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ABSTRACT
 Prostate cancer progression is shaped by dynamic interactions among lineage identity, androgen 
receptor signaling, chromatin organization, metabolic adaptation, and therapy-induced plasticity. 
HOXB13 is a prostate-enriched homeobox transcription factor classically recognized for its roles 
in prostate development, androgen receptor transcriptional regulation, and hereditary prostate 
cancer susceptibility. However, emerging evidence indicates that HOXB13 functions beyond 
lineage specification. HOXB13 organizes prostate-specific transcriptional programs, shapes 
androgen receptor cistromes, regulates AR-variant activity in castration-resistant prostate cancer, 
and controls chromatin-dependent metabolic gene expression. In advanced disease, HOXB13 
activity may be further reshaped by altered androgen receptor signaling, cofactor switching, 
mutation, and post-translational modifications, including acetylation and phosphorylation. 
These regulatory layers suggest that HOXB13 expression alone may be insufficient to define its 
function; rather, HOXB13 may exist in distinct post-translationally modified functional states that 
influence AR/luminal identity, lipid metabolism, glycolytic-hypoxic adaptation, lineage plasticity, 
and therapeutic vulnerability. In this review, we discuss HOXB13 as a lineage-restricted chromatin-
metabolic regulator in prostate cancer and highlight kinase-dependent regulation as an emerging 
area for future investigation.
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1. Introduction
    Prostate cancer is a lineage-dependent malignan-
cy in which tumor initiation, progression, and ther-
apeutic response are strongly influenced by androgen 
receptor signaling and prostate epithelial identity [1-
5]. Although recurrent genomic alterations such as 
PTEN loss, MYC amplification, ETS rearrangements, 
SPOP mutation, TP53 loss, RB1 loss, and AR ampli-
fication contribute to disease heterogeneity, lethal 
prostate cancer is also driven by transcriptional and 
epigenetic adaptation [6-13]. In many cases, progres-
sion to castration-resistant prostate cancer does not 
reflect complete independence from androgen recep-
tor signaling, but rather a reorganization of androgen 
receptor activity, chromatin accessibility, enhancer 
usage, and lineage transcriptional networks [7-15].
    Androgen deprivation therapy remains the ther-
apeutic backbone for advanced prostate cancer and 

is typically achieved through surgical castration or 
medical suppression of testicular androgen produc-
tion using luteinizing hormone-releasing hormone 
agonists or antagonists, often with antiandrogen 
therapy. Despite effective suppression of circulating 
testosterone, most patients with advanced recurrent 
disease eventually develop castration-resistant pros-
tate cancer. This transition is frequently accompanied 
by rising serum prostate-specific antigen, indicating 
that tumor growth often remains dependent on an-
drogen receptor signaling despite castrate androgen 
levels. Mechanistically, persistent androgen receptor 
activity in CRPC can arise through androgen recep-
tor overexpression or amplification, ligand-indepen-
dent androgen receptor activation, androgen receptor 
splice variants, altered androgen receptor chromatin 
binding, and increased intratumoral androgen syn-
thesis [16]. These observations provided the rationale 
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for developing next-generation androgen receptor 
pathway inhibitors that more effectively suppress an-
drogen receptor signaling. Enzalutamide, a potent 
androgen receptor inhibitor, significantly improved 
radiographic progression-free survival and overall 
survival in men with chemotherapy-naïve metastat-
ic CRPC in the phase III PREVAIL trial, supporting 
continued dependence on androgen receptor sig-
naling in a substantial subset of castration-resistant 
tumors [16]. Similarly, abiraterone acetate, which 
suppresses androgen biosynthesis through CYP17A1 
inhibition, further demonstrated that targeting resid-
ual androgen receptor pathway activity improves out-
comes in advanced prostate cancer [17, 18].
    However, tumors frequently escape androgen 
deprivation therapy and next-generation androgen 
receptor pathway inhibitors, including enzalutamide 
and abiraterone acetate, through multiple mecha-
nisms, including androgen receptor amplification, 
enhancer amplification, intratumoral androgen syn-
thesis, ligand-independent androgen receptor activa-
tion, expression of androgen receptor splice variants, 
and lineage plasticity. Some tumors remain androgen 
receptor-driven, whereas others acquire androgen re-
ceptor-indifferent, basal-like, stem-like, or neuroen-
docrine-like features. These transitions are accompa-
nied by extensive remodeling of chromatin state and 
cellular metabolism [7-15, 19-21]. 
    Metabolic reprogramming is now recognized as a 
critical feature of prostate cancer progression. Nor-
mal prostate epithelial cells have a specialized met-
abolic program characterized by zinc accumulation 
and citrate secretion. Malignant transformation 
disrupts this program and promotes mitochondrial 
activity, lipid synthesis, cholesterol metabolism, and 
biosynthetic growth [22-27]. During progression to 
castration resistance and therapy-refractory disease, 
prostate cancer cells may further adapt through al-
tered de novo lipogenesis, lipid droplet accumula-
tion, oxidative metabolism, glycolysis, hypoxia sig-
naling, mitochondrial rewiring, and stress-survival 
pathways [28-36]. These metabolic changes are not 
simply downstream consequences of oncogenic sig-
naling; they are also shaped by lineage transcription 
factors and chromatin regulators that determine 
which metabolic enhancers are accessible, acetylated, 
and transcriptionally active [37].
    HOXB13 is positioned at this intersection. HOXB13 
is a prostate-enriched homeobox transcription factor 
involved in prostate development, prostate epitheli-
al identity, androgen receptor transcriptional regu-

