
GO:0006631 Fatty acid metabolic process 3.87E-05 1.27E-01
GO:0032787 Monocarboxylic acid metabolic

process
1.20E-04 3.15E-01

GO:0071616 Acyl-coA biosynthetic process 1.26E-04 2.75E-01
GO:0035384 Thioester biosynthetic process 1.26E-04 2.36E-01
GO:0019752 Carboxylic acid metabolic

process
2.26E-04 3.70E-01

GO:0006082 Organic acid metabolic process 2.81E-04 4.09E-01
GO:0032868 Response to insulin 3.98E-04 5.21E-01
GO:0006625 Protein targeting to peroxisome 5.38E-04 6.40E-01
GO:0072663 Establishment of protein

localization to peroxisome
5.38E-04 5.87E-01

GO:0072662 Protein localization to
peroxisome

5.38E-04 5.42E-01

GO:0043436 Oxoacid metabolic process 5.56E-04 5.20E-01
GO:0006790 Sulfur compound metabolic

process
6.29E-04 5.48E-01

GO:0043574 Peroxisomal transport 6.57E-04 5.38E-01
GO:0006633 Fatty acid biosynthetic process 8.21E-04 6.32E-01

Gene ontology descriptions of genes positively correlated to RXR gamma expression
levels in UM are shown, along with the corresponding p-value and false discovery rate
q-values.

to the identities of these cell types, even within a dedifferentiated
cancer state.

It is of significant interest that several NRs are differentially
expressed between UM and CM tumors. Particularly, the findings
RARg, PPARd, EAR2, TRa, and LXRb that are retained in UM at
levels comparable to the melanocyte while being reduced or lost
in CM suggests that there may be opportunities for NR-directed
therapeutic interventions in UM that are not available in CM due
to CM-specific loss of these receptors. It is also worth noting
that the UM-specific loss of RXRa expression. Because RXRa

is a heterodimeric binding partner for many NRs, lower RXRa
expressionmight suggest indirect downregulation ofNR signaling
in UM tumors.

It has recently been reported that metastatic CM can be inhib-
ited by administration of LXRb agonists in pre-clinical models
of CM (28). Here, we report that LXRb receptor levels are even
higher in UM samples than the levels observed in CM samples.
Given the known differences between UM and CM tumors, it will
be important for future studies to examine whether or not LXRb-
directed therapies or other NR ligand strategies will be effective in
controlling UM metastatic disease in vivo.

Melanoma is an aggressive, highly metastatic disease that is
notoriously difficult to treat using standard cytotoxic agents (32).
Mechanistic studies have found that CM cells achieve their hall-
mark chemoresistance through genome-scale reprogramming of
proliferation and survival pathways during disease progression.
Given these findings, it is not surprising that many modern
therapeutic strategies involve induction of wholesale changes in
the transcriptome of CM cells through epigenetic modulation to
overcome these anti-apoptotic and pro-proliferative pathways (33,
34). Although much work has been done in CM, far fewer studies
have investigated ocular-derived UMs where metastatic disease is
equally as fatal (3).

Mutational profiling of UM has identified mutually exclu-
sive, UM specific, activating mutations in two paralogs (GNAQ
and GNA11) in more than 80% of UM cases. Although these
mutations would seem obvious targets for therapeutic interven-
tion, GNAQ/11 mutations have not been amenable to therapeu-
tic development in UM and recent work has instead focused
on inhibiting downstream events and gene networks driven by
these mutations (9, 35). As an example, combination therapy
with inhibitors of GNAQ/11 downstream target protein kinase C
(PKC) and MEK has been shown to inhibit the in vitro growth
of GNAQ/11 UM mutant cell lines (8). Another recently iden-
tified downstream target of GNAQ/11 mutants is YAP1 and a
YAP1 inhibitor, verteporfin, has also been shown to be effective
inhibiting UM growth in xenograft models (35). However, as was
pointed out in a recent preview opinion from Field and Barbour
(36), it is important to note that these inhibitors alone will likely
be insufficient for treatingUMmetastases as GNAQ/11mutations
are only weakly oncogenic being unable to transform immortal-
ized melanocytes without additional, cooperating mutations (7).
Recent clinical trial results using the MEK inhibitor selumetinib
in metastatic UM patients underscore their opinion as there was
no overall survival benefit (37).

As transcription factors, activated NRs are extremely effective
in eliciting widespread physiologic changes in cells through alter-
ation of the transcriptional output and architecture of the genome
(38). One of the most striking examples of ligand-mediated NR
activity comes from studies of estradiol’s effects on the transcrip-
tome of an ER-positive breast cancer cell line. They report nearly
23,000 transcripts (equivalent to more than 25% of total cellular
transcriptomic output) that are altered during ER activation (39).
Other ligand/receptor combinations known to elicit broad-scale
expression changes includemifepristone/progesterone receptor in
endometrial tissue (40) and T0901317/liver X receptors in the
human monocytic cell line THP-1 (41). Defining which NRs
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might be playing a role in transcriptional reprogramming during
UM onset and progression, as we have begun to do here, should
catalyze a better understanding and targeting of this disease.
Overall, it will be interesting to see how NR expression patterns
correlate with clinical disease progression in the future release
of the UM TCGA dataset, to then design NR-driven therapeutic
strategies.
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Cellular senescence-inhibited gene (CSIG), also named as ribosomal_L1 domain-contain-
ing 1 (RSL1D1), is implicated in various processes including cell cycle regulation, cellular 
senescence, apoptosis, and tumor metastasis. However, little is known about the regulatory 
mechanism underlying its functions. To screen important targets and signaling pathways 
modulated by CSIG, we compared the gene expression profiles in CSIG-silencing and control 
HEK293 cells using Affymetrix microarray Human Genome U133 Plus 2.0 GeneChips. A 
total of 590 genes displayed statistically significant expression changes, with 279 genes 
up-regulated and 311 down-regulated, respectively. These genes are involved in a broad array 
of biological processes, mainly in transcriptional regulation, cell cycle, signal transduction, 
oxidation reduction, development, and cell adhesion. The differential expression of genes 
such as ZNF616, KPNA5, and MAP3K3 was further validated by real-time PCR and western 
blot analysis. Furthermore, we investigated the correlated expression patterns of Cdc14B, 
ESCO1, KPNA5, MAP3K3, and CSIG during cell cycle and senescence progression, which 
imply the important pathways CSIG regulating cell cycle and senescence. The mechanism 
study showed that CSIG modulated the mRNA half-life of Cdc14B, CASP7, and CREBL2. 
This study shows that expression profiling can be used to identify genes that are transcription-
ally or post-transcriptionally modified following CSIG knockdown and to reveal the molecular 
mechanism of cell proliferation and senescence regulated by CSIG.

Keywords: CSIG/RSL1D1, senescence, cell cycle, gene expression, microarray

Introduction

Cellular senescence, a natural barrier to cancer progression, is causally implicated in generating 
age-related phenotype (1–5), but the fundamental mechanisms that drive senescence remain 
largely unknown. Using a suppressive subtractive hybridization, we have identified and cloned a 
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cellular senescence-inhibited gene (CSIG) (GenBank accession 
No. AY154473, http://www.ncbi.nlm.nih.gov) (6). CSIG is a 
Ribosomal_L1 Domain-Containing Protein and therefore was 
also named as RSL1D1 in the Human Genome Organization 
(HUGO) Nomenclature Committee Database. CSIG is abun-
dantly expressed in early-passage fibroblasts, but its expression 
declines during cellular senescence. CSIG modulated cell cycle 
progression, in turn promoting cell proliferation (7). Moreover, 
overexpression of CSIG significantly delayed the progression of 
replicative senescence, while knockdown of CSIG expression 
accelerated replicative senescence (7). Our findings indicate that 
CSIG acts as a novel regulatory component of replicative senes-
cence. Consistently, Meng et al. and Zhu et al. reported that CSIG/
RSL1D1 could regulate the activity of nucleostemin which delays 
the aging progression in mouse fibroblasts (8, 9). In addition, Li 
et al. found that CSIG is required for p33ING1 to induce apoptosis 
under UV irradiation (10). Moreover, emerging evidences have 
indicated that CSIG might implicate in various biological processes 
such as breast cancer metastasis (11), tumor cell survival (12), 
inflammation (13), and bone formation (14).

According to informatics analysis (available at http://www.
expasy.org), CSIG is evolutionarily conserved and human CSIG 
protein contains part of Ribosomal L1p/L10e consensus sequence 
(residues 30–260) in the N-terminus and a long Lys_rich domain 
(residues 280–485) in the C-terminus, suggesting that it may 
participate in ribosome biosynthesis or act as a transcriptional 
co-factor. Our previous studies have identified CSIG as a nucleolus 
protein accumulated in ribosome (7). Although the non-ribosomal 
functions of CSIG to regulate proliferation, apoptosis, and senes-
cence progression have been established (7, 10); however, the 
molecular basis underlying is poorly understood.

In this investigation, we have compared differential gene 
expression patterns in HEK293 cells between CSIG knockdown 
and control samples using a fold change (FC) ≥1.5 as a cutoff 
to define CSIG-related gene expression and profile changes. 
We have demonstrated that gene expression changes associ-
ated with CSIG knockdown in 293 cells impact transcription 
regulation, cell cycle, development, and certain critical signal 
transduction pathways. Furthermore, we have identified candi-
date genes for further in depth analysis. Changes in expression 
patterns provide further evidence and a molecular basis for 
CSIG to regulate cell proliferation and senescence.

Materials and Methods

Cell Culture
Human embryonic kidney cell (HEK293) was cultured in DMEM 
medium, containing 10% fetal bovine serum. Human diploid 
fibroblasts 2BS cell line from human female embryo lung was 
established at the National Institute of Biological Products 
(Beijing, China) and has been fully characterized (6, 7). The 
expected replicative life span of 2BS cells is about 70 population 
doublings (PDs). 2BS cells were considered to be young (early-
passaged) at PD 30 or below and fully senescent at PD 55 or 
above. Senescent cells are characterized by an irreversible growth 
arrest and accumulated p16INK4a. 2BS cells were maintained in 

Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented 
with 10% fetal bovine serum, 100 U/ml penicillin, and 100 μg/
ml streptomycin, at 37°C in 5% CO2.

CSIG Knockdown in 293 Cells/Plasmids and 
Transfection
The pcDNA3.1-CSIG and control vectors were purified with 
QIAGEN Plasmid Maxi Kits. Cells were transfected with plasmids 
coated by Lipofectamine 2000 (Invitrogen) following the manu-
facturer’s indications. To transiently silence CSIG, siRNA targeting 
CSIG (siCSIG) and control siRNA were synthesized (Genema), 
respectively. siRNAs were transfected with Lipofectamine 2000 
(Invitrogen) following the manufacturer’s recommendations. 
Cells were collected 48 h after transfection for further analysis. 
The siRNA sequences were as follows:

-- CSIG siRNA: 5′-AGAAGGAACAGACGCCAGA-3′
-- Control siRNA: 5′-TTCTCCGAACGTGTCACGT-3′

Western Blotting
Cells were washed with PBS, collected, and lysed on ice for 30 min 
with RIPA (Applygen Technologies Inc., Beijing, China) contain-
ing a protease inhibitor mixture (Fermentas). Cell lysates were then 
centrifuged for 10 min at 15,000 × g at 4°C. The supernatant was 
collected, and the protein concentration was determined using the 
BCA Protein Assay Reagent (Pierce). Total protein (20 ~ 40 μg) was 
subjected to 10 ~ 15% sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and was transferred to nitrocellulose 
membranes (Millipore). After blocking in 5% non-fat dry milk in 
TBST (10 mm Tris-Cl, pH 7.5, 150 mm NaCl, 0.05% Tween 20), 
the membranes were incubated with primary antibodies overnight 
at 4°C. The membranes were then washed three times with TBST 
and then incubated with HRP-conjugated secondary antibodies 
(Zhongshan Biotechnologies Inc., China) for 1 h at room tempera-
ture. Proteins were visualized using chemiluminescent substrate 
(Millipore) according to the manufacturer’s instructions. Blots 
were probed with the following antibodies: anti-CSIG [used as 
previously described (7)], anti-p16 (sc-759, Santa Cruz), anti-
ESCO1 (ab128312, Abcam), anti-Cdc14B (sc-374572, Santa Cruz), 
anti-KPNA5 (ab81450, Abcam), anti-MAP3K3 (ab40750, Abcam), 
anti-Cdc2 (E53, Epitomics), and anti-PCNA (BS1289, Bioworld).

RNA Extraction
Total RNA was isolated from HEK293 cells and 2BS cells using 
an RNeasy Mini kit (Qiagen) according to the manufacturer’s 
instructions. The quality of the RNA samples was examined by 
quantifying the A260:A280 ratio (the minimal acceptable ratio 
is 1.7) and the 28S/18S by visualizing rRNA bands in agarose gel 
(the minimal acceptable ratio is 1.5).

Affymetrix cDNA Microarray
The microarray screen was performed in triplicate using 
Affymetrix microarray Human Genome U133 Plus 2.0 chips 
containing 38,500 genes. Briefly, 15–20 g of biotin-labeled cRNA 
was fragmented by incubating in a buffer containing 200 mmol/l 
Tris acetate (pH8.1), 500 mmol/l KOAc, and 150 mmol/l MgOAc 
at 95°C for 35 min. The fragmented cDNA was hybridized with a 
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TABLE 1 | DNA sequences of the primers used for quantitative  
real-time PCR.

