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Abstract

Objective: While prostate cancer does not occur more oftamen with diabetes, survival is
markedly reduced in this patient group. Androge@maiing is a known and major driver for
prostate cancer progression. Therefore, we analyaagr components of the androgen
signaling chain and cell proliferation in relatitmtype 2 diabetes.

Research Design and Methods: Tumor content of 70 prostate tissue samples of miém
type 2 diabetes and 59 samples of patients witbialtetes was quantified by an experienced
pathologist, and a subset of 51 samples was immstochemically stained for androgen
receptor (AR). mRNA expression @R, insulin receptor isoform AlIR-A) and B (R-B),
IGF-1 receptorlGF1R), Cyp27Al1 andCyp7B1, PSA gen&kKLK3, PSMA gend=OLH1, Ki-67
geneMKI67, and estrogen receptor b€EESR2) were analyzed by RT-gPCR.

Results: AR mRNA and protein expression were associated vighttmor content only in
men with diabetesAR expression also correlated with downstream targ&a (KLK3) and
PSMA (FOLH1) and increased cell proliferation. Only in diabet&fR expression was
correlated to highetR-A / IR-B ratio and lowerdR-B / IGF1R ratio, thus, in favor of the
mitogenic isoforms. Reducedyp27A1 and increase@yp7Bl expressions in tumor suggest
lower levels of protective estrogen receptor ligamddiabetes.

Conclusions. We report elevated androgen receptor signalingaatiglity presumably due to
altered insulin/IGF-1 receptors and decreased $evieprotective estrogen receptor ligands in
prostate cancer in men with diabetes. Our reseltsal new insights why these patients have
a worse prognosis. These findings provide the bfasiguture clinical trials to investigate

treatment response in patients with prostate caaru#diabetes.
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Introduction

In contrast to numerous other malignancies, thelamce of prostate cancer, which is the
most common cancer in men, is not increased in aasencurrent type 2 diabetes mellitus;
several studies even reported a decreased riskOfg.of the crucial drivers for prostate cell
growth is androgen signaling, paving the way fa #mdrogen-deprivation therapy (ADT) as
one standard treatment for prostate cancer [2]eRbg it was shown that increasing glucose
concentrations are able to downregulate androgegpter (AR) mRNA and protein levels
through NF-kB activationn vitro and in an animal model of prostate cancer [3]. Gitret
men with type 2 diabetes have lower testosterovedger se, the mentioned changes could
be one possible explanation for the lower prostatecer incidence in this patient group [4].
Nevertheless, according to numerous previous stugieostate cancer survival is clearly
reduced when type 2 diabetes is present [5-7].0lgh strong epidemiological evidence
links prostate cancer and type 2 diabetes, therlymlg molecular mechanisms are still not
understood in detail.

Prostate cell growth and prostate carcinogenesisi@ironly mediated by androgens, they are
also dependent on functional insulin receptor @Ry insulin-like growth factor-1 (IGF-1)
receptor (IGF1R) signaling. Previous studies ada@ghis issue and reported a correlation
between high insulin and IGF-1 levels and prostatecer cell progression [8-10]. In addition
to the indicated IR overexpression in prostate earjtl], we demonstrated an isoform
configuration showing elevated IR isoform A to Biwmain prostate cancer [12]. In this
context, the mitogenic isoform A is differently egpsed in various cancer cells, has a high
affinity for IGF-2 and can contribute to cell prfeliation, whereas the isoform B mainly
transmits the regular metabolic effects of insylr8]. A crosslink between insulin and
androgen signaling has been already proposed leyaeyroups, demonstrating increasied
novo steroidogenesis in prostate cancer cells by insand vice versa, an increased IR

expression, insulin binding, and insulin responséss by androgens in Hep-2 larynx
3



86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

carcinoma cells [14, 15]. Moreover, Fan et al. shdan activation of androgen signaling by
insulin and IGF-1 through direct interactions okbt with AR [16].