lation, and hereditary prostate cancer susceptibili-
ty [38-43]. Genome-wide studies have shown that 
HOXB13 cooperates with lineage-associated factors 
such as FOXA1 and GATA2 to shape androgen re-
ceptor chromatin binding and prostate-specific tran-
scriptional output. In castration-resistant disease, 
HOXB13 also regulates AR-V7 cistromes, suggesting 
that its influence extends beyond canonical ligand-de-
pendent androgen receptor signaling [44-49]. 
    Recent findings have expanded HOXB13 biology 
into metabolism. HOXB13 suppresses de novo lipo-
genesis through HDAC3-mediated epigenetic repres-
sion; loss of HOXB13 or the G84E mutation activates 
lipogenic programs, increases lipid accumulation, 
promotes motility, and enhances metastasis [50]. 
Additional studies suggest that loss of HOXB13-me-
diated repression may shift enhancer activity toward 
p300/CBP-dependent activation, creating targetable 
metabolic and metastatic vulnerabilities [51]. These 
observations support a model in which HOXB13 is 
not simply a lineage marker or androgen receptor co-
factor, but a chromatin-metabolic regulator that cou-
ples prostate identity to metabolic state.
    A further emerging concept is that HOXB13 func-
tion may be regulated by post-translational modifi-
cations. Acetylation of HOXB13 has been linked to 
super-enhancer-associated transcriptional programs 
in CRPC, and mTOR-mediated phosphorylation 
has been reported to regulate HOXB13 activity and 
oncogenic function [52, 53]. These findings suggest 
that HOXB13 output may be controlled by upstream 
signaling pathways. Because kinase signaling is fre-
quently altered in advanced prostate cancer, addi-
tional kinases, including PLK1, may be relevant to 
HOXB13 functional states. 
    This review proposes a unifying model: HOXB13 
functions as a context-dependent transcriptional 
scaffold that integrates androgen receptor signaling, 
enhancer regulation, epigenetic cofactors, metabolic 
programs, and signaling-dependent post-translation-
al control. Alteration of HOXB13 expression, muta-
tion status, stability, acetylation, phosphorylation, or 
cofactor interaction may shift prostate cancer cells 
between AR/luminal identity, lipogenic growth, gly-
colytic-hypoxic adaptation, and lineage-plastic states.

2. HOXB13 in Prostate Lineage Identity and 
Hereditary Prostate Cancer Risk
    HOXB13 belongs to the HOX family of homeobox 
transcription factors, which regulate developmental 
patterning, positional identity, and tissue differen-
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tiation  [38, 39]. In the prostate, HOXB13 is highly 
enriched and contributes to epithelial differentiation 
and prostate-restricted transcriptional programs. Its 
expression pattern has also made HOXB13 useful as 
a marker of prostatic origin, particularly in metastatic 
lesions where other prostate markers may be reduced 
[38, 42, 43].
    The clinical importance of HOXB13 was strength-
ened by the discovery of germline HOXB13 muta-
tions in hereditary prostate cancer. The G84E variant 
was identified in families with hereditary prostate 
cancer and is associated with increased prostate can-
cer risk, particularly in men of European ancestry 
[40-42]. Although HOXB13 mutations account for 
only a minority of prostate cancer cases, they pro-
vide direct genetic evidence that alteration of a pros-
tate-enriched transcription factor can influence dis-
ease susceptibility.
    HOXB13 function is also shaped by its interac-
tion with transcriptional cofactors. Brechka and col-

leagues highlighted that germline HOXB13 muta-
tions, particularly G84E, brought HOX signaling into 
focus as a clinically relevant pathway in hereditary 
prostate cancer. Beyond mutation status, they em-
phasized that HOX protein function depends heav-
ily on binding partners and cofactors that regulate 
DNA-binding specificity and transcriptional output. 
This concept is important for prostate cancer be-
cause HOXB13 does not act as an isolated transcrip-
tion factor. Rather, its biological effects are shaped 
by interactions with the androgen receptor, FOXA1, 
and other context-dependent chromatin regulatory 
proteins. Therefore, HOXB13 mutations or altered 
cofactor interactions may reshape prostate lineage 
transcription, chromatin organization, and disease 
progression [54].
    The importance of HOXB13-associated cofactors 
is further supported by studies of MEIS1 and MEIS2, 
two HOX-interacting proteins implicated in prostate 
cancer progression. Bhanvadia and colleagues re-

Figure 1. HOXB13-centered regulatory networks in prostate cancer progression and therapeutic resistance.