Identity/gene Nucleotide sequences

ZNF367 Forward: 5′-AACCGCCACTGTCCGAAGCA-3′
Reverse: 5′-CCTTTCAAAGTGGGGGTGCGCT-3′

ZNF616 Forward: 5′-TGGAAATGCCTGGAGCCTGTGC-3′
Reverse: 5′-GGCCCGATGAAAGGCTTTGCCA-3′

KPNA5 Forward: 5′-GCAGACGTGTGTTGGGCCCTTT-3′
Reverse: 5′-TCCATTGGTGCTTCCTGCTGCT-3′

CASP7 Forward: 5′-AAATGCCGCCTGCTTCGCCT-3′
Reverse: 5′-TGGAGCAGAGGGCTTGCACA-3′

PPM1A Forward: 5′-CGGCTGTGATCGGTTTGCCA-3′
Reverse: 5′-GCCAGAGAGCCATTCACACGCT-3′

SETD7 Forward: 5′-TGAACGGTCCAGCCCAGGAA-3′
Reverse: 5′-ACTGCTCTCAGGGTGCGGAT-3′

CREBL2 Forward: 5′-CGTGGTCGGAAGCCAGCCAAAA-3′
Reverse: 5′-TTCGGGCTCGGCATTCTCTTGC-3′

NOLC1 Forward: 5′-AGCCCAAGGCGACTGCCAAA-3′
Reverse: 5′-GCTGCCCCGCTTCTTCTTGGTT-3′

TRAK1 Forward: 5′-ACGGCAGCGACATAGGCAAC-3′
Reverse: 5′-AGCAGAAATGCCCCGCTCCT-3′

CCDC115 Forward: 5′-CTGGAGGGGAAACGAACGGTGT-3′
Reverse: 5′-ATGCGGTTCTGGAGGCTGGCTA-3′

C11orf24 Forward: 5′-TCAGCACAGCCCTCGCACAA-3′
Reverse: 5′-ACCTTGTGCTTGGGGACGCA-3′

MTA2 Forward: 5′-AAGGAACGGCTACGACCTGGCT-3′
Reverse: 5′-AACAGGAAGCACAGAGGCGGCA-3′

PCK1 Forward: 5′-AAGGTTGAGTGCGTCGGGGA-3′
Reverse: 5′-TTCCCAGTAAACGCCCCCGT-3′

ESCO1 Forward: 5′-ACGAAACGAAACCTGTGCCTGT-3′
Reverse: 5′-AGGCACTGATGGCTGTGGACT-3′

SEH1L Forward: 5′-GCTCTCGTGCTCATTCCCCCAT-3′
Reverse: 5′-GGCAGTGTCAGCATCGCAAGAGT-3′

RAB31 Forward: 5′-GGGGACACTGGGGTTGGGAAAT-3′
Reverse: 5′-AGGTCGCACTTGTTTCCAGCG-3′

STAT1 Forward: 5′-TGGAGTGGAAGCGGAGACAGCA-3′
Reverse: 5′-TCACCACAACGGGCAGAGAGGT-3′

TMEM109 Forward: 5′-ACACTGGATGCCTGGATTGGGC-3′
Reverse: 5′-AAGCCGAGGAGCAGAGACAGCA-3′

KIAA1549 Forward: 5′-AGCGTGCCCTCCGTGTTCAT-3′
Reverse: 5′-TGCCTCTGCTTGGCGGGATT-3′

UBE2I Forward: 5′-TCCGTGGGAAGGAGGCTTGT-3′
Reverse: 5′-TGGCTTGTGCTCGGACCCTT-3′

MAP3K3 Forward: 5′-ACGAATGTCCCGTGCCCAGA-3′
Reverse: 5′-TTCCATAGCCCTCGCCGCTGAT-3′

YWHAH Forward: 5′-CGCTATGAAGGCGGTGACAGAG-3′
Reverse: 5′-AGGGTGAGGTTGTCTCGCAGCA-3′

ITGB8 Forward: 5′-GCCTCGTTCCTCTGGGCAGC-3′
Reverse: 5′-TTCTGGACCCAGCGCAAGGC-3′

FIGURE 1 | The RNA samples prepared for Affymetrix microarray 
experiment. Upper panel, western blot analysis of CSIG expression in 
siCSIG and siNC transiently transfected HEK293 cells. Total protein was 
extracted, and immunoblotting was performed using specific antibodies 
against CSIG as indicated. GAPDH served as a loading control. Bottom 
panel, the intactness of the RNA samples was tested using RNA 
electrophoresis. The three parallel experiments, indicated as 1, 2, and 3, 
respectively, were performed with the same siRNA.
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pre-equilibrated Affymetrix chip at 45°C for 14–16 h. The hybridi-
zations were washed in a fluidic station with non-stringent buffer 
(6× SSPE, 0.01% Tween 20, and 0.005% antifoam) for 10 cycles 
and stringent buffer (100 mmol/l 2N-morpholino-ethanesulfonic 
acid, 0.1M NaCl, and 0.01% Tween 20) for 4 cycles and stained 
with strepto-avidin phycoerythrin. This was followed by incuba-
tion with biotinylated mouse antiavidin antibody and restained 
with strepto-avidin phycoerythrin. The chips were scanned in an 
Agilent ChipScanner (Affymetrix Inc., Santa Clara, CA, USA) to 
detect hybridization signals.

Baseline analyses were done with AGCC to identify statistically 
significant gene expression alterations between samples derived 
from HEK293 cells transfected with siCSIG and siNC, respectively. 

Because samples were analyzed in triplicates, these results were 
additionally screened for consistent P by the Student’s t-tests 
(P < 0.05) to eliminate random sampling errors.

Quantitative Real-Time PCR
Real-time PCR analysis was performed in triplicate using the SYBR 
Green PCR Master Mix (Applied Biosystems) on an ABI Prism 7300 
sequence detector (Applied Biosystems). Each PCR was assembled 
using 96-well MicroAmp Optical plates (Applied Biosystems) with 
a total volume of 15 μl containing 1.5 μl cDNA templates, 1 μM of 
each primer, and 7.5 μl of 2× SYBR Green Master Mix and brought 
to final volume with RNase-free water. Thermal reaction cycles of 
50°C for 2 min, 95°C for 10 min, and 40 repetitions of 95°C for 
15 s and 60°C for 1 min were used. The data were analyzed using 
the ΔΔCT method, normalizing the Ct values of the indicated 
gene to the Ct values of GAPDH relative to a control sample. The 
GAPDH gene served as an endogenous control for normalization. 
Gene-specific primers were designed using Primer 5. The primer 
sequences used in this study are shown in Table 1.

Flow Cytometry
When cells reached 70–80% confluence, they were washed with 
PBS, detached with 0.25% trypsin, and fixed with 75% ethanol 
overnight. After treatment with 1 mg/ml RNase A (Sigma) at 37°C 
for 30 min, cells were resuspended in 0.5 ml of PBS and stained 
with propidium iodide in the dark for 30  min. Fluorescence 
was measured with a FACScan flow cytometry system (BD 
Biosciences).

mRNA Stability Assay
Experiments were carried out during logarithmic phase of cultured 
293 cells. We treated 293 cell lines from time 0 with actinomycin D 
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TABLE 2 | The fold-change distribution of gene expression changes 
following CSIG knockdown.

FC ≥ 1.5 1.5 ≤ FC < 2 2 ≤ FC < 3 3 ≤ FC

Total genes 841 721 116 4
Up-regulated 411 355 55 2
Down-
regulated

430 366 62 2

Percentage  
of FC genes  
in total genes

100 85.7 13.8 0.5

The FC distribution of gene expression changes following CSIG knockdown. Shown is 
the number of genes in each FC size range for genes with FCs ≥1.5 and adjusted  
P-values <0.05; FC = fold change (detailed gene list, Table S1 in Supplementary Material).

FIGURE 2 | Hierarchical clustering heat map of  
the 841 genes with significant differentially expressed  
changes following CSIG knockdown with t-test adjusted P-values 
<0.05, a fold-change cut off ≥1.5, and FDR <5%. Each column  

represents a sample; each row refers to a gene. Gene expression  
changes with respect to median changes are denoted by: red, up-regulated 
(ratio ≥1.5); green, down-regulated (ratio <1/1.5); and black,  
unchanged.

May 2015  |  Volume 6  |  Article 6961

Ma﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿ et al. CSIG-associated gene expression profile

Frontiers in Endocrinology  |  www.frontiersin.org

(10 μg/ml) for the indicated times. Then washed cultures in PBS, 
extracted RNA with RNA Extraction Kit, and analyzed RNA by 
quantitative RT-PCR (qRT-PCR).

Data Analysis
Microarray scan data were analyzed using the significance analysis 
of microarrays (SAM) R-package. To compare the results of dif-
ferent hybridization experiments, the signal intensity of each gene 
on different arrays was normalized versus the total intensity of all 
genes in the array. Corresponding normalized signals on different 
arrays were then compared to identify differential regulation in 
the gene expression between samples. Relative gene expression 
changes ≥1.5-fold were considered meaningful to represent up-
regulation or down-regulation. Gene ontology (GO) analysis was 
performed to identify significantly enriched biological processes 
and molecular functions.

Statistical Analysis
All values are expressed as means ± SD in the figures. Statistical 
significance was assessed using Student’s t-test, and P-values 
of <0.05 were considered significant.
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FIGURE 3 | Gene ontologies and functional analysis of the 
differentially expressed genes with t-test adjusted P-values <0.05, 
a fold-change cut off ≥2. (A) Gene ontologies with significantly 
over-represented differentially expressed genes following CSIG 

knockdown and the Ratio of genes implicated in various processes. 
(B) The differentially expressed genes implied in various functions by 
red–green hot spots. The color bar shows the fold change and 
corresponding color depth.
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Results

Affymetrix cDNA Microarray Analysis of Gene 
Expression Profiles Following CSIG Knockdown
To preparing RNA samples for microarray analysis, the small 

interfering RNA (siRNA) specifically targeting CSIG (siCSIG) 
and the control siRNA (siNC) targeting none of the human 
genes were transiently transfected into HEK293 cells, respec-
tively, and cells were collected for analysis after 48  h. First, a 
small amount of samples were subject to western blot analysis 
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FIGURE 4 | Agreement between microarray and real-time quantitative RT-PCR data. The blue block represent microarray data, the red block represent 
real-time PCR results. The results are mean ± SEM and the P-values are all <0.05.
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of the gene knockdown efficiency. Comparing with control 
cells, CSIG siRNA transfection induced a more than 60% of 
decrease of CSIG level (Figure 1, upper panel). And then total 
RNAs from CSIG siRNA and control siRNA transfected cells 
were extracted from the remaining cultures in the same dish, 
respectively. Subsequently, two groups of samples in triplicate 
were subject to RNA integrity and purification examination. 
According to the RNA agarose gel analysis, the ratio of 28S:18S 
is 2:1 on the whole (Figure 1, bottom panel), which indicated the 
intactness of the RNA samples. And the ratio of A260:A280 is 
basically in the range of 1.7 ~ 2.0, which proved the purification 
of sample. Totally, the detection results indicated that the quality 
of RNA samples we prepared ultimately meets the requirements 
of Affymetrix cDNA microarray experiment.

To screen important targets and signaling pathways modulated 
by CSIG, in this study, we analyzed the differential expression 
of genes in HEK293 cells from three CSIG knockdown and the 
corresponding control samples using six Affymetrix GeneChip 
Human Genome U133 plus 2.0 microarrays. The Affymetrix 
cDNA microarray analysis of the gene expression was per-
formed as described in Section “Materials and Methods.” The 
global genome gene expression profiles are analyzed and listed 
as mean values from triplicate GeneChips in supporting Table 
S1 in Supplementary Material. Differential expression analysis 
between CSIG knockdown and control cells was carried out with 
the SAM R-package software. We identified a total of 841 probe 
sets associated with 590 genes of known function – representing 
4.7% of the 12487 well characterized human genes measurable 
on the microarray – that were expressed differentially between 
these two groups. The following criteria were used for gene selec-
tion: adjusted P < 0.05 and FC ≥1.5. Of these 590 genes, 311 
(53%) were down-regulated and 279 (47%) were up-regulated 

(Figure 2). The majority of the selected genes showed moderate 
(yet significant) alterations in expression of between 1.5- and 
2.0-fold (Table 2; for all genes, see Table S1 in Supplementary 
Material). Using adjusted P < 0.05 and FC ≥2 as a cutoff, there 
were totally 121 genes showing differential expression following 
CSIG knockdown, with 57 genes up-regulated (more than 2-folds 
increase) and 64 genes down-regulated (<0.5-folds decrease), 
respectively (Table 2).

According to GO analysis and pathway analysis, the differen-
tially expressed genes are implicated in a variety of process. By 
analysis using adjusted P < 0.05 and FC ≥2 as a cutoff, there are 
31% of up-regulated genes implicated in regulation of transcrip-
tion, and 31% of down-regulated genes involved in transport, 
respectively (Figure 3A). Notably, there are nine ZNF genes among 
them showing increased levels all together (Figure 3B). There are 
seven genes involved in signal transduction process with RIT1 
and CXCL6 up-regulated while LGR5, PDE5A, CSNK2A1, STAT1, 
and TNFRSF21 down-regulated, six genes involved in cell cycle 
progress with NOLC1 and Cdc14B3 up-regulated while ESCO1, 
UBE2I, PIN1, and YWHAH down-regulated (Figure 3B). There 
are four genes participate in intracellular protein transport with 
KPNA5 up-regulated while YWHAH, SEC23A, and SNX6 down-
regulated, and another four genes implicated in cell adhesion 
process with PCDH7 and ITGB8 up-regulated while NINJ1and 
NEO1 down-regulated (Figure 3B). There are three genes includ-
ing G3BP2, HNRNPA1, and SEH1L involved in mRNA transport 
(Figure 3B).

Validation of the Differential Expression of 
Selected Genes
To validate the result of Affymetrix microarray screen, we 
performed real-time qRT-PCR analysis in triplicate for 21 
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TABLE 3 | Verification of microarray data by quantitative real-time PCR.

Symbol Description Fold 
(genechip)

Fold 
(qPCR)

ZNF616 Zinc finger protein 616 3.41 5.0

ITGB8 Integrin, beta 8 3.317 3.5

KPNA5 Karyopherin alpha 5 (importin alpha 
6)

2.4291 2.8

CASP7 Caspase 7, apoptosis-related 
cysteine peptidase

2.3629 3.0

PPM1A Protein phosphatase 1A (formerly 
2C), magnesium-dependent, alpha 
isoform

2.2666 3.1

CREBL2 cAMP responsive element binding 
protein-like 2

2.1951 2.7

TRAK1 Trafficking protein, kinesin binding 1 2.0994 4.0

CCDC115 Coiled-coil domain-containing 115 0.4988 0.35

C11orf24 Chromosome 11 open reading 
frame 24

0.4952 0.48

MTA2 Metastasis associated 1 family, 
member 2

0.4949 0.4

PCK1 Phosphoenolpyruvate 
carboxykinase 1 (soluble)

0.49 0.36

ESCO1 Establishment of cohesion 1 
homolog 1 (S. cerevisiae)

0.49 0.35

SEH1L SEH1-like (S. cerevisiae) 0.4894 0.4

RAB31 RAB31, member RAS oncogene 
family

0.4715 0.4

STAT1 Signal transducer and activator of 
transcription 1, 91 kDa

0.4707 0.45

TMEM109 Transmembrane protein 109 0.456 0.35

KIAA1549 KIAA1549 0.45 0.35

UBE2I Ubiquitin-conjugating enzyme E2I 
(UBC9 homolog, yeast)

0.4518 0.43

MAP3K3 Mitogen-activated protein kinase 
kinase kinase 3

0.4086 0.2

YWHAH Tyrosine 3-monooxygenase/
tryptophan 5-monooxygenase 
activation protein, eta polypeptide

0.3572 0.17

MED8 Mediator complex subunit 8 0.3653 0.25

FIGURE 5 | The expressions of differentially expressed genes in CSIG 
overexpressed or silenced HEK293 cells. (A) Real-time PCR analysis of 
gene expressions in CSIG-transfected and control HEK293 cells. The results 

are mean ± SEM and the P-values are all <0.05. (B) Western blot analysis of 
Cdc14B, ESCO1, KPNA5, and MAP3K3 expressions in HEK293 cells following 
CSIG knockdown or overexpression.
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selected genes using cDNA from CSIG knockdown and 
control 293 cell samples. Specific primers were designed and 
synthesized as described in Section “Materials and Methods.” 
The examined genes includes CCDC115, PPM1A, PCK1, 
KIAA1549, SETD7, ESCO1, CASP7, TMEM109, CREBL2, 
SEH1L, C11orf24, TRAK1, ZNF367, RAB31, STAT1, KPNA5, 
MAP3K3, NOLC1, HNRNPA1, YWHAH, ZNF616, MTA2, 
and UBE2I. CSIG siRNA and control siRNA were transiently 
transfected into HEK293 cells and cells were collected after 48 h 
for RNA extraction and reverse transcription. Consistent with 
the Affymetrix microarray data, real-time PCR result confirmed 
that the expressions of ZNF616, ITGB8, KPNA5, CASP7, 
PPM1A, CREBL2, and TRAK1 are increased (Figure 4), while 
expressions of CCDC115, C11orf24, MTA2, PCK1, ESCO1, 
SEH1L, RAB31, STAT1, TMEM109, KIAA1549, UBE2I, 
MAP3K3, YWHAH, and MED8 are decreased following CSIG 
knockdown, respectively (Figure 4). The CSIG-related changes 
in gene expression measured by qRT-PCR were in agreement 
with microarray data (Table 3). The microarrays thus provided 
a reliable comparison of gene expression in 293 cells following 
CSIG knockdown.