Of interest, activity of AR in prostate cancer @ wnly modulated by androgens but also by
cholesterol derivates, e.g. oxysterols. These isiei@ppear to antagonize androgen signaling
via estrogen receptor and other pathways [17, l&@ortant estrogen receptor ligands in this
context are 27-hydroxycholesterol (27HC), the malstindant oxysterol, and33dAdiol, a
degradation product of dihydrotestosterone. Howew®mcentrations cannot easily be
measured and circulating levels must not necegsaflect concentrations at the tumor cell.
Though, they can be estimated by analyzing thehggiting and degrading enzymes. 27HC
is the most abundant oxidized derivative of che@kst(oxysterol) in plasma. Cholesterol is
converted into 27HC by the enzyme Cyp27A1, a cytomaie P450 oxidase, which is shown
to be downregulated in prostate cancer [19, 20¢ rHbe limiting enzyme in the catabolism of
27HC is Cyp7B1, which is reported to be overexpdsturing progression of prostate cancer
[21]. Recently, 27HC was shown to inhibit growth ppbstate cancer cells by depletion of
intracellular cholesterol, representing a negafeedback loop for regulating cholesterol
biosynthesis, possibly via inhibition of sterol uégtory element-binding protein (SREBP2)
activity [20].

To better understand why prostate cancer sunsvedduced in type 2 diabetes, we performed
gene expression analysis of key proteins involvedandrogen signaling and steroid

modulators thereof using prostate tissue sampleseofwith and without diabetes.
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Methods

Study design

70 prostate tissue samples of men with type 2 tksband 59 samples of patients without
diabetes, all of whom were diagnosed with prostea@cer and underwent a radical
prostatectomy at the University of Tubingen betwdane 2004 and September 2015, were
included in the study. All were Caucasians. Nonetled patients was pre-treated with
hormone-altering therapy. Since age (yr) and BMj/iff) were non-normally distributed,
they are given as medians [interquartile rangel,A® diabetes group: 63 [51-83]; diabetes
group: 74 [53-87], p<0.0001; BMI, no diabetes groRf.5 [20.2-33.7], diabetes group: 28.1
[22.2-41.1], p=0.0003. Clinical chemistry and hormaomeasurements for all but 2 of the
patients without diabetes and a subgroup of 1kptsiwith diabetes are reported in Table 1.
All patients without diabetes underwent a 75 g aghlcose tolerance test to rule out
undiagnosed diabetes (ADA criteria). The group afignts with diabetes consisted of
patients with known diabetes prior to operation patients with newly diagnosed diabetes in
our oral glucose tolerance test. Forty-four patiemith impaired glucose regulation who did
not fulfill the diagnostic criteria for diabetes mgancluded in the “no diabetes” group. Tumor
staging was comparable between patients with atltbwut diabetes (supplementary table 1).
For analyses involving tumor stage, participantsswggouped by T-stage into T2 versus T>2.
Informed written consent was obtained from all jggraints, and the Ethics Committee of the

University of Tubingen approved the protocol.

Tissue sampling

To ensure optimal quality prostate tissue fromegudti, we performed a procedure to avoid
delayed freezing. Immediately after removing thespate, the organ was carefully digitally
palpated and both an area of peripheral hardndbsswpposed tumor region and also an area

of soft tissue were cut out. Each excised sampigpcised an approximately 5x5x3 mm piece
5



132 of tissue. It was cut longitudinally into 3 lameljdrom which the two outer lamellas were
133 immediately snap frozen in liquid nitrogen, presegvan as optimal as possible sample
134  quality for the mRNA measurements. Tissues remaiireen at -80°C prior to analysis.

