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Abstract

INTRODUCTION: The mitochondrial genome has small open reading frames (SORF) which
produce measurable mitochondrial-derived peptides (MDPs), including humanin, SHLP2, and
MOTS-c. Previously, among men undergoing prostate biopsy, we found higher serum SHLP2 was
linked with lower PC risk in European American men (EAM), while null associations were found
in African American men (AAM). Here, in different patients undergoing prostate biopsy, we tested
the link between SHLP2, humanin and MOTS-c and prostate cancer (PC) risk by race.

METHODS: Plasma SHLP2, humanin, and MOTS-c were measured in 198 men (50/49
EAM/AAM cases; 50/49 EAM/AAM controls) undergoing biopsy. Logistic and multinomial
regression models tested associations between each MDP and PC diagnosis, low-grade (grade
group, GG1) and high-grade (GG2-5). Models were adjusted for age, body mass index, digital
rectal examination, and PSA. We tested interactions between MDPs and race.

RESULTS: Among controls, humanin was similar by race (p=0.60), but both SHLP2 (p=0.007)
and MOTS-c (p=0.026) were lower in AAM controls versus EAM controls. Among EAM, higher
MDP values were associated with lower PC risk (all p<0.001), with null associations in AAM (all
p-interactions<0.01). Similarly, higher MDP expression was associated with decreased risk of low-
and high-grade PC in EAM (all p<0.005) with null associations in AAM.

CONCLUSIONS: Higher MDP levels were associated with lower PC risk in EAM but not AAM.
Generally, AAM controls had lower MDP levels. These data support MDPs and mitochondrial
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dysfunction in PC, suggesting greater dysfunction in AAM may contribute to excess PC risk.
Future larger studies are needed to confirm these results.

Keywords

prostate cancer; mitochondrial genome; mitochondrial-derived peptides (MDPSs); mitochondrial
dysfunction; disparities

INTRODUCTION

Prostate cancer (PC) is the most common cancer in men and second leading cause of cancer
death in men in the United States (1). Current screening for PC is highly reliant on PSA
testing. However, given the high false-positive rate of PSA, most men who undergo a biopsy
for concerns about PC turn out either not to have cancer or are diagnosed with clinically
insignificant cancer (2). To overcome this, newer biomarkers are needed.

One relatively unexplored, but potentially promising source of PC biomarkers is the
mitochondria, as reviewed in Sita-Lumsden et al. (3) One study among 130 Chinese men
with PC, found that mitochondrial DNA (mtDNA) deletions were associated with aggressive
PC (4). In addition, the two mitochondrial ribosomal RNAs, the 12S and 16S rRNAs regions
of the mtDNA contain genetic variations. As reviewed by Kalsbeek et al. (5), only a few
small studies with PC patients from different ethnic and cultural backgrounds reported
association between PC and alterations within the 12S and 16S rRNAs region of the mtDNA
(5, 6). However, results have not been validated and these mtDNA genetic markers are not
currently used clinically in PC.

Beyond variations in the mtDNA, Nishimoto and colleagues identified the first peptide
encoded within the 16S rRNA (MT-RNR2) in a small open reading frame (sSORF), named
humanin (7). Further examination of the 16S rRNA region, led by our group, identified

6 additional small humanin-like peptides (SHLPs) 1-6 (8), and MOTS-c, the only MDP
located within the 12S rRNA region also known as the MT-RNR1 gene (9). Determining
the exact function of these MDPs is still an on-going effort, but data to date suggest these
MDPs may act as hormones (10), as all the currently discovered MDPs are detectable in

the circulation and have bioactive properties (8). For example, humanin is a 24-amino acid
peptide reported to exert anti-inflammatory effects (11) as well as inhibiting mitochondrial-
generated reactive oxygen species (ROS) (12, 13) and reducing the levels of free-circulating
insulin-like growth factor-1 (IGF-1) (14). Among the SHLPs 1-6, SHLP2 and SHLP3