1. AR signaling and chromatin regulation: HOXB13 cooperates with AR and FOXA1 at regulatory chromatin regions to support 
prostate lineage gene expression, AR signaling, and luminal identity.
2. HOXB13 functional states: HOXB13 activity is shaped by chromatin context, cofactor interactions, acetylation, phosphoryla-
tion, and mutation or variant-associated alterations. These states may determine whether HOXB13 supports active transcription, 
HDAC3-mediated repression, or altered transcriptional programs.
3. Metabolic reprogramming: Intact HOXB13 recruits HDAC3 to restrain lipogenic enhancer activity and suppress de novo lipo-
genesis. In contrast, HOXB13 loss or impairment reduces HDAC3-mediated repression, permits p300/CBP-associated enhancer 
activation, increases lipogenic output, and promotes motility and metastatic phenotypes.
4. Disease progression and therapy resistance: Under therapy pressure from androgen deprivation therapy, enzalutamide, or 
abiraterone, prostate cancer may progress from AR-active luminal states toward CRPC and lineage-plastic or AR-indifferent 
states characterized by AR-V7, altered HOXB13 states, metabolic adaptation, SOX2/MYCN-associated plasticity, and glycolyt-
ic-hypoxic programs.
Conclusion: Together, these HOXB13-associated regulatory states suggest therapeutic opportunities involving AR pathway 
inhibitors, lipogenesis inhibitors, epigenetic or kinase inhibitors, direct HOXB13-targeting approaches, and rational combination 
therapy.
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ported that MEIS1 and MEIS2 expression decreases 
stepwise from benign prostate epithelium to localized 
prostate cancer and metastatic disease, while reten-
tion of MEIS expression in primary tumors is associ-
ated with reduced risk of biochemical recurrence and 
clinical metastasis. These findings suggest that loss 
of specific HOX-associated cofactors may weaken 
differentiation-associated transcriptional programs 
and promote metastatic progression. In the context 
of HOXB13 biology, MEIS1 and MEIS2 support the 
broader concept that HOXB13 output is shaped not 
only by HOXB13 expression or mutation status, but 
also by the availability of lineage-associated binding 
partners [55].
    The biological consequences of HOXB13 alteration 
are complex. Early studies suggested that HOXB13 
can repress hormone-activated androgen receptor 
signaling in some contexts  [43]. Later work demon-
strated that HOXB13 regulates androgen-responsive 
transcription more broadly and influences cellular re-
sponses to androgen stimulation [44]. Genome-wide 
studies subsequently revealed that HOXB13 partici-
pates in tumor-specific androgen receptor cistrome 
remodeling [45]. Together, these studies indicate that 
HOXB13 is not a static lineage marker. It is an active 
regulator of transcriptional state.
    HOXB13 function may appear paradoxical be-
cause it can be associated with both tumor-promot-
ing and tumor-restraining activities. In androgen re-
ceptor-driven prostate cancer, HOXB13 can support 
prostate-lineage transcriptional programs and andro-
gen receptor-associated transcription. In contrast, 
HOXB13 can suppress lipogenic reprogramming and 
metastatic phenotypes through HDAC3-dependent 
repression [50]. This duality likely reflects context-de-
pendent transcription factor function. HOXB13 
output depends on disease stage, androgen receptor 
status, chromatin accessibility, cofactor availability, 
mutation state, and post-translational modification. 
Therefore, HOXB13 should not be classified simply 
as an oncogene or tumor suppressor. A more accu-
rate model is that HOXB13 defines context-specific 
functional states.

3. HOXB13 as an Organizer of Androgen Receptor 
Signaling and Cistrome Reprogramming
    Androgen receptor signaling is the dominant lin-
eage-defining transcriptional axis in prostate cancer. 
Upon androgen binding, the androgen receptor binds 
regulatory DNA elements and controls genes in-
volved in differentiation, secretory function, surviv-

al, proliferation, and metabolism [1-5]. However, the 
androgen receptor does not function autonomously. 
Its genomic occupancy and transcriptional output are 
determined by the chromatin landscape, pioneer fac-
tors, lineage transcription factors, enhancer accessi-
bility, histone modifications, and enhancer-promoter 
interactions [44-50].
HOXB13 is a central component of this androgen 
receptor-regulatory architecture. Early mechanis-
tic studies showed that HOXB13 physically and 
functionally interacts with the androgen receptor 
and modulates androgen-responsive transcription 
[44, 45]. Norris and colleagues demonstrated that 
HOXB13 regulates cellular responses to androgens 
and interacts with the androgen receptor DNA-bind-
ing domain, supporting a model in which HOXB13 
influences the specificity and magnitude of androgen 
receptor target gene regulation [44]. Importantly, 
HOXB13 can activate or repress specific androgen 
receptor-regulated genes depending on genomic 
context, indicating that its function is locus-specific 
rather than uniformly activating or inhibitory.
    Genome-wide cistrome studies provided a ma-
jor advance in understanding HOXB13 function. 
Pomerantz and colleagues showed that the andro-
gen receptor cistrome is extensively reprogrammed 
during human prostate tumorigenesis [45]. Tu-
mor-reprogrammed androgen receptor binding sites 
were enriched for FOXA1 and HOXB13, and expres-
sion of FOXA1 and HOXB13 in immortalized pros-
tate epithelial cells was sufficient to shift androgen 
receptor binding toward a tumor-like pattern  [45]. 
This finding established HOXB13 as an active orga-
nizer of androgen receptor enhancer selection during 
transformation.
    The cooperation between HOXB13 and FOXA1 
highlights a broader principle of prostate cancer tran-
scriptional control. FOXA1 functions as a pioneer 
factor capable of binding compacted chromatin and 
facilitating nuclear receptor access, whereas HOXB13 
provides prostate lineage specificity and may stabilize 
or redirect androgen receptor occupancy at selected 
loci [47-49]. GATA2 and other lineage-associated 
factors further contribute to androgen receptor tran-
scriptional output. Together, these factors define a 
prostate-specific enhancer grammar in which andro-
gen receptor binding is guided by pre-existing lineage 
architecture.
    In castration-resistant prostate cancer, HOXB13 
remains relevant because androgen receptor signal-
ing often persists despite androgen deprivation. One 
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major mechanism is expression of androgen recep-
tor splice variants such as AR-V7, which lacks the li-
gand-binding domain and can drive ligand-indepen-
dent transcription. Chen and colleagues showed that 
diverse AR-V7 cistromes in CRPC are governed by 
HOXB13 [49]. This suggests that HOXB13 can influ-
ence not only canonical full-length androgen recep-
tor binding but also androgen receptor variant-driv-
en programs in advanced disease.
    Consistent with this concept, the ACK1–AR and 
AR–HOXB13 signaling axes have been proposed as 
epigenetic regulatory pathways contributing to lethal 
prostate cancer. In this model, androgen deprivation 
increases the dependence of CRPC cells on alterna-
tive survival and transcriptional programs, including 
ACK1- and HOXB13-associated pathways. HOXB13 
is particularly relevant because its interaction with 
AR can influence AR and AR-V7 chromatin binding 
in metastatic CRPC, linking lineage-restricted tran-
scriptional regulation to therapy-resistant androgen 
receptor signaling [56].
     These findings place HOXB13 at a critical boundary 
between lineage maintenance and adaptive transcrip-
tional plasticity. In one context, HOXB13 preserves 
prostate-lineage androgen receptor transcriptional 
identity. In another context, it may allow advanced 
tumors to reorganize androgen receptor signaling 
under therapeutic pressure. Thus, HOXB13 should 
be viewed as an architectural regulator of androgen 
receptor signaling, enhancer selection, and prostate 
cancer transcriptional state.