135 From every sample, the respective middle slice fwamalin fixed and paraffin embedded.
136 On a representative hematoxylin-eosin stained séibeng this lamella, an experienced
137  pathologist assessed the slide for malignancy antumor content. First, the total area of all
138 glandular structures was defined as 100%, therablu@ing all stromal areas in the slide.
139  Second, all areas of prostate cancer were calcugséotal malignant area of the slide. Third,
140 the resulting total area of malignant histology wakulated as percentage share of the whole
141 glandular area. This two-dimensional tumor extamged from 0% (nonmalignant samples)
142 to 100%. It was considered as an equivalent forthkinee-dimensional extent of the two
143 adjacent frozen slices of the sample by addinghhd dimension perpendicular to the slide
144 plain and thereby expanding tumor as well as noigmaht areas to the same scale. For
145 further calculations, this individual value wasexed as ‘tumor content’ of the sample.

146

147  Gene expression analyses

148 For quantification of mMRNA expression in human pates, tissues were frozen in liquid
149 nitrogen. Total RNA was extracted with AllPrep MiKit (QIAGEN, Hilden, Germany)
150 according to the manufacturer’s instructions. Afteatment with RNase-free DNase |, total
151 RNA was transcribed into cDNA using the first statDNA kit from Roche Diagnostics
152  (Mannheim, Germany). RT-gPCR was performed on &tlgcler 480 (Roche Diagnostics)
153 using Probes Master and fluorescent probes from Uhe&ersal Probe Library (Roche
154  Diagnostics). Primers were obtained from TIB MOLRBI(Berlin, Germany). The following
155 primer sequences were  used: androgen  receptodR): ( forward 5'-
156 GCCTTGCTCTCTAGCCTCAA-3’, reverse 5-GGTCGTCCACGTGASTTG-3’; insulin

157 receptor isoform A IR-A): forward 5-TTTTCGTCCCCAGGCCAT-3’, reverse 5'-
6
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CCACCGTCACATTCCCAAC-3’; insulin receptor isoform B(IR-B): forward 5'-
TTTCGTCCCCAGAAAAACCTCT-3, reverse 5'-CCACCGTCACATICCAAC-3’; IGF-1
receptor [(GF1R): forward 5-TCAGCGCTGCTGATGTGT-3, reverse 5'-
GGCTCATGGTGATCTTCTCC-3’; KLK3: forward 5-CCTGTCCGTGACGTGGAT-3,
reverse 5-CAGGGTTGGGAATGCTTCT-3'; FOLH1: forward 5'-
GATGCACAGAAGCTCCTAGAAAA-3, reverse 5-CCAACATTGTAGGCACTTTG-3';
MKI67: forward 5-CCAAAAGAAAGTCTCTGGTAATGCS -, reverse '5
CCTGATGGTTGAGGCTGTTC-37; Cyp27AL. forward 5'-
CAGTACGGAACGACATGGAG-3, reverse 5-GGTACCAGTGGTGTITCC-3’;
Cyp7BL. forward 5-CCTCCAGTCCTACATGGTGAC-3', reverse 5'-
GGTGGTTTTCTTCTTACCATCTTC-3,, ESR2: forward 5-
CATGATCCTGCTCAATTCCA-3', reverse 5'-ACCAAAGCATCGGTAG-3".
Prostate-specific antigen (PSA) is encodedKhK3, prostate-specific membrane antigen
(PSMA) is encoded by¥OLH1, Ki-67 is encoded bWKI67, and ER beta is encoded by
ESR2. Measurements were performed in duplicates. RNAtesd was normalized for the
housekeeping gergbiquitin C (UBC) using theAACt method, asJBC was neither different
between patients with or without diabetes (p=0.4%3) between cancer and benign samples
(p=0.315) while other commonly applied housekeemages showed such differences (e.g.
HPRT1 p<0.0001 oSDHA p=0.0093).

Data on mRNA and protein expression for prostateceafrom the Cancer Genome Atlas
Research Consortium (TCGA) [22] was downloadediveacBioPortal for Cancer Genomics

(http://www.cbioportal.org, accessed 10.11.201i)this dataset, protein data was available

only for AR.

