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Abstract

Background: Homeobox B13 (HOXB13) expression regulates normal prostate development and
mutations are associated with prostate cancer (PCa) formation.

Obijective: To assess the role of HOXB13 mRNA expression in PCa progression following
radical prostatectomy.
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Design, setting, and participants: Genome-wide expression profiles were queried from two
retrospective prostatectomy cohorts with follow-up data (Mayo Clinic, 7= 780; Johns Hopkins
Medical Institute [JHMI], 7= 355), and a prospective genomic registry (7= 5239).

Outcome measurements and statistical analysis: Multivariable Cox regressions were
used to analyze metastasis-free survival (MFS).

Results and limitations: HOXB13 expression in primary PCa increased with increasing tumor
grade and with high metastatic potential based on a genomic signature. The highest quartile of
HOXB13 expression was associated with worse MFS compared with the lowest quartile (Mayo
Clinic: adjusted hazard ratio [AHR] 1.46, 95% confidence interval [CI] 1.03-2.06, and JHMI:
AHR 1.80, 95% CI 1.02-3.19). The combinations of high HOXB13 expression and low expression
of its binding partner, MEIS1 (AHR 2.03, 95% CI 1.54-2.66) or MEIS2 (AHR 1.73, 95% ClI
1.33-2.26), portended worse MFS. Additionally, high HOXB13 expression in combination with
low MEIS1/2 expression correlated with high expression of androgen receptor-mediated genes.
The retrospective nature of this study subjects the findings to a bias due to unmeasured variables.

Conclusions: Primary PCa tumors with increased HOXB13 expression have an increased
propensity for metastases following prostatectomy, particularly in the setting of low MEIS1/2
expression. High androgen receptor output may account for worse outcomes for these tumors and
suggests heightened sensitivity to androgen suppression.

Patient summary: Using genomic data from a large number of prostate cancer (PCa)
tumors, we found that increased expression of homeobox B13 (HOXB13), a gene related to
normal prostate development, was associated with worse outcomes following surgery for PCa.
A biomarker signature suggests that these tumors would be more susceptible to androgen
suppression, a common treatment for PCa.

Keywords
Prostatic neoplasms; Homeobox B13; Homeodomain proteins; Disease progression

1. Introduction

The homeobox B13 (HOXB13) protein interacts with the androgen receptor (AR) and
contributes to the regulation of AR-mediated transcriptomes critical for prostate growth
[1]. Contributions of HOXB13 in prostate cancer (PCa) began with the discovery of the
G84E mutation at the HOXB13 MEIS-binding site, which confers an increased risk of
PCa [2]. However, the G84E mutation is rare in the population (1-2% of all PCa), and
there are limited data supporting an association between G84E and tumor aggressiveness
[2-4]. Conversely, decreased expression of the HOXB13 cofactors MEIS1 and MEIS2 has
been linked to PCa metastatic progression [5]. Thus, despite links between MEIS1/2 and
HOXB13, a more generalized association between somatic changes in tumor expression of
HOXB13 and outcomes following a diagnosis of PCa has not been explored fully.

Associations between deregulated HOXB13 expression and cancer outcomes are not without
precedent. For example, in breast, ovarian, and endometrial cancers, overexpression of
HOXB13 correlates with aggressive tumor phenotypes and a poor response to hormonal
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therapies [6-8]. Despite the similarities between these hormonally regulated cancers,
correlations with clinical outcomes for PCa have yet to be demonstrated.

We postulated that somatic changes in tumors that result in increased HOXB13 expression
correlate with aggressive PCa based on pathologic and genomic features, as well as
metastasis-free survival (MFS) following radical prostatectomy. We used a cohort of

over 6000 radical prostatectomy specimens with genome-wide mMRNA expression profiles.
Additionally, we aimed to characterize the relationship between HOXB13 and MEIS1

and MEIS2 expression, and oncologic outcomes. Finally, we sought to assess HOXB13
expression as it relates to genes mediated by AR.