4. HOXB13 and Chromatin Remodeling: Enhancer 
Selection, Cofactor Balance, and Functional State
    Transcription factors exert their biological effects 
through chromatin. They bind regulatory elements, 
recruit cofactors, modify local histone marks, influ-
ence enhancer-promoter communication, and orga-
nize transcriptional networks. HOXB13 functions 
within this chromatin ecosystem.
    The androgen receptor cistrome reprogramming 
work established HOXB13 as a determinant of en-
hancer selection [45]. However, enhancer selection 
alone does not determine whether a bound site be-
comes active or repressed. That outcome depends on 
cofactor recruitment, histone modifications, nucle-
osome positioning, and chromatin remodeling en-
zymes. HOXB13-associated cofactors therefore rep-
resent a critical layer of regulation.
    The HOXB13-HDAC3 axis provides a mechanistic 
example. HDAC3 is a histone deacetylase that partici-

pates in transcriptional repression at selected loci. Re-
cent work further supports the idea that HDAC3 can 
modulate androgen receptor-associated regulatory 
elements in a context-dependent manner. Chen and 
colleagues reported that canonical androgen response 
element motifs can function as growth-suppressive 
regulatory elements in prostate cancer cells and that 
HDAC3 preferentially associates with ARE-enriched 
AR-bound chromatin after androgen stimulation 
[57]. In this setting, HDAC3 appeared to restrict the 
growth-suppressive transcriptional program induced 
by ARE activation, whereas HDAC3 disruption en-
hanced AR/ARE-associated activity and impaired 
cell growth [57]. These findings place HDAC3 within 
a broader system of AR/ARE enhancer control and 
support the concept that HOXB13-HDAC3 interac-
tions may influence metabolic and lineage-associated 
transcriptional states through context-specific chro-
matin repression. 
    HOXB13 interacts with HDAC3 and recruits it to 
lipogenic regulatory regions [50]. This recruitment 
maintains low enhancer acetylation and suppresses 
de novo lipogenesis. When HOXB13 is lost or func-
tionally impaired, HDAC3 occupancy decreases, 
enhancer acetylation increases, and lipogenic genes 
become activated [50]. Thus, HOXB13 can function 
as a chromatin-level metabolic repressor.
    This mechanism introduces the concept of cofac-
tor balance. In HOXB13-intact states, HDAC3-me-
diated repression may restrain lipogenic enhancers. 
In HOXB13-deficient states, this repressive balance 
may be lost, allowing p300/CBP-mediated enhancer 
activation and H3K27ac accumulation [51]. Because 
p300 and CBP are major histone acetyltransferases 
that activate enhancers and super-enhancers [58], 
HOXB13 may regulate metabolism by controlling the 
balance between repressive and activating chromatin 
machinery.
    HOXB13 itself can also be modified. Acetylation of 
HOXB13 at lysine 13 by CBP/p300 has been linked to 
clinically significant prostate cancer and CRPC-asso-
ciated super-enhancer programs [52]. This suggests 
that HOXB13 activity can be redirected by acetyl-
ation and may support distinct enhancer states in 
advanced disease. Phosphorylation represents an-
other regulatory layer. mTOR-mediated hierarchical 
phosphorylation of HOXB13 has been reported to 
influence HOXB13 activity and oncogenic function. 
Mechanistically, mTOR phosphorylates HOXB13 
at T8 and T41, which primes subsequent S31 phos-
phorylation, promotes SKP2-dependent proteasomal 
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degradation, and paradoxically enhances HOXB13 
oncogenic activity [53]. Together, these findings indi-
cate that HOXB13 function cannot be inferred solely 
from expression level.
    A more refined model is that prostate cancer 
cells contain distinct HOXB13 functional states: 
HOXB13-AR-cooperative, HOXB13-HDAC3-re-
pressive, HOXB13-acetylated-super-enhancer-asso-
ciated, HOXB13-mutant-lipogenic, and potentially 
HOXB13-kinase-modified-metabolically rewired. 
Defining these states may be more informative 
than simply classifying tumors as HOXB13-high or 
HOXB13-low.

5. HOXB13–HDAC3 Axis in Lipid Metabolic Repro-
gramming and Metastasis
    Lipid metabolism is a central adaptive program 
in prostate cancer and is closely linked to androgen 
receptor signaling, tumor progression, and therapy 
resistance. Prostate cancer often displays prominent 
lipid and mitochondrial metabolism, with androgen 
receptor signaling promoting fatty acid synthesis, 
cholesterol biosynthesis, lipid uptake, and oxidative 
metabolism [22-33]. De novo lipogenesis, mediat-
ed by regulators such as FASN, ACC, ACLY, SREBP 
transcription factors, and SCD, supports membrane 
production, signaling lipid generation, and stress 
adaptation [28-35]. In advanced or therapy-resis-
tant disease, additional lipid programs, including 
cholesterol homeostasis, lipid droplet storage, fatty 
acid elongation, fatty acid oxidation, and mevalonate 
pathway activity, can further support tumor growth 
and resistance to androgen receptor pathway inhibi-
tion [27-36, 59-69]. These studies provide the meta-
bolic context for HOXB13 biology: lipid metabolism 
is not only enzyme-driven, but also controlled by lin-
eage-associated transcriptional and chromatin-regu-
latory mechanisms.
    Within this framework, the discovery that HOXB13 
suppresses de novo lipogenesis through HDAC3-me-
diated epigenetic repression substantially expanded 
the conceptual understanding of HOXB13 function 
in prostate cancer [50]. Lu and colleagues showed 
that HOXB13 interacts with HDAC3 and recruits 
it to lipogenic regulatory regions, maintaining low 
enhancer acetylation and restraining lipogenic gene 
expression. When HOXB13 is depleted, lost, or func-
tionally impaired, HDAC3 recruitment decreases, 
enhancer acetylation increases, and lipogenic pro-
grams become activated [50]. Functionally, HOXB13 
loss or the hereditary prostate cancer-associated 