To further confirm the differential expression of above genes, 
we carried out real-time PCR analysis in CSIG-overexpressed 
HEK293 cells. On the contrary, following CSIG overexpression, 
the expressions of ZNF616, ITGB8, KPNA5, CASP7, PPM1A, 
CREBL2, and TRAK1 are decreased, while expressions of 
CCDC115, C11orf24, MTA2, PCK1,ESCO1, SEH1L, RAB31, 
STAT1, TMEM109, KIAA1549, UBE2I, MAP3K3, YWHAH, and 
MED8 are induced (Figure 5A). As predicted, by comparison with 
the expression patterns following CSIG-silencing, CSIG overex-
pression induced an inverse expression alterations, which validated 
the microarray data on the contrary. Western blot analysis of 
Cdc14B, ESCO1, KPNA5, and MAP3K3 was further carried out in 
CSIG-silencing and CSIG-overexpressed HEK293 cells. Following 
CSIG knockdown, Cdc14B, ESCO1, and MAP3K3 expressions 
are inhibited, while KPNA5 is increased (Figure 5B). Inversely, 
when CSIG overexpressed, Cdc14B, ESCO1, and MAP3K3 were 
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FIGURE 6 | Explore the correlation of differentially expressed genes 
with CSIG in senescence. (A) Real-time PCR analysis of gene 
expressions in early-passaged (young) and senescent 2BS cells. The 
results are mean ± SEM and the P-values are all <0.05. (B) Western blot 

analysis of Cdc14B, ESCO1, KPNA5, and MAP3K3 expressions in 
early-passaged (young), middle-aged, and senescent 2BS cells. 
p16INK4a served as a senescence marker. And GAPDH served as 
negative control.
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induced, and KPNA5 is decreased correspondingly (Figure 5B). 
The observations are consistent with the real-time PCR results, 
indicated a positive expression correlation of Cdc14B, ESCO1, 
MAP3K3 with CSIG.

Explore the Correlation of Differentially 
Expressed Genes with CSIG in Senescence
As described previously, CSIG is abundant in early-passage (young) 
cells but declined during senescence. To explore the correlation 
of differentially expressed genes with CSIG in senescence, the 
expressions of the selected 21 genes were detected by real-time 
PCR during senescence using the diploid fibroblast 2BS senescence 
model cells. As shown, comparing with the expression in young 
cells, ZNF616 was significantly induced in senescent cells while 
KPNA5, PPM1A, and CREBL2 were slightly increased (Figure 6A). 
In contrary, expressions of C11orf 24, ESCO1, TMEM109, and 
YWHAH were abundant in young cells, but decreased in senescent 
cells (Figure 6A). Furthermore, we analyzed the expressions of 
Cdc14B, ESCO1, KPNA5, and MAP3K3 in young (~18 PDs), 
middle-aged (~40 PDs), and senescent (~57 PDs) 2BS cells and 
found the decreased expressions of Cdc14B, ESCO1, and increased 
expressions of KPNA5 with the increasing PDs of 2BS cells, while 
no obvious changes for MAP3K3 (Figure 6B). The results sug-
gested a CSIG-modulated expression pattern of these genes during 
senescence.

Explore the Correlation of Differentially 
Expressed Genes with CSIG in Cell Cycle
As GO and pathway analysis showed that several differentially 
expressed genes were implicated in cell cycle progression. It will 
be of great interest to study whether CSIG regulate senescence 
through regulating cell cycle-associated proteins. To explore 
the correlation of differentially expressed genes with CSIG in 
cell cycle, we examined the expression patterns of them during 
cell cycle phases. Young 2BS cells were synchronized by serum 

starvation for 56 h and then regained to culture with DMEM 
containing 10% FBS. Cells were collected at different time points 
for flow cytometry analysis and western blot analysis. According 
to cell cycle distribution shown in Figure 7A, following serum 
starvation treatment, more than 90% cells were synchronized 
at G1 phase (Figure 7A). When recovered by addition of 10% 
FBS, cells reentered into normal cell cycle process gradually. The 
percent of S phase cells reached to the highest 40.58% at 18 h 
following recovery, while the percent of cells in G2/M phase is 
nearly 0 (Figure 7A). At 24 h point, the percent of G2/M phase 
cells was increased to 47.36% with very low percent of S and G1 
phase cells, accordingly (Figure 7A).

As known, cyclin D1 is accumulated in G1 phase, cyclin B1, 
and Cdc2 in transition of S phase to G2/M phase and G2/M 
phase, and PCNA in early G1 phase and S phase (Figure 7B). 
Thus, we simultaneously detected the expressions of cell cycle 
proteins as the positive control for specific cell cycle phases. 
Western blot analysis showed that CSIG expression is fluctu-
ated during cell cycle and accumulates in S phase (~18 h) and 
G2/M phase (~24 h) of cell cycle, and Cdc14B is abundant in 
G1 phase, S phase (~18  h) and G2/M phase (~24  h), hnRNP 
A1 is induced in G2/M phase (~24 h), and KPNA5 in S phase 
(~18 h), respectively (Figure 7B). Meanwhile, we observed no 
expression alteration of ESCO1 and MAP3K3 during cell cycle 
(Figure 7B).

CSIG Modulates CREBL2, Caspase7, and 
Cdc14B mRNA Turnover
As a RNA-binding protein previously reported by our and other 
labs we supposed that CSIG might mainly play a role on post-
transcriptional level (7, 15), affecting mRNA degradation or 
translation. To detect whether the CSIG-associated mRNA level 
alterations are resulted from the mRNA degradation, we performed 
the pulse-chase experiment to examine the half-life of several 
selected mRNA. As shown in Figure 8, following CSIG knockdown, 
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FIGURE 7 | Explore the correlation of differentially expressed genes with CSIG in cell cycle.  
(Continued )
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FIGURE 7 |  Continued
(A) Flow cytometry analysis of cell cycle phases following cell synchronization. 
Early-passaged 2BS cells (18 PDs) were serum-starved for 56 h and then  
cultured in normal medium with 10% FBS. Cells were collected at different time 
points for cell cycle analysis by flow cytometry. (B) Upper panel, Sketch map of 
cell cycle phases (G1, G2/M, and S phase) according to values of cell cycle 

distribution at different time points. Bottom panel, western blot analysis of the 
expressions of CSIG, Cdc14B, hnRNPA1, MAP3K3, KPNA5, and ESCO1 during 
cell cycle. N represents normal 2BS cells. 0 represents a time point when cells 
starved for 56 h. cyclinD1, cyclinB1, Cdc2, and PCNA served as positive control 
(cell cycle phase marker proteins). And GAPDH served as negative control.

the half-life of Cdc14B mRNA is shortened by ~2 h (Figure 8A), 
while the half-life of CREBL2 and Caspase7 mRNA is prolonged by 
2 and 6.5 h, respectively (Figure 8B,C), indicating CSIG implication 
in mRNA turnover.

Discussion

The present study stemmed from our previous findings. Using 
a suppressive subtractive hybridization system, we previously 
identified a CSIG (also known as RSL1D1), which is involved in 
important processes including senescence, cell cycle regulation, 
stress response, and tumor metastasis. Here, we set out to explore 
the regulatory mechanism underlying. To screen important 
targets and signaling pathways modulated by CSIG, we inves-
tigated the differential gene expression profiles following CSIG 
knockdown in HEK293 cells using the Affymetrix GeneChip 
microarray. Of the 12,487 genes represented on the microarray, 
279 genes, including ZNF616, ITGB8, CASP7, and PPM1A, were 
up-regulated and 311 genes, including STAT1, UBE2I, MAP3K3, 
MED8, PCK1, and ESCO1, were down-regulated in CSIG knock-
down 293 cells. The differentially expressed genes are involved in 
a broad array of biological processes, mainly in cell cycle, signal 
transduction, transcriptional regulation, development, and cell 
adhesion (Figure 3), which offers the possibility of CSIG partici-
pation in these processes. Notably, according to GO and pathway 
analysis, 17 of the changed genes including 9 ZNF genes were 
implicated in DNA-dependent transcription regulation. Among 
them, ZNF616 showed the most significant increase following 
CSIG knockdown. Consistent to the senescence-inhibited expres-
sion of CSIG, we observed the senescence-induced expression 
(low in young cells, while increased in senescent cells) of ZNF616, 
which suggested the potential CSIG–ZNF616 pathway during 
senescence progression.

The differential expression of genes such as ZNF616, ESCO1, 
KPNA5, and MAP3K3 was further validated by real-time PCR 
and western blot analysis. We further demonstrate the correlated 
expression patterns of ESCO1, KPNA5, and MAP3K3 with CSIG 
during cell cycle and senescence progression. According to real-time 
PCR analysis, ZNF616, c11orf24, ESCO1, and YWHAH exhibit dif-
ferential expression during senescence. Furthermore, western blot 
analysis showed a cell age-dependent expression of Cdc14B, ESCO1, 
and KPNA5 (Figure 6). Cell division cycle 14B (Cdc14B), a bidirec-
tional phosphatase, is involved in cell cycle (yeast), DNA damage 
response, DNA repair, and aging process (16–18). Establishment of 
cohesion 1 homolog 1 (ESCO1), belonging to a conserved family 
of acetyltransferases (19, 20), is mainly involved in sister chromatid 
cohesion (21) and DNA damage repair (22). KPNA5 belongs to the 
importin α protein family and is thought to be involved in nuclear 
localization signals (NLS)-dependent protein import into the 
nucleus (23). The expression and function correlations with CSIG 
suggested that these proteins might act as potential downstream 
effectors or mediators of CSIG to regulating cell proliferation and 
senescence. Further studies on link between CSIG-regulated genes 
and senescence will be a significant work. Recently, we observed 
one of CSIG-regulated genes, Cdc14B, really modulates senescence 
progression (unpublished). It is likely that CSIG is also involved in 
the regulation of in vivo aging. In this regard, studies to develop a 
knock-out system and to further validate the cellular targets of CSIG 
during tissue aging are underway in our laboratory. The results of 
these studies will hopefully provide a more complete understanding 
of the role of CSIG and its mechanisms of action.

Our previous results showed that CSIG predominantly localized 
in the nucleolus, the major site for synthesizing and assembling 
ribosomal subunits. As a nucleolus protein, CSIG is expressed 
extensively and abundantly in cells. And it has been proved by our 
practical work that the effect of CSIG knockdown is better than 

FIGURE 8 | CSIG regulates the stability of Cdc14B, CREBL2, and Caspase7 mRNA in HEK293 cells. RNA was isolated at the indicated times after actinomycin 
D application to HEK293 cell lines, and the stability of Cdc14B, CREBL2, and Caspase7(CASP7) mRNA was normalized to the values for GAPDH mRNA. (A) Cdc14B 
mRNA half-life is shortened following CSIG knockdown. (B) CREBL2 mRNA half-life is prolonged following CSIG knockdown. (C) CASP7 mRNA half-life is prolonged 
following CSIG knockdown.

http://www.frontiersin.org/Endocrinology/archive
http://www.frontiersin.org/Endocrinology/


May 2015  |  Volume 6  |  Article 6968

Ma﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿ et al. CSIG-associated gene expression profile

Frontiers in Endocrinology  |  www.frontiersin.org

CSIG overexpression. Therefore, we adopted the gene knockdown 
strategy. According to our previous study (7) and report (15), CSIG 
may be an mRNA-binding protein, which means that CSIG might 
regulate gene expression mainly on post-transcriptional level 
(mRNA turnover and translation). Therefore, we examined the 
mRNA half-life change following CSIG knockdown. Consequently, 
our observations proved the presumption, and the mechanism 
exploring is under way in our lab.

Together, the analysis of differentially expressed genes follow-
ing CSIG knockdown provides important clues for the regulatory 
mechanisms of CSIG in proliferation and senescence. This dif-
ferential expression profile in response to CSIG knockdown should 
prove useful for identification of target genes and for elucidating 
the molecular mechanism responsible for the regulation of cell 
proliferation and senescence by CSIG.
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deregulation and cancer
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Research over the past few decades has well established the molecular functioning
of mitosis. Deregulation of these functions has also been attributed to the generation
of aneuploidy in different tumor types. Numerous studies have given insight into the
regulation of mitosis by cell cycle specific proteins. Optimum abundance of these proteins
is pivotal to timely execution of mitosis. Aberrant expressions of these mitotic proteins
have been reported in different cancer types. Several post-transcriptional mechanisms
and their interplay have subsequently been identified that control the level of mitotic
proteins. However, to date, infrequent incidences of cancer-associated mutations have
been reported for the genes expressing these proteins. Therefore, altered expression
of these mitotic regulators in tumor samples can largely be attributed to transcriptional
deregulation. This review discusses the biology of transcriptional control for mitosis and
evaluates its role in the generation of aneuploidy and tumorigenesis.

Keywords: mitosis, aneuploidy, cancer, transcription, mutation

Introduction

The propagation of eukaryotic life is orchestrated by the generation of descendent cells through
the biological process of cell division. While mitosis controls the propagation of somatic cells,
generation of germ cells is controlled by meiosis. The fidelity of mitosis determines the equal
division of duplicated chromosomes to the two daughter cells. The first phase of mitosis, that is,
nuclear division or karyokinesis is divided into four sub-phases. Prophase marks the initiation
of mitosis bringing about chromosome condensation, separation of duplicated centrosomes, and
recruitment of some mitotic checkpoint proteins to the kinetochores. Following this, disassembly of
the nuclear envelope (NE)marks the entry intometaphase (prometaphase). Subsequently, the release
of chromosomes into cytoplasm activates the spindle assembly checkpoint (SAC) at each unattached
kinetochore. Aftermicrotubule capturing of each chromatid pair at their kinetochores and alignment
at the midzone, silencing of the SAC occurs and cell overcomes the “wait anaphase” signal. During
anaphase, sister chromatids are completely separated to the two opposite poles of the cell and
the invagination of plasma membrane around the spindle midzone becomes visible. Telophase
ends with chromosome decondensation and reassembly of the NE around polar chromosomes.
Cytokinesis or cytoplasmic division giving rise to two daughter cells follows soon after. Intriguingly,
each of these events is sequentially organized in a manner that minimizes any segregational errors.
Therefore, defects in the operation of any mitotic event may lead to the generation of chromosomal
instability (CIN), a hallmark of cancer (1–5). Having said this, precision and efficiency of the
mitotic cell division depends on proper regulation of the expression and function ofmitotic proteins.
Indeed, most of these proteins show mitotic phase specific activity. This activity is chiefly regulated
by post-translational modifications, namely, phosphorylation and ubiquitination, and some other
mechanisms (6). Notably, transcription also plays a key role in the maintenance of cell cycle specific
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protein levels (7). However, little has been summarized about the
transcriptional control of the mitotic phenomenon. In this review,
we will discuss the role of transcription in mitotic regulation
and provide evidence for transcriptional anomalies underlying
abnormal mitotic events that lead to CIN and tumorigenesis.

Mitosis and Aneuploidy

Errors in chromosome partitioning often give rise to aneuploidy.
There are several roads that lead to aneuploidy through mitotic
errors (4, 8, 9). The first and foremost reason of mitotic ane-
uploidy is a faulty SAC. The SAC monitors bipolar segregation
of duplicated chromosomes during metaphase to anaphase tran-
sition (10). Prior to anaphase, sister chromatids remain held
together by the cohesin complex (11). At the onset of anaphase,
securin gets ubiquitinated by the E3 ubiquitin ligase, anaphase
promoting complex/cyclosome (APC/C). This degradation of
securin, in turn, makes separase (a protease) free and active.
The latter then cleaves cohesin and the chromosomes begin to
separate (10, 12). In the presence of any unattached kinetochore
or lack of amphitelic attachment SAC is activated. A number
of proteins are involved in the tasks executed by the SAC (10).
At the molecular level, the mitotic checkpoint complex (MCC)
comprised of the Mad and Bub families of proteins, sequesters
APC/C adapter protein Cdc20 (13), and APC/C remains inactive
until the defects get corrected. After the completion of proper
bipolar attachment Cdc20 is ubiquitinated by mitotic ubiqui-
tin carrier protein UbcH10 and gets free from inhibitory MCC
(14). Concordant with that, the SAC antagonist protein p31comet
binds to the MCC component Mad2 and modulates extraction
of Mad2 from MCC. This, in turn, causes disassembly of MCC
and blocks further sequestration of Cdc20 (15, 16). Free Cdc20
activates APC/C, which then degrades anaphase inhibitors and
cells progress through mitosis. The stepwise functioning of these
events depends on the balanced level of the SAC proteins. While
mutations in the SAC genes are infrequent in human cancers,
their altered expressions are often reported in various cancers
and have been associated with defective SAC-mediated aneu-
ploidy (4). Hence, the balanced levels of different SAC pro-
teins are important determinants of SAC behavior. The cell
cycle specific transcriptional regulation of SAC proteins might
be an elemental reason in maintaining this balance, deregula-
tion of which might be involved in altered levels of the SAC
molecules.