2. Patients and methods

2.1

Data and patient cohorts

Pan-Cancer samples across 32 primary organ sites were used to compare the expression

of HOX genes across cancers and benign tissue types [9]. To further characterize

HOXB13 expression in primary PCa, we used radical prostatectomy tumor samples from

a prospectively maintained cohort retrieved from a prospective registry of genomic data
(NCT02609269; n=5239) [10] and two retrospective cohorts with follow-up for the
endpoint of MFS (Mayo Clinic cohort, 7= 780, and Johns Hopkins Medical Institute
[JHMI] cohort, n=355) [11,12]. The characteristics of our prospective and retrospective
cohorts are shown in Supplementary Table 1, and more detailed descriptions including gene
expression profiling can be found in our Supplementary material.

2.2. Statistical analysis and outcomes

Our primary outcome was MFS following radical prostatectomy, as defined by radiographic
evidence of metastatic disease by imaging with computed tomography or technetium-99
bone scans following biochemical recurrence or new symptoms. To assess this outcome, the
Mayo Clinic and JHMI cohorts served as our discovery and validation cohorts, respectively.
For the prospective cohorts, a high genomic risk score (Decipher score =0.6) was used as

a surrogate for high metastatic potential [10]. To test our primary outcome of MFS, we
categorized our primary exposure (HOXB13 expression levels) by quartile of expression
within our two retrospective cohorts. This was done (1) as there is no set cut-point for
“high” HOXB13 expression and (2) to show a continuous relationship between MFS and
HOXB13 expression over the range of expression levels within our cohorts. All other
outcome analyses should be considered exploratory and hypothesis generating. Overall
survival was assessed as a secondary outcome. Time to distant metastasis following radical
prostatectomy was modeled using multivariable Cox proportional hazards adjusting for
tumor characteristics. Spearman’s correlation was used for correlation analyses. Wilcoxon
rank sum test was used for continuous statistical analyses, and chi-square test was used

for categorical associations. All tests were performed in R version 3.3.1 (R Foundation for
Statistical Computing, Vienna, Austria), and all tests used a 5% significance level.
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3. Results
3.1. HOXB13 is overexpressed in PCa

We first characterized the expression of 39 HOX genes in 32 different cancer primaries in
Pan-Cancer, including PCa. Only HOXB13 was significantly overexpressed in PCa relative
to the average of other cancers (Supplementary Fig. 1A). HOXB13 was also expressed more
in PCa than in benign prostate, but both were notable for greater expression relative to other
individual benign and cancerous tissues (Supplementary Fig. 1B).

3.2. Greater HOXB13 expression predicts worse outcomes for localized PCa

To assess the prognostic impact of HOXB13 in primary tumors, we investigated its
expression by pathologic Gleason grade group and metastatic potential in a prospective
cohort of over 5000 men with PCa [10]. HOXB13 expression increased with increasing
Gleason grade groups 1-4 (Fig. 1A) and was also upregulated in tumors with high metastatic
potential (Fig. 1B). Within the Mayo Clinic cohort, median follow-up was 156 mo and 288
men (37%) developed metastatic disease, while in the JHMI cohort, median follow-up was
108 mo and 127 men (36%) developed metastatic disease (Supplementary Table 1). High
HOXB13 expression was also associated with worse MFS in both the Mayo Clinic (top
quartile vs lowest quartile: adjusted hazard ratio [AHR] 1.46, 95% confidence interval [CI]
1.03-2.06, p=0.030) and the JHMI (AHR 1.80, 95% CI 1.02-3.19, p = 0.041) cohort

(Fig. 1C and 1D, and Table 1). When looking at metastatic outcomes across expression
levels, HOXB13 showed a significant trend between increasing expression and incidence of
metastasis at 10-yr follow-up (Mann-Kendall trend test p < 0.05 for both; Supplementary
Fig. 2). Tumors in the top 10% of HOXB13 expression had about twice the incidence of
metastasis compared with those in the lowest 10% in both the Mayo Clinic (42% vs 22%)
and the JHMI (46% vs 22%) cohort.

In exploratory analyses, in both the Mayo Clinic and the JHMI cohort, HOXB13 expression
was not associated with overall survival (Supplementary Table 2). We also constructed a
separate Cox regression with the Mayo Clinic cohort adjusting for the 202 (26%) patients
who received adjuvant androgen deprivation following surgery. In a multivariable regression
adjusting for all the variables listed in Table 1 and adjuvant androgen deprivation (yes

vs no), we found that both quartile 3 and quartile 4 were associated with shorter time to
development of metastatic disease (AHR 1.50, 95% CI 1.06-2.10, p= 0.020, and AHR 1.66,
95% CI 1.18-2.24, p=0.003, respectively).

