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    Abstract     Accumulating evidence has suggested that epigenetic alternations are as 
important as genetic mutations in cancer development. It is proposed that tumors are 
arisen by “malignant reprogramming” driven by a combination of both genetic and 
epigenetic changes. It therefore comes as no surprise that histone demethylases, the 
newest members of the histone modifying enzymes, are found to be targets of muta-
tions and dysregulation in cancer cells. In this review article, we provide an over-
view of the types of histone demethylases whose genetic structure or expression is 
altered in cancers, the action of histone demethylases in cancer development and 
their potential inhibitors. Special emphasis is placed on the roles of histone demeth-
ylases in prostate cancer progression.  
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  Abbreviations 

   AR    Androgen receptor   
  ARE    Androgen responsive elements   
  CDK    Cyclin-dependent kinase   
  CGH    Comparative genomic hybridization   
  CRPC    Castration-resistant prostate cancer   
  ER    Estrogen receptor   
  FAD    Flavin adenine dinucleotide   
  HIF    Hypoxia-induced transcription factor   
  HP1    Heterochromatin protein 1   
  KDM    Histone lysine demethylase   
  MEF    Mouse embryonic fi broblast   
  MAO    Monoamine oxidase   
  NOG    N-oxalylglycine   
  PRC    Polycomb repressive complex   
  SAHF    Senescence-associated heterochromatic foci   

15.1           Histone Lysine Demethylase and Cancer 

 Chromatin is a highly ordered structure of eukaryotic DNA, which is packed into 
nucleosomes by core histone protein octamers: H2A, H2B, H3 and H4. Post- 
translational modifi cations of histone N-terminal basic tails cause conformational 
change of the nucleosome, allowing access of regulatory machineries to the DNA for 
transcription, replication, and repair [ 1 ,  2 ]. Several lysine residues on the histone tails 
can be mono-, di- or trimethylated. Depending on the position and degree of lysine 
methylation, the biological outcome is different. For example, histone marks such as 
H3K9me2, -me3 and H3K27me3, are involved in heterochromatin formation and 
gene silencing; while H3K4me3 is associated with actively transcribed genes. 
Because of the importance in gene expression, histone methylation and demethyl-
ation play critical roles in several biological processes, and altered histone methyla-
tion patterns are linked to human diseases such as neurological disorders and cancer. 

 Previously, histone methylation was believed to be irreversible. It was not until 
recently that the enzymes capable of removing methyl groups from histone were 
identifi ed. As summarized in Table  15.1 , histone lysine-specifi c demethylases 
(KDMs) have exquisite substrate specifi cities toward particular lysines on histones. 
KDMs can be broadly classifi ed into two families: LSD1 (KDM1) and Jumonji C 
domain-containing (JmjC) family (KDM2 to KDM8). LSD1 family is amine oxi-
dase which catalyzes demethylation through a fl avin adenine dinucleotide (FAD)-
dependent reaction. The JmjC family demethylase contains a conserved JmjC 
catalytic domain, which coordinates an electron shuffl e between the methylated 
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lysine with the co-factors Fe(II), α-keto-glutarate, and molecular oxygen. This reac-
tion ultimately results in the removal of the methyl group. Dysregulation of these 
enzymes alters the chromatin conformation and reprograms gene expression, which 
sometimes leads to malignant transformation of the cells. Table  15.2  presents a 
summary of recent literature on the topics of KDMs dysregulation in cancer. There 
are several other excellent reviews on this subject [ 3 – 5 ] which the readers may wish 
to refer to.

15.1.1        Dysregulation of Histone Demethylases in Cancer 

 Global alteration of histone methylation such as the loss of H3K4me2 and 
H4K20me3 are hallmarks of many cancers and are associated with poor prognosis 
[ 6 – 9 ]. Aside from the global changes, alterations of histone methylation patterns 
within specifi c cancer-causing loci also have consequences in cancer cell prolifera-
tion and survival. It is thus not surprising that mutations and aberrant expression of 
histone demethylases (Table  15.2 ) have been associated with carcinogenesis. 