had the most profound effects on cellular biology, specifically, increasing mitochondrial
oxygen consumption rate and ATP while reducing elevated levels of ROS (8), which might
help disruption of ROS-mediated signaling pathways that activate pro-oncogenic signaling.
Lastly, MOTS-c is known to be involved in mitochondrial regulation of energy metabolism,
insulin sensitivity and folate cycle pathways (9, 15, 16). Given the MDPs properties on
metabolic pathways related to cancer, including insulin-resistance, folate and ROS pathways,
it raises the possibility that MDPs may have a role in PC risk (17-20).

To date only one small prior study from our group assessed the association between MDPs
and PC risk. Among 100 Veteran African American men (AAM) and 100 Veteran European
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American men (EAM), we found low SHLP2 levels were strongly correlated with increased
PC risk, but only in EAM (14). While a less clear link was seen in AAM, a SHLP2 level
<350 pg/ml was strongly linked with increased PC risk in both races. Herein, we sought to
validate the results from our prior study but using plasma instead of serum as done in our
prior study. We also tested 2 additional MDPs for their association with PC risk in AAM and
EAM undergoing prostate biopsy at the Durham VA Health Care System (DVAHCS) using
the identical study design, but a different set of men from our earlier study (14). Consistent
with our earlier data on SHLP2, we hypothesized that lower expression of all MDPs would
be associated with increased PC risk and the results would be stronger among EAM.

MATERIAL AND METHODS

Study population and data collection

Patients undergoing prostate biopsy at DVAHCS for suspicion of PC (elevated PSA or
suspicious digital rectal examination [DRE]) were prospectively recruited between 2007
and 2018. Patients provided written informed consent, and the study was approved by the
Institutional Review Board. From all subjects, blood was drawn on the date of biopsy prior
to the procedure. Cases were defined as patients diagnosed with PC at biopsy, and controls
were patients with a negative biopsy. Of 378 patients enrolled since 2016 (beginning of
plasma sample collection), we randomly selected 199 patients (50 EAM cases, 50 EAM
controls, 50 AAM cases, and 49 AAM controls), all who had plasma available and complete
data on PSA, age, and BMI.

Sample preparation

Prior to assay, humanin, SHLP2 and MOTS-c in plasma were extracted in 90% acetonitrile
and 10% 1N HCI. Briefly, 200 ul of extraction reagent was added to 100 pl of plasma,

gently mixed and incubated at room temperature for 30 min. The mixture was centrifuged,
and the supernatant removed and dried by Speedvac. The dried extract was reconstituted
with 250 ul of phosphate buffer (50 mM sodium phosphate, 150 mM sodium chloride, 0.5%
Tween-20, pH 7.6) and then centrifuged at 13,000rpm for 10 minutes. The supernatants were
then transferred to a new tube for enzyme-linked immunosorbent assay (ELISA) assays.

Humanin, SHLP-2 and MOTS-c ELISA

Circulating levels of MDPs including humanin, SHLP2 and MOTS-c were measured

by in-house sandwich ELISA (8, 9, 21). In brief, a rabbit anti-human analogue for