Immunohistochemistry

Immunohistochemical staining was performed by atoraated slide staining instrument
7
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BenchMark ULTRA (Ventana Medical System/Roche, TugsArizona, United States). For
immunohistochemistry, slides were deparaffinized eehydrated. AR antibody clone M AR
441 (Dako, Glostrup, Denmark) was used as primatjbady. For detection of the AR,
tissues were pretreated by heat antigen retrieithl am Cell Conditioner 1 solution (Roche,
Basel, Switzerland) for 64 minutes with proteag®dche). AR antibodies were diluted 1:200
in an antibody-diluent and incubated for 32 minw@e37°C in the platform. For visualization,
the indirect biotin-free OptiView DAB Detection Ki{{Roche) was used. The slides were
counterstained and mounted. Internal controls skeagepositive controls for AR.

In microscopic assessment, AR staining was digeidbthomogeneously. Expression was
guantified according to a modified scoring systewhich has already been used for
assessment of AR immunoreaction. Diversity of pasitells was classified to a score 0-5

[23] by a researcher blinded for diabetes status.

Statistical analyses

For non-normally distributed parameters, log transftion was used. For patients with two
samples available, one sample was randomly omiitexh the analyses. For statistical
analysis, we performed multivariate linear regr@ssnodels adjusted for age and BMI to test
differences in the gene expression patterns. Ictierss were tested by ANCOVA.
Associations with a p-value0.05 were considered significant. The statistioaftveare

package JMP 11.0 (SAS Institute Inc., Cary, NC) usex.
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Results

Elevated androgen receptor expression and activatemhdrogen signaling in diabetes

First, we assessed whether androgen recept@y lmMRNA expression was differentially
expressed in tumor depending on diabetes stat@seMmas a significant interaction between
diabetes status and tumor statusAghexpression (PANCOVA=0.0151AR mRNA levels
were significantly different between tumor-adjacbanhign tissue and prostate cancer only in
patients with diabetes (Suppl. fig. 1). In linelwihis finding, stratification for diabetes status
revealed thatAR mMRNA expression was associated with the tumor ezdnonly in the
biopsies of men with diabetes (Fig.1A-1C). In platdb AR mRNA, the expression of the AR
downstream target ged K3, which encodes PSAyas selectively elevated with increasing
tumor content only when diabetes was present (HiglF). AnotherAR downstream target
gene FOLH1, encoding PSMA, was positively correlated with tumcontent in both
conditions, however, with a larger effect size iabetes (diabetef3=1.81 + 0.43; no
diabetes:p=1.31 £+ 0.63; Fig. 1G-1lI). FurtheAR expression was correlated with the
expression ofMKI67, a gene coding for the proliferation marker Ki-gFig. 1J-1L).
Furthermore AR mRNA expression in tumor was positively relatechigh T-score (T>2) in
patients with diabetes (p=0.027) but not in patiewthout diabetes (p=0.441).

We then quantified immunohistochemical staining At in tissue specimens of 51 patients.
Staining of the AR was exclusively located in thecleus to a different extent (Fig. 2A and
2B). Just as with mRNA expression, AR protein egpi@n was significantly positively
associated with tumor content in patients with diab (p=0.020) while this did not reach
statistical significance in patients without diadset(p=0.095). Accordingly, patients with
diabetes had more AR protein expression comparegatents without diabetes, both in
tumor-adjacent tissue and in prostate cancer g&ig.

Data from the Cancer Genome Atlas Research Consofff CGA) also indicated thaR

MRNA expression can serve as an estimate of ARjorat prostate cancer (Suppl. Fig. 2).
9



231

232 Association of androgen receptor expression with peptors involved in insulin signaling
233  We next asked whether the elevafRImMRNA expression was interrelated to the expression
234  of other receptors involved in insulin signalings feported previously [12], we calculated
235 ratios between the two IR isoforms IR-A and IR-Bldhe IR-B and IGF1R ratioR-A/ IR-B
236 ratio was correlated to tumor content independémliabetes status (diabetes: p<0.0001, no
237  diabetes: p=0.0003), whil&®-B / IGF1R ratio was inversely correlated with the tumor cante
238 in the samples (diabetes: p=0.001, no diabetesORSD

239 AR expression was correlated to higherA / IR-B ratio and lowelR-B / IGF1R ratio when
240 diabetes was present (Fig. 3A and 3D, respectivmiy)not in patients without diabetes (Fig.
241 3B and 3E, respectively).