   Table 15.1    Histone demethylases with specifi c substrates identifi ed   

 Name  Synonyms  Substrate 

 KDM1A  AOF2/BHC110/LSD1  H3K4me2/me1 H3K9me2/me1 
 KDM1B  AOF1/LSD2  H3K4me2/me1 
 KDM2A  JHDM1A/FBXL11  H3K36me2/me1 
 KDM2B  JHDM1B/FBXL10  H3K36me2/me1 H3K4me3 
 KDM3A  JHDM2A/JMJD1A/TSGA  H3K9me2/me1 
 KDM3B  JMJD1B  H3K9me2 
 KDM4A  JHDM3A/JMJD2A  H3K9me3/me2 H3K36me3/me2 
 KDM4B  JHDM3B/JMJD2B  H3K9me3/me2 H3K36me3/me2 
 KDM4C  JHDM3C/JMJD2C/GASC1  H3K9me3/me2 H3K36me3/me2 
 KDM4D  JHDM3D/JMJD2D  H3K9me3/me2 
 KDM4E  KDM4DL  H3K9me3/me2 
 KDM5A  JARID1A/RBP2  H3K4me3/me2 
 KDM5B  JARID1B/PLU1  H3K4me3/me2 
 KDM5C  JARID1C/SMCX  H3K4me3/me2 
 KDM5D  JARID1D/SMCY  H3K4me3/me2 
 KDM6A  UTX  H3K27me3/me2 
 KDM6B  JMJD3  H3K27me3/me2 
 KDM7  JHDM1D/KIAA1718  H3K9me2/me1 H3K27me2/me1 
 KDM8  JMJD5  H3K36me2 
 PHF2  JHDM1E  H3K9me2 
 PHF8  JHDM1F  H3K9me2/me1 H3K27me2 H4K20me1 
 JMJD6  PSR/PTDSR  H3R2 H4R3 
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15.1.1.1     Aberrant Expression 

 While some histone demethylases behave like oncogenes, others play tumor sup-
pressive roles. KDM4 family members that are widely overexpressed in several 
tumor types are believed to be putative oncogenes because of their demethylation 
activity toward H3K9me3/me2, a histone mark crucial to maintaining the hetero-
chromatin structure. The maintenance of heterochromatic structure not only is 
essential for gene expression regulation but also plays an important role for protec-
tion of chromosome integrity. Narita et al. reported that during senescence, the lev-
els of H3K9me3/me2 are increased at senescence-associated heterochromatic foci 
(SAHFs), concomitant with the increased binding of Heterochromatin protein 1 
(HP1) [ 10 ]. The authors showed that some of the E2F target promoters in fact, 
acquire heterochromatic features during senescence, resulting in a permanent shut-
down of these genes. Therefore, dissociation of heterochromatin could result in re- 
expression of E2F target genes and an escape from cellular senescence. Peters’ 
study on the other hand, revealed that decrease of H3K9me3 at pericentric chroma-
tin results in loss of the heterochromatin structure, leading to severe chromosome 
mis-segregation and genomic instability [ 11 ]. Together, as is found in prostate can-
cer [ 12 ], dysregulation of KDM4 family therefore may function as oncogenes and 
contributes to tumorigenesis. Other oncogenic roles such as alteration of cellular 
signaling pathways, promotion of cell cycle, expression of oncogenes/repression of 
tumor suppressors, are often linked with overexpression of various demethylases in 
tumor (Table  15.2 ). In addition to KDM4, KDM1A, KDM3 and KDM5 families are 
found to be overexpressed in several types of tumor. 

 While fewer cases, down-regulation of demethylases with tumor suppressive 
roles in cancer has also been reported. KDM2A plays a crucial role in sustaining 
heterochromatin structure and genome stability by repressing transcription of the 
centromeric satellite repeats [ 13 ]. KDM2B on the other hand, transcriptionally 
represses ribosomal RNA genes whose expressions are in high demand for prolifer-
ating cancer cells [ 14 ,  15 ]. Underexpression of KDM2B results in increased cell 
sizes and proliferation in tumor, suggesting it being a tumor suppressor [ 14 ]. 

 Making things more complicated were the observations that the roles of histone 
demethylases as oncogenes or tumor suppressors are cell context dependent. As 
described above, KDM1A is overexpressed in many cancer types (Table  15.2 ), and 
appears to play oncogenic roles. However, KDM1A is also found to be down- 
regulated in liver and breast cancer, where it inhibits tumor invasion and metastasis 
[ 16 ,  17 ]. Similarly, while KDM2B is down-regulated in brain and glioblastoma, and 
was proposed as a putative tumor suppressor [ 14 ], it is found to be highly expressed 
in various leukemias with an oncogenic function [ 18 ]. These fi ndings suggest that 
the functions of histone demethylases in cancer are dictated by the loci they act 
upon and the cell-type specifi c cofactors they associated with. As such, the results 
have strong therapeutic implications and underscore the importance in understand-
ing the target gene profi les and the associated mechanisms of histone demethylases 
in particular cancer types. 

L.-Y. Wang et al.
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 The mechanisms of dysregulation of histone demethylase expression are multi-
tude including alterations at the level of transcription and post-transcriptional modi-
fi cations or genomic alterations. Below we will discuss the genetic alterations of 
KDMs in cancers.  