In search of other CIN inducing mitotic phenomena, genetic
screens have identified cohesion defects as contributors to the
onset of aneuploidy (3, 4, 8). Glitches in the machinery monitor-
ing sister chromatid cohesion might promote aneuploidy. Con-
sistent with this, a recent study identified mutations in STAG2
(which encodes a protein subunit of the cohesion complex) in
a number of aneuploid primary tumors and cancer cell lines
(17). Also, overexpression of securin and separase, two key
regulators of cohesion, is reported to promote aneuploidy and
tumorigenesis (18, 19). Chromosome missegregation may also
occur in case of merotelic attachment where a single kineto-
chore attaches to microtubules emanating from both poles of

the spindle (20, 21). Several molecular components, for example,
Aurora kinase B, kinesin-13 proteins, MCAK, INCENP, Sur-
vivin, and Shugoshin are associated in this phenomenon and
their overexpression are reported in cancers of various origins
(21). A final source of aneuploidy is the prevalence of aberrant
centromeres and multipolar mitosis (2–4). Centrosomes provide
mitotic spindle poles and concurrently, presence of more than
two centrosomes might produce multipolar spindles. Addition-
ally, aberrant chromosome numbers and multipolarity are asso-
ciated with CIN in various cancers (22). A number of cellular
proteins, including Aurora kinase A, Plk1, Chk1, Chk2, Cyclin
B1, and Cdk1, regulate centrosome duplication and the abnor-
mal upstream regulation of these proteins is found in various
cancers (2).

Molecular Control of Mitosis: Regulation of
Mitotic Proteins

Mitosis is a complex event performed by multiple factors with
distinct phase specific responsibilities. Regulation at the protein
level plays a crucial role in the mitosis specific performances by
these factors. These regulations can occur through several routes
(Figure 1). First, ubiquitination-mediated protein degradation
is believed to be pivotal. The mitotic ubiquitin ligase, APC/C
promotes ubiquitination of various protein substrates in a spa-
tial manner (23). By ubiquitinating and consequently targeting
mitotic inhibitors for proteasomal degradation, this cellular phe-
nomenon controls mitotic progression in a unidirectional man-
ner. Second, phosphorylation controls functional activities of a
number of mitotic proteins in a time-dependent manner. Mitotic
cyclin dependent kinase Cdk1, in association with Cyclin A or B,
phosphorylates more than 70 substrates involved in various steps
of mitosis (24). Some other mitotic kinases like Aurora, Polo, and
Nek families also participate in phosphorylation-mediatedmitotic
regulation (24). As a third mechanism, microRNA (miRNA)-
mediated regulation of mitotic proteins is also currently emerg-
ing (25–30). In this list of regulatory pathways, the control
of expression at the transcription level could be considered as
momentous.

FIGURE 1 | Molecular control of mitosis: regulation of mitotic proteins.
Different regulatory mechanisms are shown.
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Roads to Chromosomal Instability:
Contribution of Mutation Versus
Transcription of Mitotic Genes

Most of the tumors are reported to acquire a number of muta-
tions in proto-oncogenes and tumor suppressor genes. Mutation
of a gene may alter its product, qualitatively or quantitatively.
Extensive search has shown mutations in >1% of candidate genes
causally related to oncogenesis, termed as cancer genes (31). Given
the fact that mitotic protein levels are pivotal in proper execution
of mitosis, the mutational defects can be assumed prime factors
in deregulation of mitosis. Simultaneously, a few reports have
identified mutations in SAC as well as other mitotic genes in can-
cers of different origins (32–34). For example, a biallelic germline
mutation of the SAC geneBUB1B has been diagnosedwithmosaic
variegated aneuploidy, a rare recessive condition of childhood
cancer (35). The genetic alterations, such as gene amplification or
depletion, also play a key role in the regulation of many mitotic
genes. For example, the genes expressing Aurora-A and Ect2 are
amplified in several types of tumors (36–38). Interestingly, despite
these reports, mutations directly affecting a mitotic gene are not
frequent among cancer types. In an in silico approach, we analyzed
themutation status of 526 genes from a list of 572 validatedmitotic
genes (39) using COSMIC v67 database1 (Table S1 in Supple-
mentary Material). The percent mutation for each of these genes
was obtained from the percentage of unique mutated samples out
of total samples studied. The extracted dataset showed <1% of
mutations in 84% (441) of the genes. On the other hand, only 5%
of the genes showed mutations in >3% of the samples (Figure 2).
In a separate approach, we tried to find out the expression status
of validated mitotic hits (39). Using ONCOMINE 4.4 research
edition database2 cancer versus normal expression patterns were
obtained for 557 mitotic genes in 7 head and neck squamous
cell carcinoma (HNSCC) datasets (Table S2 in Supplementary
Material). Among these, 15% (82) of the genes were found to
be overexpressed and 1% was found to be down-regulated in
>60% of datasets (Figure 2). To find out whether mutations are
responsible for the altered expression of these genes we correlated
these two analyses (Table S3 in Supplementary Material). The
analysis revealed that 73% of the overexpressedmitotic genes have
mutations in <1% of the samples. Only 19% of the overexpressed
genes were detected with mutations in 1–2% samples and 8%
of the genes were detected with mutations in >3% of the sam-
ples. Among the down-regulated genes, 87% of the genes showed
mutations in <1% of the samples while 13% of the genes showed
mutations in 1–2% of the samples (Figure 2). This data clearly
negate the involvement of mutations in regulating the expression
ofmitotic genes. The probable reasons behind these findings could
be (a) mutation in any one of the mitotic genes including SAC
regulators may weaken the checkpoint or other mitotic regula-
tions; (b) mutation leading to complete inactivation of any crucial
mitosis regulatory gene would be fatal and be eliminated by death
of the affected cell(s). For instance, germline deletion of the SAC
gene MAD2 is associated with the loss of pregnancy (40). Indeed,

1cancer.sanger.ac.uk/cancergenome/projects/cosmic/
2http://www.oncomine.org/resource/login.html

negligible cancer-associated mutations are reported for Aurora
kinase B, Cdk1, Cyclin B, Nek2, and Pin1, proteins involved in
initial events of mitosis (Table S1 in Supplementary Material) (6).
Also, mutations in mitotic checkpoint genes themselves are not
found responsible for abnormal checkpoint in cancer cells (8) and
infrequently reported for core SAC proteins like Cdc20, Bub3, and
Mad2, and SAC-associated proteins like Borealin, Zwint, Hec1,
and Aurora kinase B (6).

Transcriptional Control of Mitotic Genes

Mitosis, like any other pathway, is essentially interplay among
various protein molecules with tightly regulated phase specific
functional activities. A number ofmitotic genes show peak level of
transcriptionwhen the cell passes through theG2phase (Figure 3)
(41). Promoters of these genes remain repressed during G0 and
G1 phase. The relief from repression starts at the S-phase and
peaks after reaching the G2 phase. The transcription factor, NF-Y
is crucial in this timely expression (41). A number ofmitotic genes
contain two or three CCAAT boxes. These sites are recruited by
hetero-trimericNF-Y in associationwith histone acetyltransferase
p300. This dynamic recruitment brings upon transcriptional acti-
vation of mitotic genes at the late phase of cell cycle (42). Two
consensus sites, namely, cell cycle dependent element (CDE) and
cell cycle genes homology region (CHR), have been extensively
described in the global regulation of genes having mitosis specific
expression (41). Transcriptional repression remains maintained
during G0 and G1 phase through the binding of repressor pro-
teins in CDE and/or CHR elements. The release from repression
starts at the S-phase. Following this, activation of these promoters
mostly occurs through CCAAT boxes after binding of NF-Y in
combination with the co-activator, p300. Promoters of mitotic
genes, namely, CCNA (Cyclin A), CCNB1 (Cyclin B1), CCNB2
(Cyclin B2), CDC2/CDK1, CDC25C, CKS1, MKLP1, PLK1, and
TOME-1, with well documented mitotic phase specific regulation
by CDE/CHR elements, are found to be activated through their
CCAATconsensus elements (41).On the other hand, p53 has been
associated with the repression of several mitotic genes through
CDE/CHR elements (41). A number ofmitotic genes, like CDC20,
CKS1, CCNB1, CCNB2, and CDC2/CDK1, are repressed by p53
(43–46). However, cell cycle specific repression of some other
genes without CDE/CHR has also been documented (41). Toward
that, besides CDE/CHR site driven effect, a direct p53 binding
element has been identified to regulate Cdc20 expression (47).

Beside this, several other transcription factors have also been
reported to control the expression of genes in mitosis specific
manner. As, for example, Forkbox M1 (FoxM1) has been iden-
tified as a master regulator of mitosis. Laoukili et al. have ele-
gantly shown a transcriptional cluster to be regulated by FoxM1
(48). Another study conducted by Wang et al. also ended up
with similar observation for FoxM1 as a master regulator of
mitotic genes, like CDC25A, AURKA, AURKB, Survivin, CENPA,
CENPB, CKS1, SKP2, and PLK1 (49). Subsequently, Fu et al.
have shown that mitotic serine/threonine kinase protein, Polo
like kinase 1 (PLK1), a target of FoxM1 itself, interacts with
and phosphorylates FoxM1. This phosphorylation, indeed, regu-
lates the transcriptional program driven by FoxM1 (50), thereby
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FIGURE 2 | Analysis of mutation and transcriptional alteration in
mitotic genes. (A) Expression analysis of mitotic genes was done using
ONCOMINE (4.4 research edition) database and mutation analysis was done

using COSMIC (v67) according to the given workflow. (B) The two analyses
were correlated to obtain the percentage of mutations in overexpressed and
downregulated genes.
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FIGURE 3 | Cell cycle specific transcriptional regulation of a mitotic
gene. Different cell cycle phases, mitotic gene, transcription start site,
transcription factor (TF), and repressor are shown. “X” mark indicates

“transcription off” condition and up arrow indicates “transcription on” condition.
Dotted appearance indicates gradual reduction of recruitment of TF or
repressor.

indicating a positive feedback loop as a driving force in mitotic
transcriptional regulation.

In the last decade, E2F transcription factor family, well-known
regulator of S-phase specific trans-regulation, has also been iden-
tified in transcriptional control of mitotic genes (51–57). The ini-
tial finding of E2F targets from microarray analysis was validated
in more than one way and was followed up with identification
of target genes involved in chromosome condensation and seg-
regation, SAC functioning, centrosome organization and dupli-
cation, and cytokinesis. For instance, core SAC protein Mad2,
mitotic ubiquitin carrier protein UbcH10 and PTTG1, a subunit
of chromosome cohesion regulator Securin are shown in extensive
detail to be G2/M specific E2F targets (58–60). Zhu et al. further
showed that recruitment of an activator E2F to the promoter of
mitotic cyclin-dependent kinase gene CDC2/CDK1 requires an
adjacent CCAAT consensus site pre-occupied by NF-Y. Further-
more, the authors reported that the association of Myb family
transcription factor, b-Myb to the promoter of CDC2 and CCNB1
depends on an intact E2F binding site, suggesting a co-operative
nature of trans-factor binding in determining mitotic gene activa-
tion. Interestingly, b-Myb, itself being an early phase E2F target,
links the E2F driven early phase (G1/S) and late phase (G2/M)
transcription cascade. Cdc2, Cyclin A2, and Cyclin B1, three
important regulators of mitotic entry and progression, were found
to be under control of b-Myb-E2F mediated transcription (61).

Human MuvB core complex, comprising of Lin9, Lin37, Lin52,
Lin54, and RBBP4, was also identified to regulate transcription of
the genes required for the progression into mitosis. Knockdown
of the members of this complex led to downregulation of mRNA
levels of mitotic proteins including Plk1, Aurora kinase A, Bub1,
CENP-E, Lap2, Cyclin A2, Cyclin B1, Cep55, Survivin, and
Cdc2 (62, 63). Following this, Sadasivam et al. (64) explains

the association and interplay among these master regulators of
transcription during the course of cell cycle. They showed that
DREAM complex (comprising of DP1, Rb-related protein p130,
E2F4, and MuvB core complex) functions as a global repressor of
mitotic genes during quiescence or G0 phase. Following entry of
a cell in G1 phase after quiescence, this DREAM complex dissoci-
ates fromMuvB core complex. TheMuvB core complex then asso-
ciates with b-Myb and gets recruited to the promoters of late phase
mitotic genes (64). Subsequently, MuvB and b-Myb together facil-
itate the binding of FoxM1 to these promoters during G2 phase to
promote the transcription ofmitotic proteins like, Cyclin B1, Plk1,
Cdc6, Aurora kinase A, and RacGAP1. The cell cycle regulated
expression of three other mitotic genes, namely ECT2, MgcRac-
GAP, and MKLP1, also showed CHR dependent repression
throughout G1 phase (65). These genes code for three impor-
tant regulators of Rho GTPases, critical for mitotic progression,
and cytokinesis. The cut homeobox 1 (Cux1) transcription factor
coordinately induces the expression of these three genes from S-
phase. Moreover, E2F1 was shown to be required in this Cux1
dependent trans-activation process (65).

Besides these well-known consensus elements and master reg-
ulators of transcription, some gene specific regulations are also
documented in influencing the expression of several mitotic
genes. For instance, the transcription of Cdc20 is reported to be
regulated by E2F through a new element called Cell cycle Site
Regulating p55Cdc/Fizzy transcription (SIRF) (66). Surprisingly,
a few mitotic proteins are also identified with transcription regu-
latory activities. A report showed that WD40 domain containing
mitotic checkpoint proteins could act as co-repressors during
interphase. The WD40 domain containing SAC proteins, Cdc20
and Bub3, form a complex with histone deacetylases (HDAC1
and HDAC2) during the course of repression (67). On the other
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hand, we showed that Cdc20, in combination with APC/C and
CBP/p300, transcriptionally activates the expression of UbcH10
(68). Furthermore, recruitment of this Cdc20 trans-complex
showed dependence on E2F consensus element on the UBCH10
promoter (60). The mitotic kinase Plk1 was reported to regulate
mitotic gene transcription program by phosphorylating FoxM1
(50). Together, these findings clearly indicate a co-ordination
of several master regulators of transcription among themselves
and with some gene specific co-activators in controlling cell
cycle specific expression of mitotic players. This, in turn, points
out the importance of transcription in maintenance of mitotic
progression.

Transcriptional Alterations of Mitotic
Genes and Association with Cancer

On a cellular level, cancer cells are associated with the loss-of-
functionmutations of tumor suppressors and the gain-of-function
mutations of proto-oncogenes. As many of the mitotic genes
are transcriptionally regulated by tumor suppressor or proto-
oncoprotein trans-factors, the above-mentioned mutational inci-
dences frequently deregulate the transcriptional outcome of the
mitotic genes in tumor cells (Figure 4). This, in turn, results in
the abnormal execution ofmitosis and defects in the chromosomal
segregation leading to aneuploidy. Concordant with that, abnor-
mal expressions of many mitotic genes are often associated with
the occurrence of oncogenesis.