242

243

244 Involvement of Cyp27A1 and Cyp7B1 in androgen sigreg, the rate limiting enzymes
245  for 27-hydroxycholesterol synthesis and degradatigrdepending on diabetes status

246 We next assesse@yp27Al expression andCyp7Bl for potential interrelations with the
247  androgen signaling cascad&hen correlated to the tumor content in the biegsin diabetes
248 Cyp27A1 mRNA levels were significantly reduced with incriegstumor content (Fig. 4A).
249  Although Cyp27A1 mRNA correlated inversely to the tumor content gtignts without
250 diabetes as well (Fig. 4B), the reductionQip27A1 mRNA expression tended to associate
251 with enhanced activation of androgen signalingitsaselation with theAR downstream gene
252 FOLH1 mRNA was only present in diabetes (Fig. 4D-4F).rébwer, reduced levels of
253  Cyp27A1 expression were associated with elevated cellifpration solely in men with
254  diabetes, as measured by the expressidkib7, a gene coding for the proliferation marker
255  Ki-67 (Fig. 4G-4l).

256  Further, stratification for diabetes status reve@aeoositive correlation a@yp7B1 expression
10
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263

with tumor content only in the samples in men wdihbetes, while men without diabetes
showed the opposite direction (Fig. 4J-40yp7B1l expression positively correlated with
activity of androgen signaling, assessed KIK3, which encodes PSA (p=0.003).
FurthermoreCyp7B1 expression was positively associated with cellifgn@ation, assessed by
Ki-67 gene expression (p=0.0005).

ESR2 encoding ER beta tended to be lower with increagimor content (Suppl. Fig. 3).
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Discussion

In this study, we investigated crucial signalinghpeays for the progression of prostate cancer
on the gene expression level in relation to théepts diabetes status. Here we report for the
first time selectively elevated androgen recepf&R)(and enhanced androgen signaling in
tumor tissue of men with diabetes. An augmenteck gexpression machinery of the AfRd
downstream target genes underscore enhanced yaatiyatients with diabetes. As androgen
signaling displays one of the most important dsvier prostate cell growth, and since in our
study AR expression was strongly correlated withagll proliferation marker Ki-67 and was
associated with higher T-stage, our finding addsathomechanism that contributes to the
worse cancer-related outcome of prostate cancempawith type 2 diabetes.

Previous findings reported that, on the one haaduced testosterone levels in men with
diabetes, and, on the other hand, downregulati®dRohRNA and protein levels through NF-
kB activationin vitro and in an animal model of prostate cancer [3,These mechanisms,
which may result in a reduced AR activation, weiscassed as one possible explanation for
the lower prostate cancer incidence in men withbetes. However, here we clearly
demonstrate an activated AR gene expression magtseectively under diabetic conditions
in prostate cancer patients, paralleled by stresrgtti cell proliferation and higher tumor
stage. Thus, our results argue against AR downraégul in diabetes after occurrence of
prostate cancen vivo.

Possible underlying mechanisms for this AR overeggion could include insulin or IGF-1
signaling as these signaling cascades are knowctizate AR [16]. We first confirmed our
previous findings [12], as we again detected diftial expression patterns of the IR/IGF1R
receptors in prostate cancer in the current stMdg.now addressed this in regard to AR
expression. Of note, we detected that higher ingelceptol R-A / IR-B ratio and lower R-B

/ IGF1R ratio, thus, a shift toward the mitogenic isoformg&re correlated with elevatéR

expression levels in patients with diabetes. Desjpiver testosterone levels in diabetes [4],
12
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this shift in receptor composition together withevated insulin levels could promote
upregulation of the AR. In concert with reductionprotective estrogen receptor modulators,
this might enhance activity of the androgen sigriaachinery. The simultaneously elevated
expression of the ARownstream target PSiA tumors of patients with diabetes underline a
strictly diabetes-dependent interrelation betweedr@gen and insulin signaling, promoting
mitogenic pathways in the cancer cell.

