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Abstract

JMJD1A (also called KDM3A) belongs to the JmjC family of histone demethylases. It specifically 

removes the repressive mono- or di-methyl marks from H3K9 and thus contributes to the 

activation of gene transcription. JMJD1A plays a key role in a variety of biological processes such 

as spermatogenesis, metabolism, sex determination and stem cell activity. JMJD1A is upregulated 

in various types of cancers, and can promote cancer development, progression and therapeutic 

resistance. JMJD1A can epigenetically regulate the expression or activity of transcription factors 

such as c-Myc, AR, ER, β-catenin, et al. Expression and activity of JMJD1A in cancer cells can be 

regulated at transcriptional, post-transcriptional and post-translational levels. Targeting JMJD1A 

may repress the oncogenic transcription factors as a potential anti-cancer therapy.
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Introduction

Methylation of histone H3 at lysine 9 (H3K9me) is a repressive histone mark associated 

with gene silencing or transcriptional repression. H3K9 methylation can occur as mono-

methylation (me1), di-methylation (me2) or tri-methylation (me3). H3K9 methylation can 

be removed by several histone demethylases, among which is JMJD1A that selectively 

demethylates mono- and dimethylated H3K9 (H3K9me1/2)1. JMJD1A, also called 

lysine demethylase 3A (KDM3A), belongs to the Jumonji C (JmjC) family of histone 

demethylases, which are the Fe(II) and α-ketoglutarate (KG)-dependent dioxygenases and 

characterized by a catalytic JmjC domain. JMJD1A can promote expression or activity 

of several transcription factors via H3K9 demethylation, thereby regulating a variety of 

biological processes such as spermatogenesis, metabolism, sex determination and stem cell 

activity2–5. JMJD1A expression is upregulated in many malignancies such as sarcoma, 

neuroblastoma, and cancers in breast, cervix, lung, kidney, liver, stomach and colon6–12. We 

found that JMJD1A was highly upregulated in aggressive prostate cancer, and promoted 
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prostate cancer progression and therapeutic resistance13–17. Here, we will review the 

mechanisms of JMJD1A and its regulation in prostate cancer as well as other cancer types.

1. JMJD1A in prostate cancer

The androgen receptor (AR) regulates gene expression promoting PCa cell proliferation 

and survival. Thus, androgen deprivation therapy (ADT), which suppresses AR activity, 

is the first-line treatment for metastatic prostate cancer. Despite initial clinical remission 

after ADT, disease invariably re-occurs in 2–3 years and progresses to a lethal stage called 

Castration-Resistant Prostate Cancer (CRPC). The major driver of CRPC is re-activation of 

AR transcriptional activity via multiple mechanisms, such as AR overexpression/mutation/

splicing, overexpression of AR co-factors, and intratumoral androgen biosynthesis18. 

Second-generation AR pathway inhibitors (enzalutamide and abiraterone) were developed 

to repress AR signaling and treat CRPC. These treatments extend survival, but CRPC 

eventually becomes drug-resistant, driven by reactivated AR signaling19. We found that 

JMJD1A was highly upregulated in CRPC relative to primary prostate cancer in a tissue 

microarray (TMA)20. JMJD1A was also upregulated in the enzalutamide-resistant prostate 

cancer cells, and knockdown of JMJD1A re-sensitized the resistant cells to enzalutamide20. 

On the contrary, ectopic overexpression of JMJD1A in the androgen-sensitive prostate 

cancer cells conferred resistance to enzalutamide20. These results support a key role for 

JMJD1A in CRPC progression and enzalutamide resistance. The profiling array studies 

on the JMJD1A-knockdown prostate cancer cells revealed AR and c-Myc as the top 

transcription factors in the JMJD1A-dependent gene expression, indicating that JMJD1A 

is a key regulator of AR and c-Myc in prostate cancer cells14,15.

1.1 JMJD1A regulation of AR in prostate cancer cells

AR belongs to the nuclear receptor superfamily. It consists of an N-terminal transactivation 

domain, a DNA binding domain, a hinge region, and a C-terminal ligand-binding domain. 

In the absence of ligand, AR is sequestered in the cytoplasm by a chaperone complex. 