15.1.1.2     Gene Amplifi cation 

 Comparative genomic hybridization (CGH) analysis revealed that the 9p23-24 
region is frequently amplifi ed in several tumors including esophageal cancer, breast 
cancer and lymphoma; while KDM4C (GASC1/JMJD2C) gene located at the 9p23- 
24 amplicon is overexpressed in these tumors [ 19 – 24 ]. Overexpression of KDM4C 
results in tumorigenic phenotypes, and is found to be associated with aggressive 
breast tumors [ 23 ]. Similarly, KDM5A gene located at 12p11 is found to be ampli-
fi ed in several tumors including breast cancer, and overexpression of which, contrib-
utes to cancer proliferation and drug resistance [ 25 ].  

15.1.1.3     Gene Translocation 

 van Zutven et al. fi rst reported chromosome rearrangements involving KDM5A 
(JARID1A) and NUP98 in acute leukemias [ 26 ]. This translocation results in a 
fusion product consisting of the N-terminus of NUP98 and the C-terminal PHD 
fi nger domain of KDM5A. In doing so, the PHD domain targets NUP98 to active 
chromatin region with H3K4me3 histone mark and prevents the recruitment of the 
repressive polycomb complex (PRC2) to the promoter, thus, enabling active tran-
scription of the crucial developmental loci and eventually leading to the develop-
ment of leukemia [ 27 ]. In this case, it is not the catalytic of demethylase, but rather 
the chromatin binding domain which participates in the oncogenic transformation.  

15.1.1.4     Gene Mutation 

 Inactivating mutations in histone demethylases have been identifi ed. H3K4me3 
demethylase KDM5C (JARID1C), suggested to be a tumor suppressor [ 28 ], has 
several nonsense and missense mutations in clear cell renal cell carcinoma patients 
[ 29 ]. Similarly, systematic mutational screen of KDM6A (UTX) reveals that non-
sense, frameshift, and deletion mutations are often identifi ed in cancers including 
leukemia, lymphoma, myeloma, glioblastoma, breast, colorectal, endometrial, lung, 
esophageal, pancreatic, bladder and clear cell renal cell carcinoma [ 29 – 31 ]. These 
fi ndings suggest that KDM6A is a tumor suppressor, consistent with its ability to 
demethylate H3K27me3, a histone mark whose elevation is often associated with 
malignancy, and to positively regulate Rb tumor suppressor and antagonize Notch 
signaling pathway [ 32 – 35 ].   

15 Histone Demethylases in Prostate Cancer
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15.1.2     The Functional Roles of Histone Lysine Demethylases 
in Cancer 

 Histone lysine demethylases affect a wide spectrum of cellular pathways. Based on 
the literature cited in Table  15.2 , the following oncogenic pathways appear to be the 
most frequently dysregulated by histone demethylases. 

15.1.2.1     Cell Cycle Regulation 

 One of the major oncogenic properties of histone lysine demethylases is their role 
in cell cycle regulation. Overexpression of several demethylases is linked to pro-
moting G1-S progression and inducing tumor cell proliferation through positive 
regulation of S-phase cyclins and cyclin-dependent kinases (CDKs), and/or nega-
tively regulating CDK inhibitors. Demethylases that are reported to induce expres-
sion of the S-phase cyclins, Cyclin D1, include KDM3A, KDM4A, KDM4B and 
KDM5B [ 36 – 40 ]; and those for Cyclin A1 expression includes KDM4B and KDM8 
[ 41 ,  42 ]. Those which negatively regulate CDK inhibitors such as   p21     Cip1/Waf1 , are 
KDM1A, KDM5A, KDM5B and KDM8 [ 25 ,  43 – 46 ]; and p27 Kip1  by KDM5A and 
KDM5B [ 25 ,  47 ]. E2F transcription factors that play crucial roles in G1-S transition 
are also common targets of histone demethylases [ 43 ,  48 ,  49 ]. KDM1A positively 
regulates E2F1 gene expression, and also regulates its transcriptional activity by 
destabilizing the Rb regulator MYPT1 [ 43 ,  50 ]. PHF8 functions as a co-activator of 
E2F1 during G1-S transition by forming a complex with it, and upon recruitment to 
E2F1 target promoters, PHF8 removes the repressive H4K20me1 mark and conse-
quently activates expression of the target genes [ 51 ]. 

 Histone demethylase-mediated cell cycle control and proliferation is also found 
to channel through the p53-Rb axis [ 46 ,  48 ,  52 – 55 ] and senescence regulation (see 
below). In addition to transcriptional regulation, histone demethylase such as 
KDM4A directly regulates DNA replication by removing heterochromatin marks 
and increasing chromatin accessibility for replication machinery [ 56 ].  