3.3. Prognostic value of HOXB13 is dependent on MEIS1 and MEIS2 expression

Previous work from our group has suggested that variable expression of the key

binding partners for HOXB13, MEIS1/2, is associated with divergent oncologic outcomes
following radical prostatectomy [5]. Thus, we explored interactions between these proteins
and HOXB13. We first validated our prior work by assessing MFS following radical
prostatectomy based on expression levels of MEIS1 and MESI2 in the Mayo Clinic cohort
(Supplementary Fig. 3A and 3B). Compared with tumors with low MEIS1 or MEIS2
expression, tumors with high expression were associated with improved MFS (highest
versus lowest quartile of expression: AHR 0.78, 95% CI 0.62-0.99, p=0.046, and AHR
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0.80, 95% CI 0.63-1.02, p=0.080, respectively; Supplementary Table 3). To explore the
interplay between MEIS1/2 and HOXB13 expression, we then tested the association of

the expression of both HOXB13 and MEIS1/2 with MFS, and found that above median
expression levels of both HOXB13 and MEIS1/2 were independently associated with MFS
(Supplementary Table 4). We thus stratified the Mayo Clinic and JHMI cohorts by combined
expression of these genes. Tumors with high (above median) HOXB13 expression and low
(below median) MEIS1 (Mayo Clinic: AHR 2.03, 95% CI 1.54-2.66, p< 0.001) or MEIS2
(AHR 1.73, 95% CI 1.33-2.26, p < 0.001) expression were at a higher risk of developing
metastases (Fig. 2A and 2B, and Table 2). The results were similar in the JHMI cohort
(Supplementary Table 5) and in an assessment of overall survival (Supplementary Fig. 4A
and 4B, and Supplementary Table 6), suggesting a converging pathway for HOXB13 and
MEIS1/2 expression and aggressive PCa phenotype.

3.4. AR activity correlates with HOXB13 and MEIS1/2 expression

Based on the positive correlation between HOXB13 and AR activity in primary PCa, and
the prognostic value of combined high HOXB13 and low MEIS1/2 expression following
prostatectomy (Fig. 2A and 2B), we theorized that the combination of high HOXB13 and
low MEIS1/2 expression occurs in tumors that also have increased expression of AR and
AR-mediated genes. To test this, we assessed the expression of the AR gene as well as

AR activity based on the stratifications used in Figures 2A and 2B (low/high HOXB13 and
low/high MEIS1/2 expression). Tumors with the combination of high HOXB13 and low
MEIS1/2 expression also expressed the highest levels of AR (Fig. 3A and 3B) and AR
activity (Fig. 3C and 3D).

4. Discussion

Genetic alterations and increased expression of HOXB13 have previously been linked

to PCa development [2,13]. However, there are very limited data correlating this key
hereditary PCa gene with oncologic outcomes. Using multiple cohorts across the spectrum
of localized and advanced disease, we provide unique insights into HOXB13 expression
and PCa progression. In primary PCa, increased HOXB13 expression was associated with
an increased risk of developing metastatic disease following local treatment in two large
academic cohorts. Additionally, this association was confirmed in a large, prospectively
assembled cohort using a validated biomarker of metastatic potential.

In this analysis, we characterize the relationship between HOXB13 expression and PCa
progression. We then confirm the previous work that showed that increased expression

of MEIS1 and MEIS2, binding partners of HOXB13, portended a decreased risk of
developing metastatic disease [5]. Additionally, we demonstrate interplay between HOXB13
and MEIS1/2. More specifically, our results indicate that tumors with the combination of
high HOXB13 and low MEIS1/2 expression had an increased propensity for developing
metastatic disease by two-fold in a multivariable model.