G84E mutation increases lipid accumulation, tu-
mor cell motility, and xenograft metastasis, whereas 
FASN inhibition attenuates HOXB13-loss-associated 
metastatic phenotypes [50]. HOXB13 loss may also 
shift enhancer regulation from HDAC3-mediated 
repression toward p300/CBP-dependent activation 
and increased H3K27ac, leading to metabolic and 
metastatic reprogramming [51]. Thus, the HOXB13-
HDAC3 axis provides a direct mechanistic link be-
tween prostate lineage identity, chromatin repression, 
lipid metabolic control, and metastasis, and suggests 
that HOXB13-low, HOXB13-mutant, or functionally 
impaired tumors may represent lipogenic-dependent 
states vulnerable to targeting FASN, SREBP-driven 
pathways, p300/CBP activity, or related metabolic 
enhancer programs.

6. Beyond Lipogenesis: HOXB13, Glycolysis, 
Hypoxia, and Broader Metabolic Plasticity
    Although HOXB13-dependent repression of lipo-
genesis is well supported, the relationship between 
HOXB13, glycolysis, and hypoxia remains less de-
fined. This distinction is important because aggres-
sive prostate cancer can acquire glycolytic, hypoxic, 
mitochondrial, and redox-adaptive programs during 
CRPC progression, metastasis, and neuroendocrine 
transformation [22-27, 70-76]. However, current evi-
dence more strongly supports HOXB13 as a regulator 
of lipogenic enhancer repression than as a direct reg-
ulator of glycolytic transcription [50]. 
    Several therapy-resistant metabolic pathways pro-
vide context for this unresolved HOXB13 question. 
Glycolysis- and hypoxia-associated regulators, includ-
ing HIF1α, LDHA, PGK1, ENO1, ALDOA/ALDOC, 
and PFKFB3, support survival under oxygen limita-
tion or therapeutic stress [70-76]. KDM5B-driven 
glucose metabolic reprogramming has been linked to 
enzalutamide resistance through a lactate/hnRNPA1 
lactylation/AR-V7 axis, while lactate, AZGP1 loss, 
TXNIP regulation, NXPH4/ALDH1L2 signaling, 
tricarboxylic acid cycle dysregulation, and redox ho-
meostasis have each been implicated in prostate can-
cer progression or therapy resistance [77-85]. These 
pathways should be viewed as part of the metabolic 
landscape in which HOXB13 functional states may 
operate, rather than as established direct HOXB13 
targets.
    Several non-mutually exclusive models may ex-
plain how HOXB13 could relate to glycolytic-hy-
poxic adaptation. HOXB13 may indirectly restrain 
stress-associated metabolic programs by maintaining 
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androgen receptor/luminal identity; altered HOXB13 
activity may redirect chromatin binding or cofactor 
recruitment toward stress-response loci; post-transla-
tional modifications may influence whether HOXB13 
favors lineage maintenance, lipogenic repression, or 
metabolic adaptation; and HOXB13 loss may create 
permissive chromatin states that allow hypoxia- or 
plasticity-associated transcription factors to engage 
metabolic enhancers. Future RNA-seq, ATAC-seq, 
CUT&RUN/ChIP-seq, metabolomics, lipidomics, 
isotope tracing, and functional metabolic assays will 
be needed to determine whether HOXB13 functional 
states correspond to lipid-dominant, glycolytic-hy-
poxic, oxidative, or hybrid metabolic phenotypes.

7. CRPC, Therapy Resistance, and the Need for 
HOXB13 Functional-State Models
    CRPC is not a single disease state. It includes andro-
gen receptor-driven tumors with persistent androgen 
receptor activity, androgen receptor-variant-driven 
tumors, tumors with altered enhancer landscapes, 
and androgen receptor-indifferent tumors with lin-
eage plasticity [7-15, 19-21, 86-93]. Integrative ge-
nomic studies have revealed recurrent alterations in 
AR, PI3K pathway components, DNA repair genes, 
TP53, RB1, and chromatin regulators in advanced 
prostate cancer [6-13, 86-93]. However, transcrip-
tional state and enhancer organization remain critical 
determinants of therapeutic response.
    HOXB13 may contribute to CRPC through sever-
al mechanisms. In androgen receptor-driven CRPC, 

HOXB13 can help maintain androgen receptor tran-
scriptional programs and govern AR-V7 cistromes 
[49]. In acetylated-HOXB13 states, HOXB13 may 
participate in super-enhancer-associated transcrip-
tion and define therapeutic vulnerabilities [52]. In 
HOXB13-low or mutant states, loss of HDAC3-medi-
ated repression may activate lipogenic programs that 
support metastasis [50]. Thus, HOXB13 may have 
distinct functions across CRPC subtypes.
    Recent circulating tumor cell studies further sup-
port the clinical relevance of HOXB13 as a marker 
of prostate-lineage and AR-associated disease states 
in advanced prostate cancer. Promoter analysis of 
plasma microRNA signatures in prostate cancer 
highlighted enrichment of transcription factor bind-
ing sites associated with developmental regulators, 
including HOX and SOX family members such as 
HOXB13 and SOX10, as well as cancer-related genes 
such as BRCA1[94]. Importantly, HOXB13 has also 
been detected at high levels in circulating tumor cells 
from men with metastatic castration-resistant pros-
tate cancer treated with androgen receptor pathway 
inhibitors. In the PROPHECY trial cohort, higher 
CTC HOXB13 RNA expression was associated with 
AR-dependent CTC biomarkers and adverse out-
comes in men receiving abiraterone or enzalutamide 
[95]. These observations suggest that HOXB13 may 
have translational relevance beyond tissue-based 
prostate lineage identity, potentially serving as a 
blood-based indicator of persistent AR-lineage pro-
grams and poor response to potent AR inhibition. 