At the initial stages of mitosis (centrosome maturation, chro-
mosome condensation, NE breakdown, and spindle formation), a
number of proteins participate in an orchestrated fashion. Among
them, expression of Cyclin B, a Cdk1 activator involved in G2/M
progression, has been found to be regulated by the tumor sup-
pressor p53 (69). The direct interaction of p53 to the promoter
response element downregulates Cyclin B expression upon DNA
damage-mediated checkpoint arrest (69). With alteration of p53
pathway, overexpression of Cyclin B has been shown to contribute
to the alteration of SAC and occurrence of CIN in cancer samples
(70–72). The Ser–Thr kinase, Plk1 (involved in mitotic initia-
tion in more ways than one) showed elevated mRNA levels in a
variety of tumors (73). This protein is transcriptionally coordi-
nated during cell cycle, its level being low during interphase and

maximum in mitosis (74). The cell cycle-dependent repression of
Plk1 is mediated by Rb pathway. During DNA damage-mediated
checkpoint activation, tumor suppressors like p53 and BRCA1 are
found to influence levels of Plk1 (74, 75). Correlated with the loss
of functional tumor suppressors, transcriptional deregulation of
Plk1 is reported in various cancers and associated with CIN and
oncogenic transformation (76). Furthermore, tumor suppressors
like BRCA1 and Rb are reported to regulate the levels of another
mitotic kinase Nek2. In co-ordination with the loss-of-function of
tumor suppressors, the overexpression of this protein is associated
with CIN and cancer (77–80). Cell cycle specific expression of
mitotic Aurora kinases (Aurora kinase A and Aurora kinase B) are
CDE-CHR element regulated (81, 82). Oncoproteins like EWS-
Fli1 and Myc upregulate expression of aurora family proteins
through binding on promoter response elements. On the other
hand, tumor suppressors like p53, Brd4 also influence expres-
sion of Aurora kinases (83–86). In fact, the altered expression
of Aurora kinases are potential markers of cancer progression
(87). Regulated expression of kinetochore protein Hec1 is directly
related to phosphorylation-mediated inactivation of Rb during the
course of cell cycle. Beside this, the CREB family of oncoprotein
transcription factors has been shown to upregulate the levels of
kinetochore protein Hec1 (88). Disrupted pRb function is associ-
ated with transcriptional upregulation of Hec1, which may cause
aneuploidy and tumor formation (89, 90).

The initial events of mitosis are followed by chromosomal
alignment at the equatorial plane of the cell during metaphase.
The amphitelic metaphase alignment precedes SAC release, chro-
mosomal segregation, and entry into anaphase. Consistent with
their mitotic roles, a number of core SAC and SAC-associated
proteins (Mad1, Mad2, Bub1, Cdc20, UbcH10 to name a few)
accumulate gradually through the G2 phase with peak levels
at mitosis (13, 68, 91, 92). Different transcription factors and
chromatin modifiers regulate cell cycle specific promoter activi-
ties of these genes (68, 92, 93). The well-known tumor suppres-
sor p53 is reported to control the transcription of CDC20 and
BUB1B (46, 47, 94). Upon genotoxic stress, Cdc20 expression is
indirectly suppressed by p53 through p21-dependent mechanism
(46). On the other hand, a direct p53 binding element has been
identified on the CDC20 promoter and shown to bring about
repression of transcription through chromatin remodeling (47).

FIGURE 4 | Role of transcription factors in regulation of
mitosis: The left panel shows the involvement of various
proto-oncogenic trans-factors as well as tumor suppressor
transcription factors in regulation of phase specific expression

of mitotic proteins. The right panel depicts the deregulation of
transcription by gain of function mutations of proto-oncogene
trans-factors as well as loss of function mutations of tumor
suppressor trans-factors and onset of oncogenesis.
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TABLE 1 | Role of proto-oncoprotein and tumor suppressor transcription
factors in mitosis and involvement in oncogenesis.

Transcription factor Mitotic target Reference

PROTO-ONCOPROTEINS
c-Myc Aurora kinase A and Aurora kinase B (83, 99)

c-Myc Mad2 and BubR1 (100)

c-Myc Cyclin B1 (101)

Epstein–Barr virus
nuclear antigen 2

Mad2, Plk1 (102)

FoxM1 Cyclin B1, CENP-F, Plk1, Nek2,
Aurora kinase B, Cyclin

(48, 103–105)

Mutant p53 Cyclin A, Cyclin B1, Cyclin B2, Cdk1 (106)

Mutant p53 Mad1 (107)

EWS-Fli1 Aurora kinase A and Aurora kinase B (85)

CREB Hec1 (88)

CREB Cyclin A (108)
TUMOR SUPPRESSORS
BRCA1 Mad2 (96)

BRCA1 BubR1, Hec1, Stk6, Nek2, Securin,
Prc1, Plk, Knls2, Cdc2, and Cdc20

(78)

Rb Mad2 (58, 109)

Rb Hec1 (90)

Rb UbcH10 (60)

p53 Cdc20 (46, 47)

p53 Mad1 (95)

p53 Aurora kinase A, Plk2, Lats2 (110)

p53 Cyclin A1 (111)

p53 Cyclin B (45)

p53 Emi1 (112)

pVHL Mad2 (113)

Similarly, direct recruitment of p53 on the promoter consensus
element brings about chromatin remodeling and the repression of
Mad1 expression (95). Expression of Mad2 is regulated by E2F in
a cell cycle-dependent manner. Rb inactivation leads to aberrant
Mad2 expression by deregulating E2F activity and contributes
to mitotic defects and aneuploidy (58). The tumor suppressor
BRCA1 was also reported to regulate Mad2 expression (96).
Cancer-associated defects in these tumor suppressors contribute
to the abnormal expression of these proteins and a flawed SAC.
Indeed, transcriptional abnormalities including differential pro-
moter methylation of these SAC proteins are potential markers of
cancers of various origins (97, 98). Their deregulated expressions
are associated with CIN phenotype and incidence of cancer (6).

The final stages of mitosis involve cytokinesis and mitotic exit.
Along with mitotic kinases like Aurora, Polo, and related families,
some other molecular components also regulate this stage of the

cell cycle. Protein regulator of cytokinesis 1 (PRC1) and the gua-
nine nucleotide exchange factor, Ect2, the two major molecules
of cytokinesis have been related with cancer-associated altered
expressions and CIN (6). In conclusion, we have summarized a
number of reports from the ever-growing lists of proto-onco gene
as well as tumor suppressor trans-factors in regulation of mitosis
and their deregulation in tumor background (Table 1).

Conclusion

The role of transcriptional regulatory pathways behind the inci-
dence of tumorigenesis remains an enigma. For a number of
key cell cycle regulators, the transcriptional control represents an
evolutionarily conserved mechanism to precisely maintain their
abundance, working in conjunctionwithmiRNAmediated silenc-
ing, translational control, and ubiquitin-mediated degradation
(23, 26, 114, 115). Among these cell cycle regulators, a defined
set of factors stringently control mitotic entry, progression, and
exit. The interplay among these factors is naturally adjusted by
their abundance. Abnormality in this abundance is associatedwith
the occurrence of aneuploidy, a hallmark of cancer (2, 8, 116).
In this review, we have discussed the maintenance of protein
levels of the mitotic players whose transcription is regulated in a
cell cycle specific manner. We further discussed the deregulation
of their transcriptional control, working in concert with cancer
onset. In this regard, mutations in various tumor suppressors and
proto-oncogenes acting as co-factors of transcription are found to
disharmonize the relative protein levels, rather than mutations in
the mitotic genes themselves. Besides this, a few mitotic genes are
reported to participate in transcriptional control. Furthermore,
the list of transcripts whose transcription is affected by certain
cell cycle or developmental transitions is being expanded owing
to new genome-wide approaches. Answer tomany open questions
regarding the interplay between transcriptional regulation and
mitotic progression will make an important contribution to the
understanding of cell cycle control. This, in turn, will help to
dissect the involvement of cell cycle progression in the onset of
tumorigenesis.
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The focus of this review is to provide an update on the progress of microRNAs (miRNAs)
as potential biomarkers for lung cancer. miRNAs are single-stranded, small non-coding
RNAs that regulate gene expression and show tissue-specific signatures. Accumulating
evidence indicates that miRNA expression patterns represent the in vivo status in physi-
ology and disease. Moreover, miRNAs are stable in serum and other clinically convenient
and available tissue sources, so they are being developed as biomarkers for cancer and
other diseases. Cancer is currently the primary driver of the field, but miRNA biomarkers
are being developed for many other diseases such as cardiovascular and central nervous
system diseases. Here, we examine the framework and scope of the miRNA landscape as
it specifically relates to the translation of miRNA expression patterns/signatures into bio-
markers for developing diagnostics for lung cancer. We focus on examining tumor cytosol
miRNAs, fluid miRNAs, and exosome miRNAs in lung cancer, the connections among these
miRNAs, and the potential of miRNA biomarkers for the development of diagnostics. In
lung cancer, miRNAs have been studied in both cell populations and in the circulation.
However, a major challenge is to develop biomarkers to monitor cancer development and
to identify circulating miRNAs that are linked to cancer stage. Importantly, the fact that
miRNAs can be successfully harvested from biological fluids allows for the development
of biofluid biopsies, in which miRNAs as circulating biomarkers can be captured and ana-
lyzed ex vivo. Our hope is that these minimally invasive entities provide a window to the
in vivo milieu of the patients without the need for costly, complex invasive procedures,
rapidly moving miRNAs from research to the clinic.

Keywords: microRNA, biomarker, lung cancer

INTRODUCTION
Lung cancer is the most common type of cancer worldwide. It
is estimated that there are 430,090 men and women living in the
United States with a history of lung cancer, and that an additional
224,210 cases will be diagnosed in 2014 (1). Lung cancer is also the
leading cause of cancer-related death (2). Because of the lack of val-
idated population-based screening procedures, most patients with
lung cancer are diagnosed at an advanced stage. Consequently, the
overall 5-year survival rate is only 15% (3). Therefore, there is an
urgent need to identify reliable biomarkers of lung cancer, which
can then be used for improving accuracy of diagnosis, predicting
prognosis, and monitoring disease progression and response to
therapy.

MicroRNAs (miRNAs) are small, non-coding RNAs, 19–24
nucleotides in length. They negatively regulate the expression
of multiple genes either by inducing translational silencing or
by causing the degradation of messenger RNAs (mRNAs) of
the targeted gene, both via incomplete base-pairing to a com-
plementary sequence in the 3′-untranslated region (UTR) (4).
Since the discovery of the first miRNA, lin-4, in Caenorhab-
ditis elegans (5), more than 1,800 human precursor miRNAs
have been characterized (6). The accumulating data indicate that

miRNAs play important roles in tumorigenesis, metastasis, and
drug responsiveness in lung cancer, and can be potential biomark-
ers for lung cancer (7, 8). Current research has found that the
miRNAs can not only be detected in tumor tissues but also in
body fluids and even in some extracellular organelles, such as exo-
somes, all of which have the potential to serve as biomarkers for
lung cancer. In this article, we summarize the progress on miR-
NAs originating from three different sources (tumor tissues, body
fluids, and exosomes) as biomarkers for lung cancer.

THE TUMOR CYTOSOL miRNAs, FLUID miRNAs, AND
EXOSOME miRNAs IN LUNG CANCER
THE TUMOR CYTOSOL miRNAs IN LUNG CANCER
Many factors, including variations of chromatin, epigenetic fac-
tors, hypoxia, and changes in hormone levels, can affect the expres-
sion profiles of tumor cytosolic miRNAs. Differences between
miRNAs in tumor tissues and normal tissues have been studied
extensively and profoundly, and data collected from these studies
indicate that miRNAs are involved in several critical processes of
lung cancer including the initiation, metastasis, and drug response.

In 2004, Takamizawa et al. (9) identified the first miRNA family,
let-7, which was associated with the tumorigenesis of lung cancer.
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In their study, they found that introduction of let-7a and let-7f
isoforms into A549 cells, a lung adenocarcinoma cell line with
low baseline levels of let-7 expression, significantly inhibited the
growth of A549 cells. This was further validated clinically, where
significantly shorter patient survival after diagnosis was associated
with reduced let-7 expression. Subsequently, many targets of let-
7 have been identified, including the RAS family (10), HMGA2
(10–12), c-Myc (13, 14), CDC25A, CDK6, and Cyclin D2 (15),
which elucidated the mechanisms by which let-7 exerts its func-
tion in tumorigenesis. Since then, many miRNAs were identified
as oncogenes or tumor suppressor genes, such as miR-17–92 (16,
17), miR-218 (18), miR-21 (19), and miR-34 family (miR-34a and
miR-34b/c) (20–24).

MicroRNAs not only play pivotal role in tumorigenesis of
lung cancer but also are involved in tumor metastasis. Several
miRNAs including miR-17–92 (25–28), miR-200 family of miR-
NAs (miR-200a, miR-200b, miR-200c, miR-141, and miR-429)
(29), miR-125a-3p/5p (30), miR-21 (31), and miR-106b-25 clus-
ter (miR-106b and miR-93) (32) are reported to be related to the
metastasis of lung cancer.

MicroRNAs are also involved in the drug responsiveness of lung
cancer cells. It was reported that overexpression of miR-181b could
sensitize A549/Cisplatin (CDDP) cells to CDDP-induced apopto-
sis by decreasing the levels of the anti-apoptotic protein BCL2 (33).
Additionally, miR-181a and miR-630 were reported to be modu-
lators of CDDP response in non-small-cell lung cancer (NSCLC)
A549 cells (34). In contrast, down-regulation of miR-17-5p expres-
sion was associated with paclitaxel resistance by up-regulation of
the autophagic protein Beclin 1 (BECN1) expression in NSCLC
(35). Similarly, let-7a, miR-126, and miR-145 could sensitize the
responsiveness of the large-cell cancer cell line H460 and A549
cells to Gefitinib (36).

BODY FLUID miRNAs IN LUNG CANCER
In addition to tumor tissues, miRNAs are also found in body fluids
such as blood, serum, plasma, urine, and cerebrospinal fluid (CSF),
as well as in sputum, saliva, and bronchoalveolar lavage (BAL) (37,
38). Several studies indicate that body fluid miRNAs are stable even
under extreme conditions, such as repeated freeze-thaw cycles and
extreme pHs (e.g., pH = 1 or pH = 13). This feature makes body
fluid miRNAs suitable biomarkers for clinical detection (39).

Chen et al. showed that there is a distinct difference between
the profile of miRNAs found in sera of healthy individuals and
NSCLC patients. Compared to healthy sera, the expressions of 28
different miRNAs were down-regulated and 63 different miRNAs
were up-regulated in lung cancer patients. The expression levels
of miRNA-25 and miRNA-223, which exhibited the most robust
difference in the profile, were further studied in the sera from 152
lung cancer patients and 75 healthy subjects, showing that both of
the miRNAs were indeed highly expressed in cancer patient sera.
These results indicated that miRNA-25 and miRNA-223 could be
used as potential diagnosis biomarkers for NSCLC (40).

Several other miRNAs, including miR-141, miR-155, miR-1254,
and miR-574-5p, were identified as potential early diagnostic bio-
markers (41, 42). A recent meta-analysis indicated that the early
diagnostic value of circulating miR-21 is much better than the
plasma miR-21 (43). Roth et al. found that circulating levels of

miR-361-3p and miR-625* could be used as blood-based mark-
ers for differentiating malignant lung tumors from benign lung
tumors (44).

Body fluid miRNAs, especially the circulating miRNAs, can also
be promising biomarkers for metastasis and survival time indica-
tion. Roth et al. found that high expression levels of miRNA-10b
were highly associated with positive lymph node metastasis in lung
cancer (41). Hu et al. investigated the circulating miRNA in 303
lung cancer patients and found that the concentrations of 11 miR-
NAs were elevated more than fivefolds in patients with shorter
survival times compared to those whom survived significantly
longer. In addition, miR-486, miR-30d, miR-1, and miR-499 were
identified as disease fingerprints to predict overall survival in those
patients (45). Boeri et al. showed that plasma levels of miR-155,
miR-197, and miR-182 could serve as non-invasive biomarkers for
early detection and diagnosis of lung cancer. These miRNAs were
shown to be significantly elevated in the plasma of the lung cancer
patients compared to the cancer free control subjects by greater
than 10-folds, and could help discriminate the two groups (46).

EXOSOMAL miRNAs AND LUNG CANCER
Exosomal miRNAs, strictly speaking, are also body fluid miRNAs.
However, in contrast to the miRNAs circulating freely in the body
fluid, exosomal miRNAs are encapsulated in the cell organelles
called the exosomes, which are small (30–90 nm) extracellular vesi-
cles derived from the multivesicular body (MVB) sorting pathway
(47). Numerous studies indicate that the expression of miRNAs in
exosomes is different in the normal condition and in pathological
conditions such as tumor.