15.1.2.2    Senescence 

 Senescence is a process of irreversible cell growth arrest important for preventing 
excessive proliferation and functions as a suppression mechanism of tumorigenesis 
[ 57 ,  58 ].  INK4b - ARF - INK4a  locus encodes p15 INK4B , p16 INK4A  and p14 ARF  proteins 
that sense stress signals and function as key regulators of senescence [ 59 ]. The 
 INK4b - ARF - INK4a  locus is normally silenced with H3K27 methylation by the 
polycomb complexes PRC1 and PRC2. When cells undergo senescence, the PRC 
complexes and H3K27me3 are lost from the locus, leading to expression of  INK4A , 
 INK4B  and  ARF  [ 60 ]. Studies on KDM2B revealed a double regulatory mechanism 
for senescence and cell proliferation. KDM2B regulates senescence in part, by 
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directly binding to the  INK4b - ARF - INK4a  locus and demethylating the locus- 
associated H3K36me2 and H3K4me3 which results in the suppression of  INK4a  
and  INK4b  [ 61 ,  62 ]. KDM2B also modulates the expression of H3K27 tri- 
methyltransferase EZH2 by negatively regulating tumor suppressor miRNAs let-7b 
and miR-101. KDM2B-mediated up-regulation of EZH2 increases the suppressive 
histone mark of H3K27me3 on  INK4b - ARF - INK4a  locus and further contributes to 
silencing. When primary mouse embryonic fi broblasts (MEFs) undergo senescence, 
the KDM2B-let7-EZH2 pathway presents a feed-forward mechanism to ensure 
senescence: KDM2B is down-regulated, leading to expression of let-7b and miR- 
101 which in turn, represses EZH2 expression [ 63 ]. The ability of KDM2B overex-
pression in promoting immortalization and sustained proliferation of both  wild type  
and  INK4a - ARF  null MEFs suggests its important roles in tumor initiation and 
development. 

 Rb and p53 tumor suppressors also play essential roles in senescence. They 
induce senescence by regulating the expression of CDK inhibitor p21, and forma-
tion of heterochromatin on E2F-responsive promoters [ 10 ,  64 ]. During senescence, 
global changes in histone modifi cations include increase of transcriptional silencing 
marks H3K9me3, H3K27me3 and H4K20me3; and loss of active histone mark 
H3K4me3/me2 [ 64 ]. As suggested above, overexpression of demethylases that are 
involved in the Rb-p53-p21 pathway, or in removing the transcriptional silencing 
marks globally or loci-specifi c, may contribute to the loss of the tumor-suppressing 
senescence mechanism.  

15.1.2.3    Hypoxia 

 Hypoxia is a stage when a cellular demand of oxygen for metabolism exceeds the 
local blood supply. It occurs in tumor tissues where cell proliferation outgrows 
angiogenesis, resulting in local low concentration of oxygen in the high-cell dense 
regions of tumors. Tumor hypoxia has been reported to associate with poor progno-
sis and with resistance to radiotherapy and chemotherapy. Therefore understanding 
the survival mechanisms of tumor cells under hypoxic conditions is of signifi cant 
importance in the design of therapeutic strategy. Hypoxia-induced transcription fac-
tor (HIF) complexes, consisting of  α - (HIF-1 α , HIF-2 α  or HIF-3 α ) and  β - subunits, 
are the predominant hypoxia-responsive regulators that modulate adaptive gene 
expression aiming at restoring cellular oxygen homeostasis. Recent studies suggest 
cooperative actions between epigenetic regulators and HIF in response to hypoxia. 
These regulators include enzymes involved in DNA methylation, chromatin remod-
eling and histone modifi cations at the HIF promoter regions. Under hypoxic condi-
tions, global levels of H3K4me3 and H3K9me2 have been demonstrated to be 
increased, whereas H3K27me3 level decreases [ 65 ,  66 ]. It is speculated that these 
chromatin modifi cation signatures indicate fl exible access of other chromatin modi-
fi ers and transcriptional regulators to promoters, in turn facilitating reprogramming 
of gene expression under transient hypoxia-reoxygenation conditions that often 
occur in tumor [ 65 ]. Several JmjC histone demethylases such as KDM3A, KDM4B, 

15 Histone Demethylases in Prostate Cancer



382

KDM4C, KDM5A and KDM5B are found to be activated in the HIF signaling 
 pathway during hypoxic conditions [ 67 – 70 ]. The importance of hypoxia-induced 
histone demethylases is best illustrated by KDM3A (JMJD1A/JHDM2A). Upon 
induction under hypoxia, KDM3A is recruited to HIF target genes, and by removing 
the repressive H3K9me2 marks, KDM3A facilitates hypoxic gene expression such 
as adrenomedullin (ADM), differentiation factor 15 (GDF15), and GLUT3 
(SLC2A3) [ 67 ,  71 ]. Mimura et al. further demonstrated that the recruitment of 
KDM3A to the GLUT3 promoter depends on physical interaction between KDM3A 
and HIF1 [ 71 ]. In addition to HIF, other transcription factors such as NF κ B, CREB 
and EGR-1 are involved in hypoxia responses [ 72 – 74 ]. Given that many non- histone 
proteins including NF κ B are found to be methylated, the roles of lysine demethyl-
ases in hypoxia may be broader than previously thought. Indeed, KDM2A is found 
to demethylate NF κ B [ 75 ] and affects its transcriptional potential.    