Table 1. Major HOXB13-Associated Regulatory Mechanisms and Implications in Prostate Cancer

Mechanism Molecular players Disease context Biological output Therapeutic 
implication

AR cistrome 
organization

HOXB13, AR, FOXA1, 
GATA2 Primary PCa/CRPC Lineage transcription AR-targeted 

therapy

AR-V7 regulation HOXB13, AR-V7 CRPC Ligand-independent AR 
signaling

AR variant/
adaptive targeting

Lipogenesis repression HOXB13, HDAC3 HOXB13-intact 
PCa

Low lipogenic enhancer 
activity

Biomarker of 
metabolic state

Lipogenic activation HOXB13 loss/G84E, 
p300/CBP

Metastatic/
metabolic PCa FASN/SREBP/lipid droplets FASN or p300/

CBP inhibition

Acetylated HOXB13/
super-enhancer state

Ac-HOXB13, CBP/p300, 
BRD9 CRPC Enhancer-associated 

transcription
Epigenetic 
therapy

Post-translational 
regulation

mTOR; potential 
PLK1-associated kinase 
signaling

Advanced PCa Altered HOXB13 function Future kinase-
based strategies

Direct HOXB13 
targeting SCORT-Cas13d-gHoxB13 Metastatic PCa 

models HOXB13 suppression
Experimental 
HOXB13-targeted 
therapy
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However, whether elevated CTC HOXB13 reflects 
therapy-resistant AR dependence, tumor burden, lin-
eage state, or a distinct HOXB13-driven functional 
program remains to be clarified.
    This complexity supports a functional-state model 
in which HOXB13 activity is defined by chromatin 
occupancy, cofactor engagement, post-translation-
al modification, and disease context rather than by 
expression level alone. Key determinants include 
binding to androgen receptor-associated enhancers, 
recruitment of HDAC3 to lipogenic loci, acetyla-
tion-linked association with super-enhancers, phos-
phorylation-dependent regulation by oncogenic sig-
naling pathways, mutation or degradation status, and 
cooperation with factors such as FOXA1, GATA2, 
AR-V7, p300/CBP, and HDAC3.
    A functional-state model could explain why 
HOXB13 may be associated with both prostate lin-
eage maintenance and aggressive disease behavior. In 
one state, HOXB13 maintains luminal identity and 
androgen receptor-dependent differentiation. In an-
other, HOXB13 supports androgen receptor adapta-
tion in CRPC. In another, HOXB13 loss permits li-
pogenic and metastatic reprogramming. These states 
are not mutually exclusive across disease evolution; a 
tumor may transition between them under therapy 
pressure.

8. HOXB13, Lineage Plasticity, and 
Neuroendocrine Progression
    Lineage plasticity is a major mechanism by which 
prostate cancer escapes androgen receptor pathway 
inhibition. Under pressure from androgen depriva-
tion therapy, enzalutamide, or abiraterone acetate, 
some tumors do not simply restore androgen recep-
tor activity; instead, they reduce androgen receptor 
dependence and acquire alternative lineage states [96, 
97].
   In classical prostate adenocarcinoma, tumor cells are 
largely driven by luminal prostate identity and andro-
gen receptor signaling. During therapy resistance, tu-
mors may lose prostate differentiation programs and 
acquire basal-like, stem-like, or neuroendocrine-like 
features, accompanied by changes in transcriptional 
networks, chromatin states, and metabolic depen-
dencies [14, 15, 19-21, 96, 98-105].
    Treatment-emergent neuroendocrine prostate can-
cer represents an aggressive endpoint of this process 
and is characterized by reduced androgen receptor 
dependence, loss of luminal identity, and acquisition 
of neuroendocrine markers such as chromogranin A, 

synaptophysin, neuron-specific enolase, and CD56 
[14, 15, 104, 106]. 
    Mechanistic studies show that lineage plasticity is 
driven by genetic lesions, transcription factors, epi-
genetic regulators, inflammatory signaling, and ther-
apy-imposed selective pressure. Rb1 and Trp53 co-
operate to suppress lineage plasticity, metastasis, and 
antiandrogen resistance, while TP53/RB1 loss can 
enable SOX2-associated plasticity [92, 93]. MYCN, 
EZH2, BRN2, and JAK/STAT signaling further con-
tribute to neuroendocrine or lineage-plastic states 
[98-104]. These pathways provide the broader con-
text in which HOXB13-linked prostate identity may 
be lost, retained, or rewired.
    HOXB13 expression is generally retained in 
prostate adenocarcinoma and many androgen re-
ceptor-driven states, but it may decrease in neuro-
endocrine-like contexts. Cheng and colleagues re-
ported that neuroendocrine prostate cancer exhibits 
a distinctive non-prostatic HOX code represented 
by loss of HOXB13 expression [105]. However, this 
relationship is not absolute. Ersoy-Fazlioglu and col-
leagues reported that HOXB13 is highly expressed 
in primary prostate cancer, adenocarcinoma CRPC, 
and AR-positive treatment-emergent NEPC, while 
some AR-negative treatment-emergent NEPC and 
AR-negative CRPC tumors also retain HOXB13 ex-
pression [107]. Thus, HOXB13 loss may accompany 
loss of prostate identity in some tumors, whereas re-
tained HOXB13 may support distinct AR-dependent 
or AR-independent regulatory programs in others.
    Therefore, HOXB13 should not be interpreted only 
as a passive lineage marker. When HOXB13 main-
tains prostate enhancer architecture and androgen 
receptor-associated transcription, it may reinforce lu-
minal identity. Conversely, loss or functional impair-
ment of HOXB13 may destabilize prostate-lineage 
enhancers, reduce androgen receptor-linked differ-
entiation programs, and create permissive chromatin 
states for alternative lineage factors. HOXB13-depen-
dent metabolic regulation may also contribute to this 
process, because HOXB13 loss activates lipogenic 
programs through loss of HDAC3-mediated repres-
sion and may support invasion, metastasis, and sur-
vival under therapy [50]. 