Riccardo and colleagues screened 742 miRNAs in circulating
exosomes and selected 4 miRNAs (miR-378a, miR-379, miR-139-
5p, and miR-200b-5p) as screening markers for segregating lung
adenocarcinoma and carcinomas patients from healthy former
smokers. They also identified six miRNAs (miR-151a-5p, miR-
30a-3p, miR-200b-5p, miR-629, miR-100, and miR-154-3p) for
segregating lung adenocarcinoma patients and lung granuloma
patients (48).

Guilherme et al. compare 12 specific miRNAs (miR-17-3p,
miR-21, miR-106a, miR-146, miR-155, miR-191, miR-192, miR-
203, miR-205, miR-210, miR-212, and miR-214) in peripheral
circulation exosome-derived miRNAs and tumor-derived miRNAs
in lung cancer patients and healthy people. The results showed that
there was no significant difference between peripheral circulation
miRNA-derived exosomes and miRNA-derived tumors, and thus
the exosome-derived miRNAs can be used as biomarkers for lung
cancer (49).

Clearly, a number of specific miRNAs or their families show
clinical associations in lung cancer and potential values in cancer
stages in clinic (Table 1).

THE ISOLATION AND DETECTION OF TUMOR CYTOSOL
miRNAs, FLUID miRNAs, AND EXOSOME miRNAs
Tumor cytosol miRNAs can be isolated from fresh tumor tissues
or stored formalin-fixed paraffin embedded (FFPE) tissues with
Trizol or the conventional phenol/chloroform extraction.

Compared to miRNAs isolated from tumor tissues, the isolation
of miRNAs from body fluids requires careful handling in order to
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Table 1 | Selected microRNA signatures in lung cancer and their potential value in clinic.

miRNA Location Signature Potential value in clinic Reference

let-7 Tumor tissues ↓ Diagnosis marker (7)

miR-17-92 ↑ Diagnosis marker (14, 15)

miR-218 ↓ Diagnosis marker (16)

miR-21 ↑ Diagnosis marker and metastasis marker (17, 29)

miR-34a miR-34b/c ↓ Diagnosis marker (18–22)

miR-200 family ↑ Metastasis marker (27)

miR-125a-3p/5p ↓ Pathological stage indicator and metastasis marker (28)

miR-106b-25 cluster ↑ Diagnosis marker (30)

miR-181b ↑ Predictor for drug resistance to Cisplatin (31, 32)

miR-181a

miR-630

miR-17-5p ↑ Predictor for drug resistance to paclitaxel (33)

miR-145 ↑ Predictor for drug resistance to Gefitinib (34)

miR-25 Body fluids ↑ Early diagnostic marker (38)

miR-223 ↑ Early diagnostic marker (38)

miR-141 ↑ Early diagnostic marker (39)

miR-155 ↑ Early diagnostic marker (40)

miR-1254 ↑ Early diagnostic marker (41)

miR-574-5p ↑

miR-361-3p ↑ Indicator for malignant lung tumors vs benign lung tumors (42)

miR-625* ↑

miRNA-10b ↑ Indicator for positive lymph node metastasis (43)

miR-486 ↑ Predictor for overall survival (44)

miR-30d

miR-1

miR-499

miR-197 ↑ Diagnosis marker for lung cancer patients vs normal people (41)

miR-182

miR-378a Exosomes ↑ Diagnosis marker for lung adenocarcinoma and carcinomas

patients vs healthy former smokers

(46)

miR-379

miR-139-5p

miR-200b-5p

miR-151a-5p ↑ Diagnosis marker for the lung adenocarcinoma patients vs

lung granuloma patients

(46)

miR-30a-3p

miR-200b-5p

miR-629 ↑ Early diagnostic marker (47)

miR-100

miR-154-3p

avoid the contaminations of proteins in the body fluids. Chen et al.
used phenol/chloroform to remove the serum proteins after using
the Trizol for isolating miRNAs from serum (40). Researchers have
also added proteinase K to the body fluids during extraction of the

miRNAs (50). There are also commercially available kits for isola-
tion the body fluid miRNAs such as the PARIs Kit and PAXGene
Blood miRNA Kit (Qiagen). The conventional detection method
is also applicable for body fluid miRNAs (51).
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For detection of exosomal miRNAs, exosomes have to be har-
vested. The commonly used methods for isolation of exosomes
include ultracentrifugation (52) and polymer-based Exoquick
reagent (System Bioscience, Inc.) (53). The exosomes can be
identified by Western-blot analysis with the two commonly used
exosomal markers, the tetraspanin molecule CD63 and tumor
susceptibility gene TSG 101 (54).

The actual detection of tumor cytosol miRNAs, fluid miRNAs,
and exosome miRNAs use similar strategies such as Northern blot,
RT-PCR, miRNA array, or next generation sequence (NGS) (55).

Although the procedures for isolation of miRNAs from body
fluids or exosomes are relatively more complex than isolation
of miRNAs from tumor tissues, miRNAs from body fluids or
exosomes are considered as better biomarkers for lung cancers
because they involve non-invasive procedures compared biopsies
for extracting tumor-derived miRNAs. Another advantage of using
miRNAs from body fluids or exosomes as biomarkers in lung

cancer is that once potential biomarkers are identified, methods
can be optimized to detect these specific miRNAs for use in larger
studies and every-day practice (Table 2).

THE CONNECTIONS AMONG TUMOR CYTOSOL miRNAs,
FLUID miRNAs, AND EXOSOME miRNAs
The maturation of miRNAs have been studied extensively and
profoundly, and the well-accepted model is that the DNA coding
miRNAs are transcribed into the primary miRNAs (pri-miRNAs),
and then the pri-miRNAs are processed by Drosha (an RNase type
III endonuclease) and specific cofactors to generate the precur-
sor miRNAs (pre-miRNAs). Pre-miRNAs are transported from
nucleus into cytoplasm where they undergo processing by Dicer
and various cofactors to for mature miRNAs (56). But how the
mature miRNAs enter into body fluids and what is the relation-
ship between body fluid miRNAs and exosome miRNAs are still
not clear. There are three possible ways for miRNAs to enter body

Table 2 |The isolation and detection of tumor cytosol, body fluid and exosome miRNAs.

Classification Tumor cytosol miRNAs Body fluid miRNAs Exosome miRNAs

Sources Fresh tumor tissues or FFPE tissues Whole blood, serum, plasma, urine, CSF, sputum, saliva, or BAL

Special sample process

for miRNA isolation

None Need to avoid protein contamination Need to isolate exosomes

Complexity of isolation + ++ +++

Detection qRT-PCR, Northern blot, NGS, microarray

Invasiveness Yes None None

Main function Diagnosis, prognosis and therapy Early diagnosis and prognosis Early diagnosis, prognosis

and drug transportation

FFPE, formalin-fixed paraffin embedded; CSF, cerebrospinal fluid; BAL, bronchoalveolar lavage; NGS, next generation sequence.

FIGURE 1 |The connection of tumor tissue miRNA, body fluid miRNA, and exosome miRNA.
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fluids. First, the tumor cells in the primary location “secret” miR-
NAs, which combined with Ago2 and GW182 to enter body fluids
(57, 58). Second, the miRNAs in the primary tumor cells are pack-
aged into membranous vesicles (MVs) or exosomes and then enter
into body fluids (59). However, it is still not clear if the incorpora-
tion of miRNAs into exosomes occurs at the pre-miRNA or mature
miRNA level. Recently, Villarroya-Beltri et al. reported that exo-
somes contain mature miRNAs (60). Third, the tumor cells or
other cells in body fluids directly release their cytosol miRNAs
into body fluids after apoptosis (61) (Figure 1).

Currently, there is no consensus regarding the relationships
between exosomal miRNAs and the body fluid miRNAs, espe-
cially the whole blood miRNAs. Several studies have indicated
that the majority of miRNAs found in plasma and serum are
present primarily outside the exosomes (62, 63), while other stud-
ies found that miRNAs in serum and saliva exist primarily inside
the exosomes (54).

CONCLUSION
Over the last decade, great progress has been made in the research
of miRNAs and lung cancer. Several miRNAs with differential
expression patterns in lung cancer tissues compared to normal
tissues have been identified. Furthermore, aberrant expression
patterns of miRNAs in lung cancer patients can not only be
detected in tumor tissues but also in body fluids and extracel-
lular organelles such as exosomes. All these studies give weight to
the conclusion that miRNAs are promising biomarkers for diag-
nosis and prediction, as well as targets of potential therapeutics
for lung cancer. Yet, before they can be effectively integrated into
the field of clinical oncology, there are several issues that need to
be addressed: (1) Using miRNA array analysis, it is easy to find
numerous miRNA candidates whose expressions vary in lung can-
cer tissue compared to the normal tissue, or whose expressions
vary in lung cancer patients body fluids and exosomes compared
to the healthy persons. However, there is still no gold standard to
evaluate meaningful candidates. It remains a challenge to increase
the accuracy of the results from miRNA array analysis and vali-
date meaningful candidates in an efficient manner. (2) Compared
to tumor cytosol miRNAs, fluid miRNAs, and exosome miRNAs
have attracted more attention as potential diagnostic markers for
lung cancer, but there is no standard method for isolating these
two kinds of miRNAs, and no reliable endogenous control for eval-
uation. (3) The quality control of the normal healthy tissue and
fluid sample collections is also a key issue in the field, and obtain-
ing a near perfect control at the nano-scale currently remains a
major challenge. (4) The up-surging new information in this area
brings more and more potential miRNA candidates for lung can-
cer, but how to interpret and integrate all the information into
a network of knowledge for their clinical use as diagnostic and
prognostic biomarkers and as potential therapeutic targets repre-
sents another attractive area for future investigation. Overall, the
study of miRNAs offers a new and exciting angle for us to under-
stand the molecular mechanisms of lung cancer biology. Further
studies could provide more accurate biomarkers for both diagno-
sis and prediction, as well as improved strategies for lung cancer
treatment.
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Apart from apoptotic bodies and ecto-
somes, microvesicles that bud out of the
plasma membrane, most types of cells
release exosomes when intracellular endo-
somal microvesicular bodies fuse with their
plasma membrane. This last type of vesicles
with attributed intercellular communicat-
ing capabilities has acquired an enormous
attention in the past two decades, especially
for their potential as disease biomarkers
and/or their use as therapeutic vehicles.
The intense study of their molecular com-
position with special attention to miRNA
has led to the development of databases
like Exocarta (http://www.exocarta.org/)
(1); however, the way exosomes released
from tumors (Tex) that may influence can-
cer patient’s health is not yet completely
understood.

The observation that exosome pro-
duction and release is notably increased
with tumor progression suggests that they
must play an active role in cancer (2,
3). As tumors become more aggressive,
heparanase activity is enhanced at least
in myeloma, lymphomas, or breast cancer,
increasing both the number of exosomes
released and the amount of syndecan-1,
VEGF, and HGF molecules exposed on
their surface (4).

The advantages that Tex present for the
delivery of tumorigenic signaling mole-
cules in relation to passive release into the
medium are clear, especially for transports
across long distances in the body. Firstly,
encapsulation of labile molecules such as
RNAs and proteins within lipid bilayers
offers them protection to degradation; sec-
ondly, the surface landscape of the vesicle
allows for the possibility of tissue or cell
specific targeting and thirdly they are suited
for simultaneous multiple message delivery

allowing horizontal transfer of complex
information from cancer to healthy cells.

In addition to attenuation of antitu-
mor immunity, Tex stimulate angiogen-
esis, modulate stromal cells activity, and
help on the extracellular matrix remod-
eling contributing to the establishment
of a premetastatic niche and generat-
ing suitable microenvironments at distant
metastatic sites (5). For example, Tex from
glioblastoma have the ability to potentiate
tumor growth (6) and Tex from melanoma
can directly tune a remote lymph node
into a microenvironment that facilitates
melanoma growth and metastasis even in
the local absence of tumor cells (7). These
and other similar studies suggest that Tex
activities are mediated, at least in part,
through the action of particular miRNAs,
which presumably down regulate their tar-
get transcripts in recipient cells (8, 9). Inter-
estingly enough, Fabbri et al. have recently
showed that the Tex miR-21 and 29a mol-
ecules can bind to toll-like receptor 7 and
8 (TLR7 and 8) on immune cells and acti-
vate them, leading to TLR-mediated NF-
kB activation and secretion of prometasta-
tic inflammatory cytokines (10, 11). This
offers an alternative mode of action for
the miR-mediated Tex paracrine effects in
which miR act as aptamer-ligands. So, in
addition to Tex internalization Tex pro-
tein, lipid, carbohydrate, or nucleic acid
surface receptors could interact with target
cell receptors to activate intracellular sig-
naling; or, their surface proteins could be
cleaved by proteases, and the correspond-
ing soluble fragments act as soluble lig-
ands binding to target cell surface receptors
(12). In one case or another, Tex-mediated
activities are a threat to patients working
toward disease progression. Importantly,

anti-cancer agents directed to inhibit DNA
replication or microtubule dynamics will
result innocuous to Tex. This is, Tex present
themselves, together with cancer stem cells,
as a therapeutic resistant reservoir for the
advancement of the disease, and therefore
effective cancer treatments must include
targeted inactivation and/or removal of
Tex.

On another side, however, exosomes
have emerged as potent stimulators of
immune responses and from this point
of view as agents for cancer therapy.
It has been recently showed that induc-
tion of HSPs (heat shock proteins)-loaded
Tex occurred when hepatocarcinoma cells
were treated with chemotherapeutics such
as paclitaxel or carboplatin. These Tex
released by treated cancer cells con-
ferred superior immunogenicity in induc-
ing HSPs-specific NK cell responses (13).
Exosomes can carry a broad variety of
immune-stimulatory molecules depending
on the cell of origin and in vitro cul-
ture conditions. In particular, dendritic
cell (DC)-derived exosomes (dexosomes)
have been shown to carry NK cell acti-
vating ligands and can be loaded with
antigens to activate invariant NKT cells
to induce antigen-specific T and B cell
responses. Tumor-antigen-derived dexo-
somes have been investigated as thera-
peutic agents against cancer in two phase
I clinical trials, with a phase II clinical
trial currently ongoing. The results show
that although dexosomes were well toler-
ated, the therapeutic success and immune
activation were limited (14, 15). Multi-
ple factors need to be considered in order
to improve exosomal immunogenicity for
cancer immunotherapy. For example, Tex
immunostimulatory effect has been shown
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to depend on host’s DCs while dexosomes
do not (16). Because of their abundant
expression of tumor antigens, Tex can be
envisaged as an acellular source of anti-
genic determinants to be exploited in the
production of cancer-vaccines and there-
fore as a therapeutic cancer agent by itself
or as a co-adjuvant treatment (17).

Although immune cells, and probably
dexosomes, can be found in primary tumor
lesions as infiltrating components playing
favorable prognostic role (18), in metasta-
tic lesions anti-cancer activities are sup-
pressed due to Tex derived immunosup-
pressive effects allowing tumor progres-
sion. One of the mechanisms responsible
for this undesired effect in different types of
solid cancers uses endocytic FasL and also
TRAIL loaded pro-apoptotic Tex to elim-
inate overreactive Fas-expressing T cells
(19). Thus, Tex in malignant ascites effu-
sions and other cancer patient fluids can
eliminate activated T cells through a simple
ligand–receptor interaction. In addition,
functional CD39 and CD73 Tex are capa-
ble of dephosphorylating ATP and AMP
to form adenosine to negatively regulate
local immune responses (20). Tex can also
inhibit DC differentiation, inhibit T-cell
proliferation through TGF-β interactions,
and promote tumor-immune evasion by
interfering with NK cells (19) eventually
hijacking the anti-cancer immune response
that they might have initiated.

Reached this point, the key question for
cancer therapeutics is: will patients benefit
by the presence of Tex or effective removal
of Tex should be recommended?