Upon ligand binding, AR changes conformation, dissociates from the chaperone complex, 

and translocates into nucleus to regulate gene expression. JMJD1A harbors a LXXLL 

motif, which can interact with the ligand-binding domain of AR1. JMJD1A-AR interaction 

promotes the AR chromatin binding through H3K9 demethylation of example AR target 

genes1,14,15. In our ChIP-seq studies, androgen response element (ARE) is one of the top 

transcription motifs enriched in the JMJD1A peaks. JMJD1A knockdown reduced the AR 

ChIP-seq signals with the concomitant increase of H3K9me2 signals on the AR-binding 

sites (ABSs)15. Thus, the ChIP-seq studies confirm that JMJD1A enhances the global AR 

chromatin binding by removing the repressive H3K9 methylation marks from the AR target 

genes. Furthermore, we found that JMJD1A could promote the generation of AR splicing 

variant-7 (AR-V7), an additional mechanism for JMJD1A in regulation of AR activity. 

AR-V7 is generated by alternative splicing using a cryptic exon3b located in the intron 

3 of AR gene. AR-V7 lacks the ligand-binding domain and is thus constitutively active 

in the absence of ligand. Formation of AR-V7 is one of key mechanisms in resistance 

of prostate cancer to the AR-targeted therapy. We found that JMJD1A interacted with 

the splicing factor HNRNPF, and JMJD1A-HNRNPF interaction promoted the binding of 
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HNRNPF to a triple G motif in the exon3b16. HNRNPF, in turn, recruited the splicing 

machinery to the exon 3b for the splicing and generation of AR-V7. The H3K9 demethylase 

activity of JMJD1A was not required for the generation of AR-V7. Thus, JMJD1A regulates 

AR chromatin binding and AR-V7 splicing dependent on and independent of its H3K9 

demethylase activity, respectively.

1.2 JMJD1A regulation of c-Myc in prostate cancer

c-Myc is a key oncogenic transcription factor for many cancer types including prostate 

cancer. Knockdown of JMJD1A reduced the c-Myc levels in both AR-positive and AR-

negative prostate cancer cells; JMJD1A staining was positively correlated with c-Myc 

staining in a human prostate cancer TMA14. These results indicate a key role for JMJD1A 

in promoting the expression of c-Myc in prostate cancer. We found that JMJD1A can 

use three mechanisms to regulate c-Myc levels and activities in prostate cancer cells. 

(1) JMJD1A can induce H3K9 demethylation on a c-Myc gene enhancer to promote 

the transcription of c-Myc mRNA14. (2) JMJD1A can interact with HUWE1, one of 

E3 ubiquitin ligases known to target the ubiquitination-mediated degradation of c-Myc14. 

JMJD1A-HUWE1 interaction attenuates the HUWE1/c-Myc interaction, thereby inhibiting 

the HUWE1-mediated degradation of c-Myc and enhancing the c-Myc protein stability. 

(3) JMJD1A can interact with c-Myc, function as a c-Myc coactivator and promote the 

chromatin recruitment of c-Myc through H3K9 demethylation17. Consistent with the key 

role of c-Myc in cell proliferation, knockdown of JMJD1A reduced the level of c-Myc and 

inhibited the proliferation of prostate cancer cells in vitro or in xenograft models, whereas 

re-expression of c-Myc in the JMJD1A-knockdown cells partly rescued the proliferation 

defect14. In addition, we found that JMJD1A promoted expression of several DNA repair 

factors (e.g., NBS1, BARD1, DNA-PK, et al) via c-Myc. Thus, the JMJD1A regulation 

of c-Myc can promote the double-stand break repair after genotoxic stress, and confer the 

resistance of prostate cancer cells to X-ray irradiation or PARP inhibitor treatment17,21.