9. Post-Translational Regulation of HOXB13: 
Acetylation, Phosphorylation, and Emerging 
Kinase Control
    A major limitation of the current field is that 
HOXB13 is often evaluated primarily by expression 
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level. Yet transcription factor activity is frequently 
controlled by post-translational modifications, in-
cluding phosphorylation, acetylation, ubiquitination, 
SUMOylation, and methylation. These modifications 
can regulate protein stability, DNA binding, cofactor 
recruitment, chromatin occupancy, and transcrip-
tional specificity.
    Acetylation of HOXB13 at lysine 13 by CBP/p300 
has been linked to CRPC-associated super-enhancer 
biology and clinically significant prostate cancer [52]. 
This suggests that acetylated HOXB13 may represent 
a distinct functional state with therapeutic implica-
tions. In this context, HOXB13 may contribute to en-
hancer-driven transcriptional programs that support 
CRPC progression.
   The clinical relevance of acetylated HOXB13 may 
extend beyond enhancer activation and CRPC pro-
gression. Recent reviews of prostate cancer immune 
suppression have highlighted HOXB13 K13 acetyla-
tion as part of a broader epigenetic program associat-
ed with castration resistance, chromatin remodeling, 
and therapy resistance. In this model, CBP/p300-me-
diated acetylation of HOXB13 creates a modified 
transcription factor state that can be recognized by 
bromodomain-containing chromatin readers, in-
cluding BRD9, thereby promoting transcriptionally 
active chromatin at selected tumor-associated su-
per-enhancers. Although the immune consequences 
of HOXB13 acetylation require further mechanistic 
validation, these observations support the broader 
concept that HOXB13 post-translational modifica-
tions may reshape lineage, chromatin, and tumor-mi-
croenvironmental states in advanced prostate cancer 
[108].
    Kinase-dependent HOXB13 regulation should also 
be considered within the broader signaling land-
scape of advanced prostate cancer.  AR signaling 
and the PI3K/AKT/mTOR pathway engage in recip-
rocal crosstalk, and compensatory activation of one 
pathway can occur when the other is therapeutically 
inhibited [86, 109]. This reciprocal interaction has 
provided a rationale for combined targeting of AR 
and PI3K/AKT/mTOR signaling in prostate cancer, 
although clinical benefit has been limited by toxicity, 
pathway complexity, and the need for predictive bio-
markers [86, 109]. Growth factor- and nutrient-sens-
ing pathways may therefore influence prostate lineage 
transcriptional programs through direct or indirect 
regulation of lineage-associated transcription factors.
    Phosphorylation provides a direct example of this 
concept. mTOR-mediated hierarchical phosphor-

ylation of HOXB13 has been reported to influence 
HOXB13 activity and oncogenic function [53]. This 
finding indicates that HOXB13 can be regulated 
by upstream kinase signaling and suggests that ki-
nase-dependent modification of HOXB13 may rep-
resent a broader mechanism by which prostate can-
cer cells remodel lineage transcription factor activity 
during progression and therapy resistance.
    A mature functional-state model of HOXB13 
should therefore include not only expression 
and mutation, but also post-translational reg-
ulation. Potential HOXB13 states may include 
HOXB13-AR-cooperative, HOXB13-HDAC3-re-
pressive, HOXB13-acetylated-super-enhancer-asso-
ciated, HOXB13-mTOR-phosphorylated-oncogenic, 
HOXB13-low-lipogenic, and potentially HOXB13-ki-
nase-modified-metabolically rewired. Defining these 
states may reveal how extracellular signals, cell-cycle 
kinases, metabolic stress, and therapy pressure alter 
HOXB13 output during prostate cancer progression.

10. Therapeutic Implications
    The HOXB13-centered model has several therapeu-
tic implications. First, HOXB13-low or HOXB13-mu-
tant tumors may be vulnerable to lipid metabolism 
inhibitors. The ability of FASN inhibition to mitigate 
HOXB13-loss-induced motility and metastasis sup-
ports this concept [50]. More broadly, FASN, SREBP 
signaling, cholesterol metabolism, lipid desaturation, 
and lipid droplet biology represent potential vulner-
abilities in lipid-rewired prostate cancer [28-36, 59-
69].
    Second, HOXB13-deficient tumors may be vulnera-
ble to enhancer-targeted therapies. Loss of HOXB13-
HDAC3 repression can shift enhancer balance toward 
p300/CBP-mediated activation [51]. Therefore, p300/
CBP inhibitors may counteract lipogenic enhancer 
activation in HOXB13-low contexts. This strategy is 
conceptually distinct from general chromatin inhibi-
tion because it is tied to a defined transcription factor 
state.
    Third, acetylated HOXB13-associated super-en-
hancer programs may define therapeutic vulnerabili-
ties in CRPC [52]. This suggests that HOXB13 mod-
ifications could function as biomarkers for selecting 
enhancer-targeted or pathway-specific therapies.
    An emerging therapeutic direction is direct target-
ing of HOXB13 itself. Although transcription factors 
have historically been difficult to drug, RNA-target-
ing and nanodelivery technologies may create new 
opportunities to suppress lineage-defining oncogenic 
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transcription factors. Cui and colleagues developed 
a SCORT-Cas13d lipid nanoparticle nanotherapy de-
signed to deliver Cas13d mRNA and guide RNAs tar-
geting HoxB13 to metastatic prostate tumors in vivo 
[110]. In HoxB13-driven prostate cancer liver me-
tastasis models, systemic SCORT-Cas13d-gHoxB13 
treatment reduced HoxB13 expression, decreased 
metastatic burden, and extended mouse survival 
without major toxicity in evaluated organs. These 
findings provide preclinical proof-of-concept that 
HOXB13 may be therapeutically targetable, although 
delivery efficiency, durability, safety, tumor speci-
ficity, and disease-state dependence require further 
study [110].
    Fourth, post-translational regulators of HOXB13 
may represent upstream therapeutic targets. Acetyl-
transferases, deacetylases, ubiquitin ligases, metabol-
ic enzymes, kinases, and chromatin modifiers can al-
ter transcription factor activity by regulating protein 
stability, cofactor recruitment, chromatin occupancy, 
and transcriptional output [52, 53]. 
    Finally, HOXB13 functional states may guide 
combination therapy. Androgen receptor pathway 
inhibitors could be combined with lipid metabo-
lism inhibitors, p300/CBP inhibitors, HDAC-related 
strategies, kinase inhibitors, direct HOXB13-target-
ing strategies, or glycolysis/hypoxia-targeted ther-
apies depending on tumor state. For example, an-
drogen receptor-driven/HOXB13-high tumors may 
require androgen receptor-focused strategies, where-
as HOXB13-low/lipogenic tumors may require meta-
bolic or enhancer-targeted therapies. Lineage-plastic 
tumors may require combinations targeting epigene-
tic regulators, inflammatory signaling, and metabolic 
adaptation.
The major translational challenge is biomarker de-
velopment. HOXB13 expression alone may be in-
sufficient. Better biomarkers may include HOXB13 
mutation status, HOXB13 chromatin binding, 
HDAC3 recruitment, enhancer acetylation, acetyl-
ated-HOXB13, phosphorylated-HOXB13, lipogenic 
gene signatures, glycolytic-hypoxic signatures, and 
metabolic imaging or metabolomic readouts.