The answer does not seem to be straight
forward but recent modeling for puta-
tive therapeutic implications of exosome
exchange between tumor and immune cells
may throw some light on it (21). The
authors propose the existence of three can-
cer states: a low cancer load (L) with inter-
mediate immune-level state, and interme-
diate cancer load (I) with high immune-
level state and a high cancer load (H)
with low immune-level state. To design
and assess possible therapeutic protocols,
the authors built a cancer-immunity land-
scape that includes dynamical states of the
cancer-immunity interplay allowing for the
visualization of combined protocols as tra-
jectories connecting different states. For
example, when the immune recognition
is low, the effect of the immune system

will not be strong enough to limit cancer
progression.

An important observation that should
be included in Lu et al. model is that exo-
some release is controlled by feedback reg-
ulatory loops that involve not only cancer
cells but also exosome production by nor-
mal cells. In this sense, it has been reported
that exosome release from normal human
mammary epithelial cells and breast cancer
cells is not only regulated by the presence
of exosomes derived from their own cells
but also exosomes from normal mammary
epithelial cells inhibit exosome secretion
by breast cancer cells in a tissue specific
manner, implicating a dynamic equilib-
rium between exosome release of normal
and tumor cells (22).

It is of relevance as well to point out
that the different cancer-load-states may
refer not only to quantitative traits but
also to qualitative cancer-associated fea-
tures. For example, cancer-specific mem-
brane bound isoforms such as EGFRvIII,
generated by defective alternative splicing
mechanisms, have been detected on the
surface of Tex (6). Such distinctive cancer-
associated exons could be used for the
design of directional therapeutics, allow-
ing selective inactivation or sequestration
of Tex with minimal interference of nor-
mal cell exosome activity, reducing possible
secondary effects. In addition to antibody-
based strategies, synthetic peptides and
nucleic acid aptamers have proven not only
to bind specifically and tightly to can-
cer cells but also to home to cancer cells
in vivo (23–25). Similar approaches could
be used to block or sequester Tex through
their particular surface landscapes. Target-
ing through common receptors such as
tetraspanins could interfere with normal
exosome functions and therefore is not
recommended.

The fact that solid tumors are het-
erogeneous in nature adds yet another
degree of complexity to cancer therapeu-
tics. Tumor heterogeneity will be reflected
into a multivariety of Tex. Taking into
account that the current methods for Tex
isolation are based on vesicle size, density,
and enrichment of certain common mark-
ers (tetraspanins) (26), we can conclude
that Tex fractions are far from pure. A pos-
sible strategy to study more homogeneous
Tex populations would be to establish cell
lines from microdissected biopsies so that

enough Tex of a particular type can be pro-
duced and isolated. This should allow for
a better characterization of the Tex com-
plex landscapes, some of them dependent
on cancer-associated splicing switches.

Deregulation of splicing is associated to
acquisition of cancer advantages, aggres-
siveness of the tumor, and drug resistance
events (27–29). For example, the inclusion
of an exon in the pyruvate kinase tran-
script allows for activation of glycolytic
pathway of cancer cells (Warburg’s effect),
and the KLF6-SV1 variant is associated
with poor prognosis and tumor aggressive-
ness in prostate, lung, and ovarian can-
cers, associated to EMT (epithelial to mes-
enchymal transition) (30). In the context
of directional targeting of Tex, it would
be important to identify specific cancer-
associated exons located on the external
side of the vesicles. They may or may
not be present in the plasmatic membrane
of the tumor cell of origin. Toward this
end, strategies such as screening of ran-
dom libraries based on phage display and
SELEX (Systematic Evolution of Ligands
by EXponential enrichment) technologies
allow for the identification of synthetic
peptides and aptamers without previous
knowledge of the altered splicing events
(31, 32). Perhaps, tumor therapies sup-
pressing the splicing machinery itself are
advantageous to current systemic cancer
treatments.

Tex cancer-associated exon sequences
could be used for immunotherapy, to
boost DC dexosome release and, at the
same time, as targets for Tex inactiva-
tion and/or sequestration. If only inacti-
vation/sequestration is applied, the patient
would miss the benefit of the immune
response against the tumor. On the
other side, if the unloading of Tex is
not prevented, their cargo will work
toward advancement of the disease. This
double-approach consisting on blocking
Tex function while using their specific
cancer-associated exon sequences to induce
tumor-immune response could comple-
ment current tumor treatments to reduce
relapses and to limit metastatic events
in immuno-competent patients. In addi-
tion, this directional targeting strategy
would leave exosome-dependent physio-
logical functions unaffected.

In summary, the study of Tex sur-
face landscape and the detection of
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Oltra Exosome landscapes in cancer therapeutics

cancer-specific exons on Tex derived from
alternative splicing events results essential
for the development of Tex targeted ther-
apies. These qualitative switches should
be considered in the context of patient
immunological and cancer load states for
the modeling and the development of
improved, personalized cancer therapeutic
programs.
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Integrin αvβ3 is generously expressed by cancer cells and rapidly dividing endothelial
cells. The principal ligands of the integrin are extracellular matrix proteins, but we have
described a cell surface small molecule receptor on αvβ3 that specifically binds thyroid
hormone and thyroid hormone analogs. From this receptor, thyroid hormone (L-thyroxine,
T4; 3,5,3′-triiodo-L-thyronine, T3) and tetraiodothyroacetic acid (tetrac) regulate expression
of specific genes by a mechanism that is initiated non-genomically. At the integrin, T4 and
T3 at physiological concentrations are pro-angiogenic by multiple mechanisms that include
gene expression, and T4 supports tumor cell proliferation. Tetrac blocks the transcriptional
activities directed by T4 and T3 at αvβ3, but, independently of T4 and T3, tetrac modulates
transcription of cancer cell genes that are important to cell survival pathways, control of
the cell cycle, angiogenesis, apoptosis, cell export of chemotherapeutic agents, and repair
of double-strand DNA breaks. We have covalently bound tetrac to a 200 nm biodegrad-
able nanoparticle that prohibits cell entry of tetrac and limits its action to the hormone
receptor on the extracellular domain of plasma membrane αvβ3. This reformulation has
greater potency than unmodified tetrac at the integrin and affects a broader range of cancer-
relevant genes. In addition to these actions on intra-cellular kinase-mediated regulation of
gene expression, hormone analogs at αvβ3 have additional effects on intra-cellular protein-
trafficking (cytosol compartment to nucleus), nucleoprotein phosphorylation, and genera-
tion of nuclear coactivator complexes that are relevant to traditional genomic actions ofT3.
Thus, previously unrecognized cell surface-initiated actions of thyroid hormone and tetrac
formulations at αvβ3 offer opportunities to regulate angiogenesis and multiple aspects of
cancer cell behavior.

Keywords: integrin, thyroid hormone, tetraiodothyroacetic acid, nanoparticle, gene transcription

INTRODUCTION
Integrins are heterodimeric structural proteins of the plasma
membrane and are principally involved in cell–cell relationships
in tissues and cell–extracellular matrix (ECM) protein interac-
tions (1). The extracellular domain of an integrin binds specific
ECM proteins and outside-in transmission of the occurrence of
liganding results in the generation of specific signals by the intra-
cellular domain of the integrin. These signals, usually involving
various kinases, may result in cellular changes in actin (2, 3) and
cell motility (4), modulate endocytosis (5), and affect transcription
of specific genes (6–8).

Amply expressed by and activated in cancer cells, integrin αvβ3
interacts with ECM proteins, but has recently been shown to
have a panel of specific receptors for non-protein, small molecule

ligands (9). Among these are sites for the binding of thyroid hor-
mone (10, 11), dihydrotestosterone (12), and resveratrol (13). The
thyroid hormone receptor (TR) on αvβ3 has been well-studied
(11, 14). What is now apparent is that this receptor has more
complex and coherent effects on cancer-relevant gene expression
than had been apparent in analyses of the impact of large mole-
cule (protein) interactions with the integrin. The multiple genes
whose expression is modulated from the extracellular domain
of αvβ3 by thyroid hormone or its derivative, tetraiodothy-
roacetic acid (tetrac), relate to angiogenesis, cancer cell prolif-
eration, metastasis, and cancer cell defense pathways (15). The
latter include genes relevant to anti-apoptosis, anti-angiogenesis,
chemoresistance (MDR1), and repair of double-strand DNA
breaks induced by radiation. Within the cell, unmodified tetrac
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Davis et al. Nanoparticulate tetrac and gene expression

mimics certain actions of thyroid hormone. At the extracellular
domain of αvβ3, in contrast, tetrac blocks binding of l-thyroxine
(T4) and 3,5,3′-triiodo-l-thyronine (T3) – that is, it is a thyroid
hormone antagonist. Covalent bonding of tetrac to a nanoparticle
prevents cell entry of tetrac and, compared to unmodified tetrac,
broadens the spectrum of defensive cancer cell genes whose expres-
sion can be desirably regulated from the integrin. This expanded
panel includes pro-apoptotic genes and epidermal growth factor
receptor (EGFR) gene (see subsequent sections). In addition, the
potency of nanoparticulate tetrac as a thyroid hormone antag-
onist at αvβ3 is greater than that of unmodified tetrac. Thus,
without entering the cancer or endothelial cell, thyroid hormone
analogs non-genomically initiate important actions on tumor cell
and blood vessel cell gene expression. In this review, we sur-
vey αvβ3-mediated effects of thyroid hormone and analogs on
gene expression in human cancer cells, analyzed by RT-PCR. We
also point out that, from its receptor on the integrin, thyroid
hormone has adjunctive effects on nuclear receptors for thyroid
hormone and for estrogen, regulating the state of phosphorylation
or acetylation of such receptors and controlling the formation of
complexes within the nucleus of coactivators and receptors.

EARLY EVIDENCE THAT THYROID HORMONE COULD
MODULATE GENE EXPRESSION FROM THE CELL EXTERIOR:
PROTOONCOGENE EXPRESSION; ANGIOGENESIS
Prior to the discovery of the plasma membrane receptor for thy-
roid hormone and hormone analogs on integrin αvβ3, agarose-
T4 had been shown to regulate protooncogene expression (16,
17). Agarose-T4 is a prototypic nanoparticulate formulation of
l-thyroxine in which T4 is covalently bound to a linear polysac-
charide polymer; the product is excluded from the cell interior.
The thyroid hormone effect on gene expression in these stud-
ies was mitogen-activated protein kinase (MAPK)-dependent and
was reproduced in cells that lacked the nuclear TR.

Studied in the chick chorioallantoic membrane (CAM) model
and also prior to recognition of the hormone receptor on αvβ3, T4

at physiological free concentrations and T3 at concentrations that
were supraphysiologic were shown to increase vascularity three-
fold in 72 h (18). The degree of activity was comparable to that of
fibroblast growth factor 2 (FGF2; bFGF). Agarose-T4 also repro-
duced the pro-angiogenic effect of thyroid hormone. The effects of
unmodified thyroid hormone and of agarose-T4 on angiogenesis
were found to be inhibited by tetrac, the hormone analog sub-
sequently shown to block the iodothyronine receptor site on the
cell surface. Pharmacologic inhibitors of MAPK (ERK1/2) and
of protein kinase C also eliminated thyroid hormone-induced
angiogenesis. RT-PCR studies revealed that the hormone-induced
transcription of FGF2 within 6 h, and measurement of FGF2 pro-
tein in the medium showed increased release of the angiogenic
factor. Thus, the promotion of vascular sprouting (19) and new
vessel formation by thyroid hormone was attributable to initiation
at the plasma membrane of a non-genomic effect culminating in
expression of a specific vascular growth factor gene, manufac-
ture of the gene product and release of the latter protein into the
medium.

The cell surface receptor for thyroid hormone and tetrac was
shortly thereafter defined on the extracellular domain of integrin

αvβ3 and functionally described in the context of angiogenesis
(10). Other thyroid hormone agonist analogs, such as GC-1 (20)
and diiodothyropropionic acid (DITPA) (21) were also shown to
be pro-angiogenic, and tetrac blocked the activity of these analogs
at the integrin. However, the anti-angiogenic properties of tetrac
expressed at the integrin extend beyond the blockade of binding
of T4 and T3 to αvβ3. As discussed in the next section, tetrac
or its reformulation as a nanoparticulate may affect expression
of blood vessel-relevant genes beyond FGF2 independently of T4

and T3. Tetrac and Nanotetrac may also disrupt crosstalk between
αvβ3 and adjacent receptors for other vascular growth factors,
such as vascular endothelial growth factor (VEGF) and FGF2 (22),
and platelet-derived growth factor (PDGF) (Shaker A. Mousa,
unpublished observations). However, these effects on crosstalk are
unrelated to gene transcription.

TETRAC, NANOTETRAC, AND GENE AND microRNA
EXPRESSION THAT IS RELEVANT TO ANGIOGENESIS
As indicated above, unmodified tetrac is taken up by cells and
expresses low-grade T4-like activity and may be converted to tri-
iodothyroacetic acid (triac), which is also thyromimetic (23, 24).
To limit the action of tetrac exclusively to integrin αvβ3, we cova-
lently bonded tetrac to a nanoparticle of sufficient size (~200 nm)
to preclude cell uptake of the complex (25), thus mimicking
agarose-T4. The polymer we used was biodegradable poly(lactic-
co-glycolic acid), in contrast to the physiologically inert agarose.
The nanoparticulate formulation involved a stable ether bond of
the outer ring hydroxyl group of tetrac to a 6-carbon linker and
amide-bonding of the latter to PLGA (25). The amide bond was
imbedded in the nanoparticle and thus not readily accessible to
circulating or tissue peptidases. The resulting Nanotetrac indeed
was restricted to the extracellular space and preserved the pre-
viously known actions of tetrac, but it was also found to have
desirable additional biologic activities not previously obtained
with tetrac.

Microarray studies of two human cancer cell lines showed that
tetrac and Nanotetrac downregulated expression of VEGFA (26),
the gene product of which is a principal inducer of the porous
blood vessels associated with cancers (27). These effects are ini-
tiated at plasma membrane αvβ3. Tetrac and Nanotetrac also
increased transcription of thrombospondin 1 (THBS1, TSP1).
TSP1 protein is an endogenous suppressor of angiogenesis and
is invariably suppressed in cancer cells. Nanotetrac also decreased
expression of EGFR, the gene product of which mediates actions
of EGF on angiogenesis. Tetrac lacked this action. Nanotetrac, but
not tetrac, downregulates expression of NFκB via the integrin and
NFκB de-activation is an anti-angiogenic target (28, 29). Finally,
thyroid hormone may regulate transcription of the monomeric αv
gene (30), but it is not known whether this action is initiated at
the αvβ3 protein or requires the nuclear TR.

In recent studies of microRNA (miR), we have shown that Nan-
otetrac increases cellular abundance of miR-15A in breast cancer
cells by 10-fold (31) and decreases miR-21 by 50%. miR-21 is
pro-angiogenic in certain tumor cells (32) and miR-15A decreases
angiogenesis by a VEGF-dependent mechanism (33).

Transcriptional mechanisms involved in the anti-angiogenic
activity of Nanotetrac at αvβ3 are summarized in Table 1.

Frontiers in Endocrinology | Cancer Endocrinology January 2015 | Volume 5 | Article 240 | 90

http://www.frontiersin.org/Cancer_Endocrinology
http://www.frontiersin.org/Cancer_Endocrinology/archive


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Davis et al. Nanoparticulate tetrac and gene expression

Table 1 |Transcriptional mechanisms by which Nanotetrac/tetrac is

anti-angiogenic.

Angiogenesis-relevant target Action References

bFGF transcription ↓ (18)

VEGFA transcription ↓ (11, 26)

EGFR transcription ↓ (34)

TSP1 (THBS1) transcription ↑ (26, 34)

miR-21 transcription ↓ (31)

miR-15A transcription ↑ (31)

Cellular bFGF abundance ↓ (18)

Cellular Ang-2 abundance ↓ (22)

Cellular MMP-9 abundance ↓ (35)

Pro-angiogenic activity of thyroid hormone ↓ (36)

Measurements of gene transcription were made in breast cancer (34) and

medullary thyroid carcinoma cells (26). Protein abundance decreases are pre-

sumed to reflect decreased expression of specific genes. The pro-angiogenic

activity of thyroid hormone involves non-transcriptional mechanisms as well as

actions on specific gene expression shown in this table. Mechanisms that appear

to be non-transcriptional are crosstalk between integrin αvβ3 and adjacent vascu-

lar growth factor receptors on the cell surface, cell release mechanisms for newly

synthesized growth factors and regulation of endothelial cell motility (11, 18, 36).