15.2     Inhibitors of Histone Demethylases 

 Given the strong implications of KDMs in cancer, small molecule inhibitors target-
ing their enzyme activities are being actively investigated in recent years (Table  15.3 ). 
Among them, inhibitors for KDM1A are the most extensively pursued; 12 such 
inhibitors (Compound 1 to 12) are listed in Table  15.3 . KDM1A belongs to a super-
family of FAD-containing amine oxidases and the developed inhibitors include sub-
strate analogues, MAO (monoamine oxidase) inhibitor analogues and polyamine 
analogues. Culhane et al. fi rst reported compound 1 as a suicide inhibitor of KDM1A 
through substitution of lysine4 in H3 [ 76 ]. Through coupling of compound 1 with 
FAD, the mechanism of KDM1A demethylation was revealed ([ 77 ,  78 ], compound 
2). The prototype of amino oxidases is the antidepressant MAO, based on which 
several inhibitors have been developed. Analogues of MAO inhibitors such as trans-
2- phenylcyclopropylamine (compound 3-8) were shown to be effective in inhibiting 
KDM1A [ 79 – 85 ]. Another class of KDM1A inhibitors is polyamine analogues 
(compound 9-11) [ 86 – 88 ], inhibition of KDM1A in colon cancer cell by this class 
of compounds resulted in reexpression of aberrantly silenced genes [ 86 ,  87 ]. 
Compound 12, a new KDM1A inhibitor, was found to selectively target cancer cells 
with pluripotent stem cell properties [ 89 ]. Although these inhibitors are very useful 
in exploring the structure and biological function of KDM1A, their IC50s for cell 
killing are in the range of micromolar to millimolar, too high to be appropriate for 
clinical trials and hence further optimization is needed.

   Other KDMs are JmjC containing demethylases, which are α-ketoglutarate 
dependent oxygenases. The design of most inhibitors is based on the scaffold of this 
cofactor. Compound 13, a NOG (N-oxalylglycine) analogue, was identifi ed as a 
KDM4A inhibitor with IC50 of 3 mM. This compound is not cell permeable and 
methylation of the two hydroxyl groups is required for cell penetration [ 90 ]. Other 
KDM inhibitors include hydroxamate analogs, pyridine dicarboxylates and bipyridil 
compounds. Hamada et al. identifi ed a series of hydroxamate analogues as KDM4A 
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    Table 15.3    Histone demethylase inhibitors   

 Compound  Inhibitor structure 
 Targeted 
KDMs 

 IC 50  
(µM)  References 

 1 

      

 KDM1A  Suicide  [ 76 ] 

 2 

      

 KDM1A  Suicide  [ 77 ,  78 ] 

 3 

      

 KDM1A  2  [ 79 ,  80 ] 

 4 

      

 KDM1A  ~250  [ 81 ] 

 5 

      

 KDM1A  1.9  [ 82 ] 

 6 

      

 KDM1A  1.3  [ 83 ] 

 7 

      

 KDM1A  1.0  [ 84 ] 

 8 

      

 KDM1A  1.6  [ 85 ] 

(continued)
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 Compound  Inhibitor structure 
 Targeted 
KDMs 

 IC 50  
(µM)  References 

  9 

      

 KDM1A  2.5  [ 86 ] 

 10 
      

 KDM1A  ~10  [ 87 ] 

 11 

      

 KDM1A  17.1  [ 88 ] 

 12 

      

 KDM1A  10.5  [ 89 ] 

 13 

      

 KDM4A  3,000  [ 90 ] 

 14 

      

 KDM4A  2.0  [ 91 ] 
 KDM4C  1.3 

 15 

      

 KDM4E  0.11  [ 92 ] 

 16 

      

 KDM4A  1.7  [ 93 ] 
 KDM4E  2.4 

 17 

      

 KDM7A  3.4  [ 94 ] 

 18 

      

 KDM5B  3  [ 93 ,  95 ] 
 KDM4A  0.6 
 KDM4E  1.4 

 19 

      

 KDM4C  13.7  [ 96 ] 
 KDM6A  5.5 

 20 

      

 KDM6B  0.06  [ 97 ] 