humanin, HNG, and SHLP2 polyclonal anti-sera was produced by Harlan Laboratories,
respectively (Indianapolis, IN) and a rabbit-anti MOTS-c anti-sera was produced by Yenzym
Antibodies, LLC (South San Francisco, CA). IgG subclasses purified with a protein A
column chromatography (Pierce, Rockfold, IL) were used as capture antibody. 1gG was
further purified with a peptide-conjugated ligand affinity column and labeled with biotin.
This biotinylated ligand affinity purified 1gG was used as detection antibody. To measure
endogenous humanin, SHLP2, and MOTS-c levels, synthetic humanin, SHLP2 and MOTS-c
were used as standard within range 0.05 ng/ml to 10 ng/ml. Ninety-six-well microtiter plates
were coated with capture antibody at 0.5 ug/well in 200 pl of 50 mM sodium bicarbonate
buffer, pH 9.5, incubated 3—4 hours at room temperature on a shaker then washed with
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wash buffer followed by 2 washes with Superblock buffer (Pierce Chemicals, Rockford, IL).
Standards, controls or extracted samples and pre-tittered detection antibody were added to
the appropriate wells and incubated overnight. After wash, streptavidin-HRP conjugate was
added to well and further incubated for 30 min at room temperature. After 4 washes with
wash buffer, 200 pl/well of 1-step ultra TMB were added and incubated for 10-20 min. The
reaction was stopped by the addition of 50 pl/well 2N H2SO4 and absorbance was measured
on a plate spectrophotometer (Molecular Designs, Sunnyvale, CA) at 490 nm. All analyses
were conducted blinded to knowledge of case-control status and all plates had a relatively
equal mixture of cases and controls as well as equal mixture by race.

Statistical analysis

Patient characteristics were summarized and stratified by case-control status and by race.
Continuous variables were compared using Wilcoxon rank-sum tests and categorical

variables were compared using chi-squared tests. The difference in distribution of MDPs
between cases and controls, stratified by race, was tested using Wilcoxon rank-sum tests.

Univariable and multivariable logistic regression models were used to assess the association
between each MDP (SHLP2, humanin, and MOTS-c) and case-control status. The MDPs
were modeled continuously per 10 pg/ml. All models were stratified by race, and the
multivariable models were adjusted for age at biopsy (continuous), body mass index (BMI)
(continuous), DRE findings (normal vs. abnormal), and PSA before biopsy (continuous).
Similarly, univariable and multivariable multinomial logistic regression were used to test the
association between each MDP and high-grade PC (vs. no cancer) and low-grade PC (vs. no
cancer), stratified by race. Low-grade PC was defined as grade group (GG) 1 and high-grade
PC was defined as GG 2-5. The interaction between each MDP and race in predicting
overall PC and PC grade was tested using a Wald test. Area under the receiver operating
characteristic curve (AUC) was calculated for each outcome (overall PC and high-grade

PC) for models including MDP alone, base model (age at biopsy, BMI, DRE, and PSA at
biopsy), and base model plus each MDP. Given statistically significant interactions between
MDP and race for both overall PC and PC grade (all p-interaction<0.05), all analyses were
stratified by race.

Given these MDPs are thought to be metabolic markers, which may in turn relate to BMI
and or diabetes, we performed a secondary analysis testing the interaction between each

MDP and BMI as well as diabetes for overall PC and PC grade. All statistical tests were

performed with SAS 9.4 and p<0.05 was considered statistically significant.

Data Availability Statement: The data analyzed in this study are available from the
Durham VA Medical Center. Restrictions apply to the availability of these data, which
were used under license for this study. Data are available from the authors upon reasonable
request with the permission of the VA.
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Patient characteristics

Baseline characteristics of the patients are shown in Table 1. Cases had higher PSA (median
7.2 vs. 5.9 ng/ml, p<0.001) than controls, as expected. Age at biopsy, BMI, DRE findings,
and history of diabetes were similar between cases and controls. Of the cases, there were 36
low-grade (grade group, GG, 1) and 63 high-grade (GG 2-5). AAM were younger at biopsy
compared to EAM (median age 66 vs. 68 years, p=0.004). Otherwise, BMI, PSA, DRE and
history of diabetes, and cancer grade were similar between races.

When only comparing controls, humanin levels were similar by race (p=0.60), but both
SHLP2 (p=0.007) and MOTS-c (p=0.026) were lower in AAM vs. EAM (Fig 1B).