THYROID HORMONE SUPPORTS CANCER CELL
PROLIFERATION AND IS ANTI-APOPTOTIC;
TETRAC–NANOTETRAC TRANSCRIPTIONALLY INHIBITS
CANCER CELL PROLIFERATION, IS PRO-APOPTOTIC AND
DISRUPTS CELL DEFENSE PATHWAY GENE EXPRESSION
A number of laboratories have described the stimulatory effect
of thyroid hormone on tumor cells (37–43) and clinical stud-
ies have defined thyroid hormone dependence of cancers, in that
spontaneous or medically induced hypothyroidism has improved
outcomes (44–49). Trophic actions of thyroid hormone on tumor
cells were presumed to require a TR isoform and to be genomic
in mechanism – that is, to require physical interaction of a TR
protein and T3 – until recognition of the existence in 2005 (10)
of the cell surface receptor for thyroid hormone and tetrac on
αvβ3, described above (11, 50). Existence of this receptor offered a
discrete, non-genomic mechanism for initiation of tumor cell pro-
liferation. TRβ may be involved in certain cancer cell proliferative
responses to thyroid hormone (51, 52), but work by Cheng and
co-workers indicates that TRβ is a tumor suppressor that, when
mutated in the thyroid gland, may be oncogenic (53).

The demonstration that T4 – including the agarose-T4 for-
mulation – was a proliferative factor for certain human tumor
(breast, thyroid cancer) (42, 54) and animal cells (C6, F98, GL261
glioma cell lines) (43) was accompanied by evidence that unmod-
ified tetrac inhibited the T4 effect. We had shown that unmod-
ified tetrac blocked non-genomic actions of thyroid hormone
on plasma membrane functions (11, 14, 55). The proliferative
effect was MAPK-dependent. Interestingly, in human breast cancer
(MCF-7) cells, tetrac-inhibitable enhancement of proliferation by
thyroid hormone involved Ser-118 phosphorylation of nuclear

estrogen receptor-α (ERα); this pathway is identical to that by
which estrogen stimulates MCF-7 cell proliferation (54).

In a model of resveratrol-induced apoptosis that involved
MAPK phosphorylation of p53 at Ser-15, we showed that T4 was
anti-apoptotic. The hormone prevented the p53 phosphorylation
step in several tumor cell lines (42, 56). Tetrac blocked this anti-
apoptotic activity of T4. Additional evidence of the anti-apoptotic
activity of T4 included inhibition of nucleosome liberation by
resveratrol, as well as cellular accumulation of the pro-apoptotic
BcLxs protein (56, 57). The hormone did not, however, affect cell
accumulation of survival protein BcLxl. The action of thyroid hor-
mone on nucleosome liberation and BcLxs in tumor cells was
prevented by tetrac (58).

Subsequent microarray studies conducted with Nanotetrac in
human breast cancer (MDA-MB-231) cells revealed a coherent
pro-apoptosis pattern of gene expression. That is, transcription of
the X-linked inhibitor of apoptosis (XIAP) gene was downregu-
lated and transcription of a set of pro-apoptotic genes – CASP2,
CAP8AP2, DFFA, and BCL2L14 – was stimulated (11, 34).

We would also note that Nanotetrac downregulates expression
of 8 of 9 cyclin genes and 1 cyclin-dependent kinase gene (34) and
more than 20 oncogenes.

TETRAC–NANOTETRAC ACTIONS ON EXPRESSION OF
GENES RELEVANT TO TUMOR INVASIVENESS
Catenins are proteins involved in cell–cell adhesion. β-catenin also
has transcriptional functions in the nucleus. Mutation and over-
expression of the β-catenin gene occurs in a variety of cancers,
including colorectal carcinoma, breast, and ovarian cancer (59,
60). Nanotetrac increases transcription of the CBY1 gene (34),
the gene product of which is an inhibitor of nuclear functions of
β-catenins. This is a desirable action of Nanotetrac at αvβ3 in can-
cer cells. The action would be deleterious in non-cancer cells, but
the latter when not undergoing cell division express little αvβ3.
Like β-catenins, integrin αvβ3 participates in cellular adhesion
complexes.

Nanotetrac also affects α-catenins, downregulating expression
of the CTNNA1 and CTNNA2 genes. Mutation of CTNNA2 is
associated with tumor invasiveness and thus inhibition of tran-
scription of the gene is desirable, as is downregulation of the
non-mutated gene in cancers. The non-mutated gene product
of CTNNA1 can function as a tumor invasion suppressor (61),
but mutation is associated with gastrointestinal tract and other
cancers (62).

As mentioned above, MMP-9 expression is induced by thyroid
hormone (35). The observations were recently made in myeloma
cells and were inhibited by tetrac, thus implicating αvβ3 in this
action of T4. This action of the hormone may contribute to local
extension of myeloma in bone and, if documented to be present
in solid tumor cells, may presage metastasis. MMP-2 transcription
may also be subject to control by thyroid hormone (63, 64). Several
mechanisms may be involved in the hormonal action on MMP-2,
and it is not yet known whether this effect of the hormone is initi-
ated at integrin αvβ3. The importance of this is that an intact met-
alloproteinase axis interferes with cell–cell interaction, resulting in
tissue destabilization and support of cancer cell invasiveness and
metastasis (65).
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OVERVIEW OF ANTI-CANCER PROPERTIES OF NANOTETRAC,
ACTING AS A SINGLE MODALITY
The anti-cancer actions of Nanotetrac are broadly based in terms
of mechanisms, despite initiation at a single target receptor on
integrin αvβ3, and in this regard resemble the pluralistic anti-
angiogenic actions of the drug. As noted above, the coherence
of the effects of the agent on expression of differentially regu-
lated cancer cell genes is remarkable. It is possible that there are
effects of Nanotetrac at αvβ3 that may involve integrity of the
actin cytoskeleton in cancer cells, and that the drug may influence
interactions of the integrin with ECM proteins that may disorient
tumor cell movement or interfere with defensive responses (see
Conjunctive Radiation and Tetrac/Nanotetrac Treatment of Can-
cer Cells: Radiosensitization below). However, these possibilities
have not yet been examined.

Nanotetrac promotes apoptosis, antagonizes anti-apoptotic
(survival) defenses, disrupts control of the cell cycle, and inter-
feres with function of the frequently mutated catenins (11, 26, 34).
As noted above in the review of angiogenesis, thyroid hormone
and tetrac or its Nanotetrac formulation affect matrix metallopro-
teinase gene expression. We would also note that thyroid hormone
(T4) has protein-trafficking action on integrin αvβ3, directing
internalization of the membrane protein – without the hormone
ligand – and nuclear uptake of the αv monomer, but not of β3.
In the nuclear compartment, αv is a coactivator (66) involved in
transcription of a number of important cancer-relevant genes (see
below, Adjunctive Modifications of Nuclear Hormone Receptors
that Originate at the Hormone Receptor on αvβ3; Nuclear Uptake
of αv Monomer).

Some of these actions of Nanotetrac/tetrac are summarized in
Table 2.

CHEMOSENSITIZATION BY TETRAC OF CANCER CELLS
RESISTANT TO OTHER CANCER CHEMOTHERAPEUTIC
AGENTS
P-glycoprotein (P-gp; MDR1; ABCB1) is a plasma membrane
efflux pump whose ligands include a number of cancer

chemotherapeutic agents (72). The pump is a principal com-
ponent of cancer cell chemoresistance. Thyroid hormone causes
transcription of MDR1 (73–75) and increases function of the P-gp
protein (75). Thus, ambient thyroid hormone may be viewed as
a support mechanism for chemoresistance (76). It is not known
what the molecular basis is for regulation by iodothyronines of P-
gp function or MDR1 gene expression, i.e., microarray studies have
not been conducted to establish whether the induction of MDR1
gene expression is dependent upon the hormone receptor on inte-
grin αvβ3. However, tetrac increases the intra-cellular retention
time of doxorubicin by doxorubicin-resistant breast cancer cells
(67), an effect attributed to action of tetrac–Nanotetrac on pump
function of P-gp or on gene expression (76).

CONJUNCTIVE RADIATION AND TETRAC/NANOTETRAC
TREATMENT OF CANCER CELLS: RADIOSENSITIZATION
Hercbergs and co-workers have defined the potentiation of radi-
ation exposure by tetrac in animal glioma (C6) cells (68) and
human glioblastoma (U87MG) cells (69), and Nanotetrac in
human prostate cancer (PC3, LNCaP) cells (70). In vitro stud-
ies revealed that at a 4 Gy x-radiation dose 1 h after exposure to
tetrac, there is a 60% reduction in cell survival, compared to con-
trol (68). The mechanism of action of tetrac and Nanotetrac is
interference with cancer cell repair of double-strand DNA breaks
(neutral comet assay/mean tail moment) (69). What components
of the DNA break repair process – and, specifically, transcription
of what specific genes – are affected by tetrac/Nanotetrac is not yet
known.

ADJUNCTIVE MODIFICATIONS OF NUCLEAR HORMONE
RECEPTORS THAT ORIGINATE AT THE HORMONE RECEPTOR
ON αVβ3; NUCLEAR UPTAKE OF αV MONOMER
The above discussion relates to regulation of transcription of spe-
cific cancer cell genes by thyroid hormone analogs that act at the
cell surface via integrin αvβ3. Relevant additionally to the end
result of modulation of transcription of specific genes from inte-
grin αvβ3 is the adjunctive input from the integrin to the state of

Table 2 | Mechanisms of selected cancer chemotherapeutic actions of Nanotetrac.

Action Example References

Chemosensitization Decreased efflux of doxorubicin, P-gp effect; increased effectiveness of other

chemotherapeutic agents

(67)

Radiosensitization Disordered repair of radiation-induced double-strand DNA breaks; prevention of

radiation-induced activation of integrin ávâ3

(68–70)

Disabling of cell survival pathway gene

expression

Decreased expression of anti-apoptotic XIAP, MCL1; enhanced expression of

pro-apoptotic CASP2, BCL2L14, TP53, PIG3, BAD; disruption of catenin pathways via

increased expression of CBY1, decreased expression of CTNNA1, CTNNA2;

decreased expression of pro-oncogenic miR-21, increased expression of

pro-apoptotic miR-21; decreased expression of matrix metalloproteinase genes,

e.g., MMP-9; decreased expression of stress-defense genes, e.g., HIF-1α,

decreased expression of multiple Ras oncogenes

(11, 26, 34, 35, 71)

Cell cycle Downregulation of multiple cyclin, cyclin-dependent protein kinase genes (11, 34)

Disordering of growth factor pathways Suppression of EGFR gene expression, disabled function of EGFR (11, 34)

SeeTable 1 for other activities vs. other vascular growth factors, receptors
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nuclear TRs. We have recently reviewed this subject (77). In brief,
trafficking of cytoplasmic TRβ1 to the cell nucleus is directed by
T4 at the integrin via MAPK, and the importing by the nucleus
of TRα1 is promoted by T3 via activation of phosphatidylinosi-
tol 3-kinase (78). Two discrete binding domains exist at the TR
site on αvβ3: the S1 site binds T3 exclusively and S2 binds both
T4 and T3. Tetrac–Nanotetrac interferes with hormone binding
at both domains. In the case of TRβ1 trafficking, translocation of
the receptor into the nucleus occurs as a complex with activated
MAPK; specific phosphorylation of the receptor (activation) is a
consequence (79, 80). An example of specific gene transcription
that occurs as a result of this trafficking/phosphorylation is expres-
sion of hypoxia-inducible factor-1α (HIF1α) in response to T3 at
the S1 site (78). The complex process of stimulating cancer cell or
endothelial cell proliferation occurs via the S2 domain.

Integrin αvβ3 may be internalized by cells as a result of the
protein’s liganding of T4 (13). The αv monomer is imported by
the nucleus as a result of this process and has been shown to be a
coactivator protein that binds to the promoter region of a number
of genes, including ERα, HIF-1α, cyclooxygenase-2 (COX-2), and
TRβ1. ERα protein is important to breast, ovarian, and certain
lung cancers. We have implicated nuclear COX-2 protein in the
pharmacologic induction of apoptosis (58). HIF-1α protein is a
cell survival factor that triggers angiogenesis and cellular conver-
sion to anaerobic metabolism (81). The αv monomer does not
import thyroid hormone and the β3 monomer is not taken up by
the nucleus. This remarkable process was an unexpected conse-
quence of studies of small molecule actions at the integrin and
offers a novel mechanism for regulation of gene expression from
the cell surface and integrin.

CONCLUSION
Integrin αvβ3 controls a variety of intra-cellular and transcellular
functions. It is a transmembrane structural protein that is dif-
ferentially expressed/activated in tumor cells and dividing blood
vessel cells. The definition of the specific thyroid hormone-tetrac
receptor site on αvβ3 (10, 11, 14) enabled recognition of the exis-
tence of control from a single locus of expression of differentially
regulated, angiogenesis-relevant genes as well as modulation of
function of adjacent vascular growth factor receptors. Nanotetrac
is a prototypic anti-angiogenic and anti-cancer agent focused on
a single, specific small molecule receptor site on the extracellular
domain of αvβ3. From this site,Nanotetrac blocks actions of VEGF,
FGF2, and PDGF at their plasma membrane receptors, inhibits
expression of VEGFA and EGFR, stimulates transcription of TSP1,
decreases endothelial cell abundance of Ang-2 without affecting
Ang-1, selectively regulates miRNAs that control angiogenesis and
decreases endothelial cell motility (Table 1).

From the standpoint of anti-cancer activity, Nanotetrac desir-
ably disrupts gene expression critical to cell cycling in αvβ3-
bearing tumor cells and dividing endothelial cells and interferes
with a substantial group of cell survival pathways so that apoptosis
is advanced, and defensive anti-apoptosis pathways are disor-
dered (Table 2). Nanotetrac reverses chemoresistance and confers
radiosensitivity. This novel and extensive spectrum of actions
makes Nanotetrac an attractive anti-angiogenic and anti-cancer
agent for further development. The agent has been shown to be

an effective anti-proliferative, pro-apoptotic agent in a variety of
human cancer cell lines (25, 31, 40–43, 71), to be effective against
human cancer xenografts (26, 57, 70, 82–84) and to include impor-
tant downregulation of tumor-associated angiogenesis (22, 26, 36,
57, 82, 84).

In the absence of an agent such as Nanotetrac with anti-thyroid
hormone activity at integrin αvβ3, a reduction in circulating thy-
roid hormone, notably T4, that is either spontaneous or medically
induced appears to be effective in slowing clinical growth of certain
solid tumors. These include breast (45), glioblastoma multiforme
(44), head-and-neck cancers (47), and renal cell carcinoma (46).
We can postulate that such reductions in systemic levels of T4

largely affect tumors via the examples of gene expression reviewed
above. Several of the current authors have recently confirmed
clinically that systematic reduction in circulating T4 (euthyroid
hypothyroxinemia) may arrest growth of certain cancers (85).
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A corrigendum on

Cancer cell gene expression modulated from plasma membrane integrin αvβ3 by thyroid
hormone and nanoparticulate tetrac
by Davis PJ, Glinsky GV, Lin H-Y, Leith JT, Hercbergs A, Tang H-Y, et al. Front Endocrinol (2015)
5:240. doi: 10.3389/fendo.2014.00240

In Table 2, the section designated “Disabling of cell survival pathway gene expression,” line 5
incorrectly states “. . .pro-apoptotic miR-21”; the correct statement is “. . .pro-apoptotic miR-15A.”
The issue is correctly discussed in the body of the published text, p. 2, right column, paragraph 4.
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