11. Future Directions
    First, the determinants of HOXB13 functional state 
require systematic definition. Expression, mutation, 
chromatin accessibility, cofactor levels, androgen re-
ceptor status, phosphorylation, acetylation, and deg-

radation may all contribute. Mapping these variables 
across localized prostate cancer, CRPC, NEPC, and 
treatment-resistant models will be essential.
    Second, the potential regulation of glycolytic and 
hypoxia-associated enhancers by HOXB13 remains 
an important unresolved area. Direct chromatin pro-
filing of HOXB13, HDAC3, p300/CBP, H3K27ac, and 
H3K27me3 at glycolytic and hypoxic loci would help 
determine whether HOXB13 functional states extend 
beyond lipid metabolism.
    Third, HOXB13 variants should be compared func-
tionally. G84E is the best-studied hereditary risk vari-
ant, but other HOXB13 variants may have distinct ef-
fects on DNA binding, cofactor recruitment, protein 
stability, or metabolic regulation.
    Fourth, the interaction between HOXB13 and lin-
eage-plasticity drivers should be defined. Integrat-
ing HOXB13 profiling with TP53/RB1 loss, SOX2, 
MYCN, EZH2, BRN2, and JAK/STAT models could 
clarify whether HOXB13 loss is a cause, consequence, 
or modifier of lineage transition.
    Fifth, kinase-dependent regulation of HOXB13 ac-
tivity should be investigated. Published studies sup-
port acetylation- and phosphorylation-dependent 
regulation of HOXB13 [52, 53]. Future studies should 
determine whether additional kinases like PLK1 reg-
ulate HOXB13 stability, chromatin binding, cofac-
tor selection, degradation, or metabolic output. This 
priority is particularly important because kinase sig-
naling may provide a rapid mechanism for rewiring 
transcription factor activity under therapy pressure.
    Sixth, HOXB13 functional states should be test-
ed as predictors of therapy response. Patient-de-
rived organoids, xenografts, genetically engineered 
mouse models, and clinical datasets should be used 
to determine whether HOXB13-low/lipogenic, 
acetylated-HOXB13/super-enhancer, phosphory-
lated-HOXB13/kinase-regulated, or HOXB13-lin-
eage-plastic states predict sensitivity to FASN in-
hibitors, p300/CBP inhibitors, AR inhibitors, kinase 
inhibitors, direct HOXB13-targeting strategies, or 
rational combination therapies. Finally, HOXB13 
should be studied using integrated multi-omics. 
RNA-seq alone is insufficient. The field needs com-
bined chromatin profiling, proteomics, metabolom-
ics, phosphoproteomics, lipidomics, isotope tracing, 
and functional assays to understand how HOXB13 
rewires transcription and metabolism during pro-
gression.
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12. Conclusion
   HOXB13 is a prostate lineage transcription factor 
that sits at the intersection of androgen receptor sig-
naling, chromatin regulation, metabolic state, and 
therapy-induced plasticity. Its function extends be-
yond prostate identity. HOXB13 helps organize tu-
mor-specific androgen receptor cistromes, governs 
AR-V7 transcriptional programs in CRPC, recruits 
HDAC3 to suppress lipogenic enhancers, and may 
be redirected by post-translational modifications and 
cofactor switching. Loss, mutation, or functional al-
teration of HOXB13 can activate lipid metabolism, 
promote metastatic phenotypes, and potentially con-
tribute to therapy resistance.
    A mature model of HOXB13 biology must there-
fore move beyond expression level. HOXB13 should 
be understood as a dynamic chromatin-metabolic 
platform whose activity depends on genomic con-
text, androgen receptor state, cofactor recruitment, 
mutation status, and post-translational regulation. 
Acetylation and phosphorylation studies already sup-
port the concept that HOXB13 functional states are 
signal-dependent. Additional kinase pathways rep-
resent important candidates for future investigation, 
particularly in the context of advanced prostate can-
cer, metabolic plasticity, and therapy resistance.
    Defining HOXB13 functional states may reveal new 
biomarkers and therapeutic vulnerabilities in CRPC, 
NEPC, and treatment-resistant prostate cancer.
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