Table 15.3 (continued)
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and KDM4C inhibitors in low micromole range ([ 91 ], compound 14), whereas 
3-substituted pyridine 2,4-dicarboxylate was found to be a potent inhibitor of 
KDM4E ([ 92 ], compound 15). Through high-throughput screening, 
8- hydroxyquinolines were identifi ed as cell-active KDM4A and KDM4E inhibitors 
([ 93 ], compound 16). Compound 17, a diazepin-quinazoline-amine derivative, selec-
tively inhibits KDM7A ([ 94 ]). Interestingly, 2,4-pyridine-dicarboxylic acid (com-
pound 18) was found to be an active inhibitor of KDM4A, KDM4E and KDM5A, 
indicating substrate similarities of these KDMs [ 93 ,  95 ]. Recently, catechols were 
reported to be active KDM4C and KDM6A inhibitors ([ 96 ], compound 19). The 
IC50s of most of these inhibitors are in millimolar or micromolar range, Kruidenier 
et al. identifi ed compound 20 as a selective KDM6B inhibitor in nanomolar range. 
Interestingly, this inhibitor modulates the proinfl ammatory macrophage response 
([ 97 ], compound 20). Although these inhibitors showed variable activities against 
purifi ed KDMs, none of these inhibitors inhibit cancer cell growth below micromole 
range and none has reached clinical trials. Given the important function of KDMs in 
cancer, development of more potent KDM inhibitors is highly desirable.  

15.3     Histone Lysine Demethylases in Prostate Cancer 

 Using the Oncomine database, we performed a comparison of several prostate can-
cer studies to identify histone demethylases that are differentially expressed in nor-
mal and tumor samples (Fig.  15.1 ). Our analysis agrees well with those reported in 
the literature (Table  15.2 ), and can serve as a future guide for developing demethyl-
ase-targeted therapies. The mechanisms regarding how the demethylases serve as 
progression factors in prostate cancer are being actively investigated, and below is a 
summary of the most relevant signaling pathways targeted by histone lysine 
demethylases.

15.3.1       Targeting Androgen Signaling 

 Androgen/androgen receptor (AR) signaling is essential for early stage of prostate 
cancer cell growth and survival, which can be managed by anti-androgen hormone 
therapy. At a later stage, the majority of the tumors are transitioned into hormone- 
independent or castration-resistant state (CRPC), for which there is thus far no 
effective cure. Although most of the CRPCs no longer depend on the external 
androgen for growth and survival, the AR activity which is often aberrantly acti-
vated is still required. Several histone demethylases overexpressed in prostate can-
cer (Table  15.2 ) contribute to the aberrant activation of AR and AR associated 
signaling. This is understandable, as nuclear hormone receptors such as AR are 
known to form complex with “co-activators” to exert their transcriptional function; 
these coactivators are often histone-modifying enzymes and chromatin remodeling 
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proteins, to which histone demethylases belong. Their general functions are to gen-
erate an open chromatin conformation allowing RNA polymerase and transcrip-
tional complex to engage and to transcribe the target gene. Aberrantly expressed 
histone methylases thus can cause aberrant activation of AR. 

 At least seven histone lysine demethylases are found to promote AR transcrip-
tional activity: KDM1A, KDM3A, KDM4A, KDM4C, KDM4D, KDM5B and 
KDM8. KDM1A was originally described as a specifi c “eraser” of the active his-
tone mark, H3K4me2/me1, and thus, functions as a transcriptional repressor. 
Interestingly, when it complexes with AR, and after H3T6 is phosphorylated by 
PKCβ1, KDM1A switches its demethylation specifi city from H3K4me2/me1 to the 

  Fig. 15.1    Expression of histone demethylases that are differentially expressed in prostate cancer 
versus normal tissues are compared among 16 independent studies from Oncomine databases. In 
each dataset, the expression data was either based upon mRNA or DNA copy number analysis.  Left 
panel  shows the top 11 histone demethylase (half of total demethylases with substrates identifi ed) 
that are gained/overexpressed in prostate tumors compared to that in normal tissue;  right panel  
illustrates those that are loss/underexpressed in tumor. As described in Oncomine Differential 
Expression Analyses, each gene in each individual dataset is ranked to indicate its statistical sig-
nifi cance of over- or under-expression. The ranking percentile of each demethylase relative to the 
ranks of all other genes in individual dataset is indicated with different color gradient: top 1 % of 
the ranks are shown with the darkest color ( red , overexpression;  blue , underexpression), the lower 
the ranking percentile, the lighter the color to be indicated. Briefl y, the demethylases that are 
shown to be present with higher ranks ( darker color ) in more datasets suggests a higher probability 
of them being overexpressed or underexpressed in prostate tumors       
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repressive histone mark H3K9me2/me1 [ 98 ,  99 ], thereby enhancing AR activity on 
the target genes. Inhibition or silencing of KDM1A results in reduced androgen- 
dependent proliferation and PSA (an AR target gene) transcription [ 98 ,  100 ]. These 
fi ndings suggest that KDM1A functions as a coactivator for AR, and plays an 
important role in prostate cancer. Indeed, KDM1A is up-regulated in prostate tumor 
tissues, and overexpression of which is associated with higher relapse risk [ 100 ]. 
Wissmann et al. later identifi ed a single complex consisting of KDM1A, KDM4C 
and AR, and reported KDM4C also as an AR coactivator. KDM4C and KDM1A 
bind to androgen responsive elements (ARE) located at promoter and enhancer of 
AR target genes, and upon hormone stimulation, they cooperatively remove the 
repressive tri-, di- and mono-methylated H3K9 marks [ 101 ]. This cooperation 
action synergistically enhances AR transcriptional activity on PSA enhancer. It is 
worth noting that different to the scenario of KDM1A-mediated estrogen receptor 
(ER) coactivation, where recruitment of KDM1A to ER target genes is ligand- 
dependent [ 102 ], chromatin binding of KDM1A and KDM4C to AR targets occurs 
in the absence of androgen treatment, while their demethylation activity on H3K9 
depends on androgen signaling. KDM3A by contrast, displays hormone-dependent 
interaction with AR as well as chromatin recruitment to AREs [ 103 ]. Binding of 
KDM3A in turn, catalyzes loci specifi c demethylation of mono- and di-methylated 
H3K9. Similar to KDM1A, KDM3A and KDM4C are essential for hormone- 
induction of AR targets and hormone-dependent proliferation [ 101 ,  103 ]. Given 
their overexpession in prostate tumors and contributing to AR activation [ 12 ,  104 ], 
KDM3A and KDM4C are potential therapeutic targets for prostate cancer. 