2. Transcription factors regulated by JMJD1A in other cancer types

In breast cancer cells, JMJD1A can function as a co-activator for estrogen receptor (ER), 

and promote the chromatin recruitment of ER through H3K9 demethylation22. Hormone 

therapy with the ER modulator tamoxifen is an effective treatment for the ER-positive 

breast cancer, but resistance to the tamoxifen invariably occurs. Consistent with the JMJD1A 

regulation of ER, knockdown of JMJD1A reduced the expression of ER target genes and 

inhibited the proliferation of tamoxifen-resistant breast cancer cells. Moreover, JMJD1A 

was found to upregulate the expression of c-Myc through H3K9 demethylation, and this 

could promote transformation of human primary mammary cells upon the transduction 

with Large T antigen, TERT, and RAS (V12)23. Thus, similar to the JMJD1A regulation 

of AR and c-Myc in prostate cancer, JMJD1A can regulate ER and c-Myc in breast 

cancer to promote tumor progression and hormone therapy resistance. In addition to H3K9 

demethylation, JMJD1A can also induce the demethylation of non-histone proteins. For 

example, in breast cancer cells, JMJD1A can demethylate tumor suppressor p53 at K372 

to inhibit p53 activity for the expression of pro-apoptotic genes such as PUMA, NOXA or 
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BAX6. Thus, knockdown of JMJD1A in breast cancer cells can enhance the apoptosis in 

response to chemotherapeutic drugs6.

In colorectal cancer cells, JMJD1A can upregulate the expression of β-catenin and 

function as a coactivator for β-catenin to promote the Wnt signaling and colorectal 

tumorigenesis24,25. Importantly, JMJD1A can upregulate the expression of c-Myc, a well-

established β-catenin target gene, in colorectal cancer cells24. On the other hand, JMJD1A-

mediated regulation of β-catenin can upregulate the expression of P-glycoproteins (P-gp) 

and programmed cell death-ligand 1 (PD-L1), thereby conferring multidrug resistance 

and T cell dysfunction/exhaustion in colon cancer26. Thus, targeting JMJD1A can 

significantly enhance doxorubicin (DOX)-induced immune-stimulatory immunogenic cell 

death. Moreover, JMJD1A can upregulate expression of YAP1, which is a coactivator for 

transcription factor TEAD, through H3K9 demethylation of YAP1 gene promoter; JMJD1A 

also promote the recruitment of TEAD1 to the hippo target genes27. Thus, by upregulating 

YAP1 expression and increasing the chromatin recruitment of TEAD1, JMJD1A can activate 

the hippo signaling to promote the colorectal tumorigenesis. Finally, JMJD1A can also 

function as a coactivator for ETS transcription factor ETV1 to promote the colorectal 

tumorigenesis28.

In Hela cells derived from cervical cancer, JMJD1A can function as a coactivator for 

STAT3 and promote the recruitment of STAT3 to the c-Myc gene promoter through 

H3K9 demethylation. Thus, JMJD1A can promote the JAK2-STAT3 signaling to promote 

proliferation and motility of Hela cells29. As noted above, JMJD1A can regulate expression 

and/or activity of c-Myc in prostate, breast, colorectal and cervical cancer. These results 

support c-Myc as a key downstream effector in the JMJD1A-dependent tumorigenesis of 

multiple cancer types.

HIF-1α is a master transcription factor for gene expression under hypoxia, a common 

feature of solid tumors. HIF-1α can transcriptionally upregulate the expression of JMJD1A 

mRNA in various cell types under hypoxia30–33. In bladder cancer cells, JMJD1A was 

reported to interact with HIF-1α and promote the expression of select HIF targets (such as 

those involved in glucose metabolism) through H3K9 demethylation34. Thus, JMJD1A can 

promote glycolysis metabolism and bladder cancer progression.

3. Regulation of JMJD1A in prostate cancer

Several mechanisms have been identified to regulate the activity of JMJD1A in cancers. We 

found that JMJD1A interacted with two ubiquitin ligases in prostate cancer, HUWE1 and 

STUB1. HUWE1 induced the K27/K29-linked non-canonical ubiquitination of JMJD1A at 

K91817. This non-canonical ubiquitination has no effect on the JMJD1A protein levels, but 

can recruit p300 to promote expression of select c-Myc target genes. Inhibition of this non-

canonical ubiquitination of JMJDA lowered the expression of DNA repair factors, inhibited 