Plasma levels of MDPs in AAM

Among AAM, humanin values were lower in cases vs. controls (p=0.015, Table 2). When
stratified by controls vs. low-grade vs. high-grade, levels were similarly lower in both
low-grade and high-grade groups vs. controls (p=0.046, Figure 1A). By contrast, SHLP2 and
MOTS-c were unrelated to overall PC risk (all p=0.39, Table 2) or PC grade (all p=0.66,
Figure 1A).

On both univariable and multivariable analysis, there remained no association between
SHLP2 or MOTS-c and PC diagnosis (all p=0.57; Table 3). Similar null results were seen
when examined by tumor grade. In contrast, for humanin, higher levels were associated with
lower odds of overall PC (p=0.043) and high-grade PC (p=0.029) on univariable analysis.
While the results became non-significant on adjusted analysis, the odds ratio still favored

an inverse association between humanin and overall PC (OR=0.98, p=0.054) and high-grade
PC (OR=0.98, p=0.065) (Table 3).

Among AAM, data for overall PC shows that AUC for the base model (0.65, Table 4) was
higher than the AUC for each MDP (0.52-0.64). Further, adding the MDPs to the base
model resulted in minimal to no improvement in AUC (0.65-0.69) (Table 4). Likewise,
AUCs were minimally improved when adding different combinations of MDPs into the
model (0.66-0.69, Table 5).

Similar to data for overall PC, among AAM, each MDP had a low AUC (0.52-0.63) for
high-grade PC especially compared to the base model alone (0.72). Adding the MDPs to
the base model resulted in minimal to no improvement in AUC over the base model alone
(0.72-0.73) (Table 4). Likewise, adding different combinations of MDPs to the base model
for high-grade PC, resulted in no improvement to the AUC relative to the baseline model
alone (Table 5).

Plasma levels of MDPs in EAM

Among EAM, all MDP values were lower in cases vs. controls (all p<0.001; Table 2).
Results remained significant when stratified by controls vs. low-grade vs. high-grade
with high-grade tumors having slightly lower levels than low-grade tumors (all p<0.001;
Figure 1A). On both univariable and multivariable analyses, higher MDP values remained
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significantly associated with lower PC risk (all p<0.0002; Table 3). When examined by
grade, higher levels of all MDPs were associated with lower odds of both low-grade and
high-grade PC, with the association being slightly stronger for high-grade disease (all
p<0.005; Table 3).

In EAM, the base model of clinical and demographic features for predicting overall PC
had an AUC of 0.65 (Table 4). The AUCs for each MDP alone predicting PC ranged from
0.77-0.83. When individual MDPs were added to the base model, the AUCs increased to
0.81-0.84. When different combinations of MDPs were added to the base model, AUCs
were slightly further improved to 0.85-0.86 (Table 5).

For predicting high-grade disease, similar patterns were seen. In EAM, the AUC for the base
model of clinical and demographic features for high grade PC was 0.77 (Table 4). The AUCs
for each MDP alone predicting high grade ranged from 0.74-0.78. When individual MDPs
were added to the base model, the AUCs increased to 0.82-0.86 (Table 4). While various
combinations of MDPs had slightly better AUCs than each MDP alone (range 0.79-0.80),
combining this to the base model resulted in an AUC range of 0.85-0.86, which was not
meaningfully better than the base model with single MDPs (0.82-0.86, Table 5).

Sensitivity analysis

In analyses stratified by race testing for interactions between MDPs and BMI (stratified
as <30 vs. 230 kg/m?) for predicting both overall PC and by grade, results were largely
null except the interaction between MOTS-c and PC grade among AAM (p=0.025,
Supplementary Table 1). However, as these analyses involved 12 different statistical tests,
after Bonferroni correction, these results were no longer statistically significant.