 As exemplifi ed by the analysis of AR and ER, recent studies have suggested that 
removal of the repressive H3K9 methylation marks at the promoter of target genes 
is crucial for nuclear receptor-mediated gene expression [ 105 ]. Aside from the 
KDM1A-KDM4C complex, H3K9me3/me2 demethylases KDM4A and KDM4D 
are also shown to interact with AR, and their overexpression enhance AR activity on 
the PSA enhancer [ 106 ]. Surprisingly, KDM5B (JARID1B) that demethylates the 
active histone mark H3K4me3/me2, is found to be overexpressed in prostate cancer 
and also serves as a coactivator for AR [ 104 ,  107 ]. While the detailed mechanism 
associated with KDM5B being an AR coactivator is not clear, at least two possibili-
ties can be considered. First, as has been reported in different contexts [ 108 ,  109 ], 
H3K4me3/me2 may function as a repressive mark in a loci-specifi c way, and 
demethylation by KDM5B would activate AR target gene transcription. Second, 
similar to the case of KDM1A discussed above, association with AR could alter 
KDM5B’s substrate specifi city. The fact that KDM5B is signifi cantly overexpressed 
in metastatic prostate cancer cells [ 107 ] indicates that the KDM5B-mediated AR 
activation is likely to bypass the androgen requirement, and KDM5B could serve as 
a potential target for late stage therapeutics. Our unpublished data showed that sev-
eral other histone demethylases also interact with AR. We found, for instance, 
KDM8 (JMJD5), a H3K36me2 demethylase [ 42 ,  46 ], is overexpressed in high- 
grade prostate cancer and forms a complex with KDM4A and AR on chromatin. 
Ectopic expression of KDM8 and KDM4A synergistically enhanced AR activity 
with concomitant decrease of H3K36me2 at the target promoter. Because KDM4A 
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is also capable of catalyzing demethylation on H3K36me3/me2 [ 110 ,  111 ], the 
combination of KDM8 and KDM4A is expected to potently demethylate both 
H3K36me3/me2 and H3K9me3, allowing effective H3 acetylation. In addition to 
KDM8, we also identifi ed interactions between KDM1B, KDM2A, KDM4B, 
KDM5A, KDM5D and AR. The data taken together suggest that histone demethyl-
ases either singly or in combination can serve as coactivator of AR to change the 
chromatin landscape of the AR target genes, thereby augmenting the transcription. 

 Finally, in addition to changing the local chromatin structure for AR target genes, 
histone demethylases are found to directly regulate AR. For instance, KDM1A is 
recruited by AR to an intronic enhancer of AR locus and represses AR expression 
via the removal of H3K4me3 mark [ 112 ]. Unlike the situation in PSA promoter, 
KDM1A in this case is not complexed with KDM4C and serves as a transcriptional 
repressor. This autoregulation takes place only when there is abundant androgen 
and acts as a feedback mechanism to shut off androgen signal. Under androgen- 
depleted conditions as in the case of CRPC, AR expression is usually increased. The 
discussion above indicates that histone demethylases, like histone acetylases and 
deacetylases, are partners of AR, and may play signifi cant role in the dysregulation 
of AR activity during transition to hormone refractory prostate cancer. What dis-
cussed above is almost certainly only the tip of iceberg. More histone demethylases 
which directly or indirectly affect androgen receptor signaling are likely to be 
uncovered in the coming years.  