DNA double-strand break repair and sensitized the response of prostate cancer cells to 

irradiation, etoposide or PAR inhibitors17. On the contrary, STUB1 can induce the canonical 

ubiquitination and degradation of JMJD1A20. JMJD1A protein is upregulated in CRPC 

relative to primary prostate cancer, whereas JMJD1A mRNA shows no changes between 
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CPRC and primary prostate cancer in the TCGA prostate cancer dataset. Interestingly, 

STUB1 proteins levels were lower in CRPC than primary prostate cancer, supporting that 

downregulation of STUB1 level may contribute to upregulation of JMJD1A protein in 

CRPC. We also found that acetyltransferase p300 induced the acetylation of JMJD1A 

at K421, a modification that recruited the bromodomain family member BRD4 to block 

JMJD1A-STUB1 interaction and thus inhibit JMJD1A degradation. Acetylation-mediated 

JMJD1A-BRD4 interaction also promoted the recruitment of acetylated JMJD1A to AR 

targets. Furthermore, enzalutamide-resistant prostate cancer cell showed the increased 

level of both total and K421-acetylated JMJD1A, supporting the relevance of acetylation-

mediated upregulation of JMJD1A in enzalutamide resistance. Although selective JMJD1A 

inhibitors are not yet available, we found that p300 inhibitor that inhibits JMJD1A 

acetylation or BET inhibitor that blocks JMJD1A-BRD4 interaction can be used to 

destabilize JMJD1A and inhibit the proliferation of enzalutamide-resistant prostate cancer 

cells20. These results suggest that JMJD1A acetylation at K421 may serve as target for 

potential CRPC therapy.

4. Regulation of JMJD1A in other cancer types

JMJD1A expression or activity is also regulated in other cancer types. (1) Transcriptional 

regulation of JMJD1A. HIF-1α can bind to the JMJD1A promoter and transcriptionally 

upregulate the transcription of JMJD1A mRNA in various cancer cells under hypoxia30–33. 

JMJD1A facilitates the expression of a subset of hypoxia-induced genes, to promote 

tumor progression33,35–37. (2) Phosphorylation of JMJD1A. For example, ACK1 can 

phosphorylate tyrosine 1114 located in the JmjC domain of JMJD1A to promote ER activity 

in breast cancer cells38. JAK2 can induce tyrosine phosphorylation of JMJD1A at residue 

1101 to increase the demethylase activity of JMJD1A and co-activation of STAT3 in Hela 

cells29. Protein kinase A (PKA) can induce phosphorylation of JMJD1A at serine 265 

following DNA damage, and that phosphorylation regulates alternative splicing of cell-cycle 

genes in breast cancer cells39. (3) Alternative splicing of JMJD1A mRNA. Acetylation of 

PHF5A, a component of U2 snRNPs, was reported to reduce the retention of JMJD1A intron 

3 during the JMJD1A mRNA splicing, thereby leading to enhanced stability of JMJD1A 

mRNA in colorectal cancer40. (4) Regulation of JMJD1A by microRNAs (miRNAs). 

JMJD1A mRNA can be targeted and repressed by several tumor-suppressive miRNAs such 

as miR-627 in colorectal cancer cells41, miR-22 in Ewing Sarcoma cells42 and let-7c in 

non-small lung cancer cells (NSCLC)8.

Conclusion

JMJD1A plays a key role in driving progression and therapeutic resistance of several cancer 

types. JMJD1A regulates the expression or activity of several oncogenic transcription factors 

through its H3K9 demethylase activity. Thus, JMJD1A may serve as a promising target 

for potential anti-cancer therapy. Selective inhibitors targeting the demethylase activity of 

JMJD1A are not yet available43. More future efforts are needed to identify and develop 

the selective JMJD1A inhibitors targeting its demethylase activity. Further, JMJD1A can 

function independent of its demethylase activity (e.g., JMJD1A-HNRNPF interaction for 

alterative splicing of AR-V7 or JMJD1A-HUWE1 interaction in attenuating the HUWE1/c-
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Myc interaction). Proteolysis targeting chimera (PROTAC) may be a potential tool to induce 

JMJD1A degradation and thus inhibit both its catalytic-dependent and -independent function 

in cancer progression and therapeutic resistance.
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