In analyses stratified by race testing for interactions between MDPs and diabetes at the time
of biopsy for predicting both overall PC and by grade, we found no significant interactions
(all p-interaction =0.14, Supplementary Table 2)

DISCUSSION

Mitochondrial dysfunction is an important cancer-driving event (22, 23) and mitochondrial
impairment appears to be involved in PC pathophysiology (24). As such, it stands to

reason that circulating mitochondria-derived circulating markers, such as MDPs (8), may
be associated with PC risk. Indeed, we previously found that low serum levels of one MDP,
SHLP2, were strongly correlated with PC risk in EAM (25), while a less clear link was seen
in AAM, suggesting an race-specific regulation. In the present study we sought to validate
those results and further measured two other MDPs, humanin and MOTS-c, in a different
cohort of 199 EAM and AAM undergoing prostate biopsy. We found that overall, cases

had lower levels of MDPs, including SHLP2, humanin and MOTS-c compared to controls.
Furthermore, after adjusting for confounders, higher MDP levels were associated with lower
PC risk, including low- and high-grade PC, but similar to our prior results, significant
associations were only seen in EAM. While no associations between MDPs and PC risk
were found in AAM, AAM controls had significantly lower levels of two MDPs (SHLP2
and MOTS-c) compared to EAM controls. These data validate our previous results and
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support the importance of MDPs and mitochondrial dysfunction in PC, suggesting greater
dysfunction in AAM (as evidenced by lower levels in controls), which may contribute to
excess PC risk in this group. Moreover, these data support further evaluation of MDPs as
novel PC biomarkers.

Our findings are important and point to biological factors in PC racial disparities. Previous
studies showed higher genetic PC risk scores among men with African ancestry than in
men with European ancestry (26). In this regard, we confirmed the genetic ancestry of
these self-reported individuals via haplogroup assignment (data not shown). Beyond the
fact that overall, MDPs’ levels were lower in PC patients, we found that higher levels of
MDPs were statistically significantly associated with lower PC risk only in EAM. This may
reflect racial/ethnic differences in mitochondrial dysfunction and metabolic dysregulation.
This phenomenon could contribute to the well-known increased PC risk in AAM compared
to EAM (27). Intriguingly, as high SHLP2 and MOTS-c levels were equally strongly linked
with the risk of low- and high-grade cancer in EAM, it suggests these are markers of cancer
risk, not specifically aggressive cancer. As such, the fact that AAM, even controls, had lower
levels than EAM, is further consistent with the increased risk of PC among AAM.

Several mechanistic pathways may link MDPs and PC risk. Humanin, SHLP2 and MOTS-c
are reportedly regulators of insulin action. Treatment with exogenous humanin, SHLP2

and MOTS-c peptides in several /nn vivo models improved insulin sensitivity, mainly by
suppressing hepatic glucose production and enhancement of peripheral glucose uptake

(8, 9, 28). Hyperinsulinemia appears to be associated with a higher risk of PC (17, 29).
Interestingly, MOTS-c is also implicated in obesity and insulin resistance pathogenesis and
known to reduce circulating IL-6 and TNFa levels and indirectly activate the metabolic
regulator AMPK (9). Other roles of these MDPs relate to their ability to inhibit PC cell
growth (30), induce apoptosis and inhibit migration and invasion (31). These preclinical
findings support our observations that higher levels are associated with lower PC risk (at
least among EAM). As such, these markers are not traditional cancer biomarkers, such as
PSA, which are released by the tumor, but may rather reflect a metabolic environment,

in which a cancer is more likely to develop. Future studies should focus on human
specimens to find a correlation between the insulin/inflammation pathways, MDPs and PC.
Additionally, SHLP2 is known to enhance mitochondrial metabolism and suppress ROS
production (8). Thus, the decreased levels reported in our study may reflect a dent on MDP’s
cytoprotective role, which may help PC development.