15.3.2     Targeting Other Oncogenic Signals 

 KDM5C (SMCX/JARID1C) is a H3K4me3/me2 demethylase also found to be 
overexpressed in prostate cancer. KDM5C physically interacts with TGFβ- 
downstream transcription factor Smad3, and overexpression of which inhibits 
Smad3 activity independently of its demethylase activity [ 113 ]. Since TGFβ sig-
naling acts as a tumor suppressive pathway in early prostate cancer [ 114 ], antago-
nizing the TGFβ-Smad3 pathway by KDM5C may therefore promote prostate 
tumor initiation. Another strongly overexpressed demethylase observed in clinical 
prostate cancer samples is PHF8, whose expression is correlated with high Gleason 
grade and poor prognosis [ 104 ]. PHF8 can demethylate multiple substrates includ-
ing H3K9me2/me1, H3K27me2 and H4K20me1. Although the mechanism 
remains unclear, knockdown of PHF8 inhibits proliferation, migration and inva-
sion ability of prostate cancer cells, indicating PHF8 as a potent oncogene for 
prostate cancer [ 104 ]. 

 While a number of demethylases seem to exhibit oncogenic potential, KDM2A 
was found to be underexpressed in prostate cancer and functions as a tumor sup-
pressor. Frescas et al. showed that KDM2A is required to maintain the centromeric 
heterochromatin state and also sustain genomic integrity. Underexpression of 
KDM2A in prostate cancer may thus cause genomic instability, contributing to cel-
lular transformation [ 13 ].  
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15.3.3     Histone Methylation as Biomarkers for CRPC 

 Seligson et al. fi rst reported that global levels of histone modifi cation can be used to 
predict clinical outcome of prostate cancer patients with low Gleason grade [ 115 ]. 
Elevated H3K4me3 and H3K27me3, and reduced level of H3K9me2 in prostate 
tumor tissue are found to associate with poor prognosis [ 7 ,  116 ,  117 ]. While 
H3K4me1, H3K4me2 and H3K4me3 levels are signifi cantly increased in CRPC, 
higher level of H3K4me1 is more likely to develop recurrence [ 118 ]. One of the 
mechanisms underlying the altered histone methylation-associated malignancy and 
prostate tumor recurrence is AR -mediated activation of proto-oncogenes and 
repression of tumor suppressors. Genome-wide analysis revealed that in CRPC 
cells, H3K4me1 and H3K4me2 are selectively enriched at enhancers of oncogenes 
such as  UBE2C  and  CDK1 , facilitating recruitment of AR for their transcription. 
Up-regulation of these cell cycle genes in turn, promotes growth of CRPC cells 
[ 119 ]. Similarly, increased H3K4me3 in prostate cancer cell correlates with the 
expression of oncogenes including  FGFR1 ,  BCL2  and  HOXC5 [ 120 ]. By contrast, 
H3K27me3 mark is enriched at the promoters of tumor suppressor genes, leading to 
their silencing in metastatic prostate cancer cell [ 121 ]. Together, emerging studies 
have suggested that histone modifi cations can serve as prognostic markers to predict 
outcome of prostate cancer. The intervention potential of the possible demethylases 
and methyltransferases that are responsible for the altered histone methylation is 
worthy of further consideration.   

15.4     Concluding Remarks 

 In the past 8 years since the discovery of the fi rst histone demethylase, KDM1A, 
extraordinary progress has been made in understanding their modes of action on 
histones and their connections to epigenetic regulation of carcinogenesis. Epigenetic 
regulation of cancer is important not only during transformation and metastasis pro-
cesses, but also during therapeutic resistance. As master programmers of epigenetic 
regulation, histone demethylases are potential targets for intervention. Attentions to 
this group of genes, especially on understanding of their up- and down-stream sig-
nal pathways will only increase in the coming years. A few comments on the future 
direction of these research activities are provided here. First, the early literatures on 
histone demethylases have mostly focused on their actions on histone. Yet, we now 
know that KDMs may have other cellular substrates whose demethylation fuel the 
carcinogenesis processes. Identifi cation of non-histone substrates of KDMs will be 
important to fully appreciate KDMs’ modes of action. Second, as exemplifi ed by 
KDM5C, KDMs may exert their function in a demethylation-independent manner. 
Hence, small molecules targeting the enzymatic activity may not work in this case. 
Third, paradoxically, in some cancers, KDMs and their counteracting  histone meth-
ylases can both be overexpressed and serve as progression factors (e.g., KDM8 and 
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NSD2). This suggests that it is not the global level of the particular histone marks, 
but rather the loci-specifi c epigenetic landscape which determines the fi nal out-
come. This makes the measurement of therapeutic responses more challenging. The 
development of histone demethylase inhibitors is still at very early stage; however 
several promising leads have already surfaced (e.g., KDM1A for prostate cancer). 
Given the wide range of activities and biological outcomes of histone demethylases, 
one can envision a tremendous surge of research activities in the related areas with 
an intensity which may rival those for tyrosine kinases.     
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