To better understand the relationship between HOXB13 and MEIS1/2 expression with MFS
and overall survival, we noted that tumors with high HOXB13 and low MEIS1/2 expression
also showed high expression levels of AR activity. We also noted that HOXB13 expression
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is higher in tumors with higher-grade disease except for Gleason grade group 5 disease,
which is consistent with previous data showing that localized tumors with low AR activity
are enriched in high-grade tumors [14]. Although our observational data cannot ascribe

a causal relationship to explain these finding, one theoretical hypothesis to explain the
relationship between HOXB13 and MEIS1/2 expression and AR activity is considering
HOXB13 binding as a potential “sink” for the AR-suppressing qualities of MEIS [5,15].
Thus, when HOXB13 levels are high, MEIS is no longer available to suppress AR activity.
Alternatively, binding of MEIS to HOXB13 may prevent HOXB13 from driving AR
activation and subsequent tumor progression (Fig. 4). However, in light of the limitation of
the current study, the precise biochemical interactions that mediate any relationship between
HOXB13 and MEIS1/2 expression and AR activity are an active component of ongoing
research.

Several biomarkers have been investigated as predictors of adverse pathology at the time of
radical prostatectomy, or biochemical or metastatic recurrence following surgery [16-18].
In a recent consensus statement, standards for new biomarkers include (1) assessment

in multivariable models that incorporate multiple known clinical risk factors and (2)
intervention that can lead to improved quantity or quality of life, as assessed by relevant
outcome measures [19]. Our study demonstrates an association between high HOXB13

and low MEIS1/2 RNA expression and MFS, as well as overall survival when adjusting

for relevant clinical covariates. These findings in large cohorts with relevant oncologic
outcomes are pertinent in the era of precision medicine and oncology care. For instance, men
with disease recurrence following local treatment can benefit from radiotherapy; however,
the timing, duration, and benefit of additional hormone therapy are not fully understood
[20]. Our data, which suggest that localized tumors with high HOXB13 and low MEIS1/2
expression identify patients with high AR output, may act as a framework to develop
molecular signatures that predict response to androgen deprivation in a cohort at a high

risk of developing recurrent metastatic disease. Thus, our work nominates these markers for
future studies investigating mechanistic underpinnings and prospective validation.

Limitations

Our study is not without limitations. These data suggest a correlation between HOXB13

and MEIS expression and oncologic outcomes for localized PCa. While our study shows an
association between high HOXB13 and low MEIS1/2 expression with increased AR activity,
the actual mechanistic underpinning for HOXB13 and MEIS expression, cancer progression,
and AR activity remains a worthy subject of future work. Future work on this topic with
proteomic and immunohistochemistry data would further validate our findings. Importantly,
while the G84E mutation is at the binding site for MEIS, the mutation does not seem to
alter HOXB13 expression in primary PCa or the interaction between HOXB13 and MEIS
[21,22]; we were unable to assess the connection between HOXB13 and germline mutations
in this study’s cohort. Additionally, assessments of HOXB13 expression and prognosis in
the setting of metastatic PCa, castration-resistant PCa, and neuroendocrine PCa were not
completed in this study, but could further our understanding of the role of HOXB13 and
PCa progression. Our analysis of the retrospective cohorts with clinical outcomes is also
subject to a bias related to unmeasured covariates, and thus our findings require future
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validating study. Although the patients in the JHMI cohort did not receive any adjuvant
treatments, a more complete analysis of the possible effect of adjuvant treatment in the
Mayo Clinic cohort would include radiation therapy and a landmark analysis starting after
adjuvant treatments were given. Finally, follow-up was modest at about 9 yr in the JHMI
cohort, which was shorter than that for the Mayo Clinic cohort (about 13 yr), particularly for
our analysis of overall survival.

5. Conclusions

Our study provides novel insight into the correlation between HOXB13 and localized

PCa progression. High HOXB13 expression portends a greater propensity for metastases
following local treatment. This effect was noted only in the setting of low MEIS1/2
expression, suggesting a coregulatory role between the two genes and PCa progression.
Tumors with high HOXB13 and low MEIS1/2 expression were enriched with high AR
activity, suggesting a mechanistic connection to cancer outcomes and sensitivity to androgen
suppression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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In multiple large cohorts, prostate cancer tumors with high homeobox B13 (HOXB13)
expression and low expression of its binding partner MEIS1/2 were enriched with high
androgen receptor output and had an increased propensity for metastases following
surgery.
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Fig. 1—.
Hg)XBB expression in nonmetastatic prostate adenocarcinoma and oncologic outcomes.
(A) HOXB13 expression increased with increasing Gleason grade group, but did not differ
between grade groups 1 (lowest) and 5 (highest) in the prospective cohort (7= 5239).