While these results certainly suggest a novel biological link between MDPs and PC,

they also show potential clinical implications for PC diagnosis. The addition of single
MDPs to the base model (age at biopsy, BMI, DRE, and PSA at biopsy), show dramatic
improvements in AUC among EAM, for PC vs. no PC (0.84 vs. 0.65) as well as for
low-grade and high-grade PC (0.86 vs. 0.77). These data on MDPs predictive values are

on par with commercially available screening tools, such as the serum based 4K score and
the urine-based SelectMDX and ExoDx™ tests. For example, a recent study of 457 prostate
biopsies showed similar AUC when using ExoDx, 4K score and Select MDx (0.849, 0.835
and 0.699, respectively) (32). Furthermore, in another study, a combined model (MRI and
biomarkers) had better predictive ability for detecting high-grade PC than MRI alone (33).
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Thus, their data suggested that MRI alone was not sensitive enough to detect all high-grade
PC and that 4K or ExoDx testing alone could be sufficient when deciding to proceed with
biopsy (33). As such, if our results are validated in future larger studies, the MDPs studied
herein may be clinically useful biomarkers to identify which patients with an elevated PSA
require a biopsy and which can be safely followed given a very low risk of high-grade PC.

Although the current study has several strengths including the clinical data of a racially
diverse cohort of men undergoing prostate biopsy, there are also limitations, including the
retrospective design of the study, and small sample size. Furthermore, lack of detailed
metabolic parameters such as insulin and glucose levels could have provided more
mechanistic insights into the link between MDPs and PC risk. Another limitation was none
of the men underwent a pre-biopsy MRI, which is increasingly part of the standard of care
for diagnosing PC. The last limitation encountered is the need for robust studies in the
scientific community that unequivocally establish MDPs as potential biomarkers. Despite
these limitations, our study adds important evidence on racial differences in the associations
between MDPs and PC risk.

In summary, in an equal-access setting of men undergoing prostate biopsy, three MDPs,
SHLP2, humanin and MOTS-c, were associated with PC risk in EAM but not in AAM.
Importantly, among controls, for 2 of the 3 MDPs, AAM had significantly lower levels
suggesting baseline mitochondrial dysfunction that may underscore the increased risk of PC
among AAM. Future larger studies are needed to confirm these results as well as to better
understand the biological link between MDPs and PC risk.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1A:
Distribution of humanin, SHLP2 and MOTS-c by race stratified by control vs. low-grade vs.

high-grade with highgrade tumors.
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Figure 1B:
Distribution of humanin, SHLP2 and MOTS-c levels categorized by no cancer, low- and

high-grade PC per race.
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Table 1:

Baseline patient characteristics by cancer status and race

Cancer status

Cases (N=100) Controls(N=99) AAM (N=99) EAM (N=100) p value

Age at biopsy 0.6461 0.0041
Median 67 67 66 68
Q1,Q3 63,70 63, 69 61, 69 64, 70

Race 1.0002 -
White 50 (51%) 50 (51%)
Black 49 (49%) 49 (49%)

BMI (kg/m2) 0.9061 012101
Median 29.9 29.5 29.5 29.8
Q1,Q3 26.2,33.6 26.8,32.5 26.3,32.6 27.2,33.6

PSA at biopsy (ng/mL) <O.0011 0.3481
Median 7.2 59 6.4 6.5
Q1,Q3 5.5,10.5 43,78 52,99 49,82

Digital rectal exam 0 0742 0 2922
Not suspicious 68 (69%) 79 (80%) 76 (78%) 71 (71%)
Suspicious 31 (31%) 20 (20%) 22 (22%) 29 (29%)

History of diabetes? 0 0862 0 9902
Missing 33 36 37 32
No 51 (77%) 40 (63%) 43 (70%) 48 (71%)
Yes 15 (23%) 23 (37%) 18 (30%) 20 (29%)

Biopsy grade group - 0 6402
No cancer 0 99 49 50
1 36 (36%) 0 (0%) 17 (35%) 19 (38%)
2-3 40 (40%) 0 (0%) 22 (45%) 18 (36%)
4-5 23 (23%) 0 (0%) 10 (20%) 13 (26%)

'ZWiIcoxon
2Chi-Square
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