(B) HOXB13 is overexpressed in patients at a high risk of developing metastatic disease
following radical prostatectomy in the prospective cohort (7= 5239). Kaplan-Meier analysis
of HOXB13 expression quartiles in (C) Mayo and (D) JHMI cohorts showing that higher
expression is associated with poor metastasis-free survival.

AHR = adjusted hazard ratio; Cl = confidence interval; HOXB3 = homeobox B13; JHMI =
Johns Hopkins Medical Institute.

*p<0.05.
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Fig. 2 -.

Mgetastases—free survival based on HOXB13 and MEIS expression. Kaplan-Meier analysis of
metastasis-free survival in patients from the Mayo retrospective cohort stratified by above
versus below median expression of HOXB13 and (A) MEIS1 or (B) MEIS2 expression
following radical prostatectomy.

AHR = adjusted hazard ratio; Cl = confidence interval; HOXB3 = homeobox B13.
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AR = androgen receptor; HOXB3 = homeobox B13.

** p<0.001.
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Multivariable Cox regression analysis of HOXB13 expression for metastasis following radical prostatectomy

Covariate

JHMI

Mayo Clinic

AHR (95% CI)

p value

AHR (95% ClI)

p value

HOXB13 expression (quartile)
First (lowest)
Second
Third
Fourth (highest)
Grade group (per increase 1 group)
Log of PSA (ng/ml)
SVI
LNI
EPE
PSM

Reference
1.78 (1.00-3.17)
1.71 (0.98-2.98)
1.80 (1.02-3.19)
2.06 (1.68-2.51)
0.79 (0.6-1.04)
2.01 (1.32-3.06)
2.15 (1.42-3.25)
1.28 (0.76-2.14)
1.00 (0.68-1.45)

0.050
0.060
0.041
<0.001
0.095
0.001
<0.001
0.3
0.9

Reference
1.06 (0.74-1.51)
1.22 (0.86-1.73)
1.46 (1.03-2.06)
1.69 (1.49-1.91)
0.93 (0.80-1.08)
1.44 (1.10-1.89)
1.17 (0.85-1.60)
1.22(0.94-1.60)
1.06 (0.82-1.35)

0.7
0.3
0.030
<0.001
0.3
0.008
0.3
0.120
0.6

AHR = adjusted hazard ratio; Cl = confidence interval; EPE = extraprostatic extension; HOXB3 = homeobox B13; JHMI = Johns Hopkins Medical
Institute; LNI = lymph node invasion; PSA = prostate-specific antigen; PSM = positive surgical margin; SVI = seminal vesicle invasion.
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Multivariable Cox regression analysis of HOXB13 and MEIS expression for metastasis following radical

prostatectomy in the Mayo cohort

Covariate

MEIS1

MEIS2

AHR (95% CI)

p value

AHR (95% CI)

p value

High HOXB13 and low MEIS expression (vs others)
Grade group (per increase 1 group)

Log of PSA (ng/ml)

SVI

LNI

EPE

PSM

2.03 (1.54-2.66)
1.72 (1.52-1.94)
0.87 (0.76-1.01)
1.47 (1.13-1.93)
1.19 (0.87-1.62)
1.24 (0.95-1.61)
1.03 (0.81-1.32)

<0.001
<0.001
0.080
0.004
0.3
0.100
0.8

1.73 (1.33-2.26)
1.67 (1.48-1.9)
0.89 (0.77-1.03)
1.51 (1.15-1.97)
1.08 (0.78-1.49)
1.19 (0.91-1.55)
1.05 (0.82-1.34)

<0.001
<0.001
0.140
0.002
0.6
0.180
0.7

AHR = adjusted hazard ratio; EPE = extraprostatic extension; HOXB3 = homeobox B13; LNI = lymph node invasion; PSA = prostate-specific
antigen; PSM = positive surgical margin; SVI = seminal vesicle invasion.
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