As patients with type 2 diabetes are known to beehpsulinemicper se, this relationship
between insulin/IGF1 receptor and AR may point tasaa causal role of insulin in AR
upregulation. Indeed, this is supported by severavious observations. Beyond the already
mentioned AR activation by insulin or IGF-1, liga®l AR itself may up-regulate IGF1R
expression in prostate cancer cells, possibly wuglthe Src-ERK1/2 pathway, pointing to a
vicious cycle once it is activated [16, 24, 25].this regard, insulin and IGF-1 may not only
activate AR through Foxol inactivation, they miglgo elevate androgen levels (Fig. 5). As
it was previously shown, insulin is capable of gulating expression of enzymes necessary
for steroidogenesis both at the mRNA and proteweleand, moreover, to directly increase
intracellular steroids in prostate cancer cellsiciwtare well-known ligands for the AR, e.g.
testosterone [14] (Fig. 5). In line with this, lmetsame work, insulin treatment led to elevated
PSA expression and secretion, finally demonstratingufficient activation of the AR by
insulin. In accordance with these observations, results point towards a causal role for
insulin in AR upregulation especially when typeidbetes is present. Of notice, a number of
therapeutic strategies in the treatment of diab&igher elevate circulating insulin levels,
including all insulin-based therapies and sulfongés. Our data might prompt speculation
that insulin-independent glucose lowering treatmenight be a better option for patients
with prostate cancer. One important drug is metfoymwhich is not only reported to enhance
insulin sensitivity and lower circulating insulievels but also may act on insulin-independent

pathways improving cancer-related outcome in ptestancer [26, 27}—t1-case-of-early-use
13
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Major activators of the AR are testosterone and/dhbtestosterone (DHT). An important

degradation product of DHT if33Adiol. Of notice, B-Adiol antagonizes androgen signaling
by activating estrogen receptors [18]. In the aurrevork, we investigated the major
degrading enzyme of the protectivB-Adiol, i.e. Cyp7B1. Interestingly, this enzyme als
degrades another important selective estrogen t@cepdulator (SERM) 27HC [28]. This
SERM is synthesized from cholesterol by Cyp27Al.udh downregulation of the
synthesizing enzyme or overexpression of the deggaenzyme can lead to a decrease in
these protective steroids and to a shift from g@stinadowards androgen signaling [29]. Besides
activation of the estrogen receptor, 27HC is kndgvoontribute to other protective pathways
[17, 20]. Interestingly, there are differences iatignts with or without diabetes in these
metabolic pathways. While the synthesizing enzysmownregulated in tumor in all patients,
the degrading enzyme is upregulated in tumor inieptst with diabetes only, while
downregulated in patients without diabetes. Eveough, the downregulation of the
synthesizing enzyme is associated with enhancedrtaell proliferation only in patients with
diabetes. Altogether, these data indicate decredmesls of these important protective
estrogen receptor ligands and thus enhanced amdmagealing in tumors of patients with
diabetes.

Our results indicate that at least two distinct haggtsms may contribute to the poor prognosis
of prostate cancer in men with diabetes: i) upraguh of the androgen receptor, presumably
via alteration in the insulin/IGF-1 signaling cadeaand ii) disinhibition of androgen
signaling due to decreased levels of protectiveogeh receptor ligands. Further studies are
needed to verify our results on the protein lewehwst of the proteins addressed were only
analyzed on the mRNA level and protein data fronGRJ22] was available only for AR.

Further studies are also needed to extend oumiysdio patients with end-stage disease.
14
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To summarize, we report for the first time enhaneaggression of androgen receptor in
prostate cancer and stronger activation of andragmaling in men with type 2 diabetes.
Enhanced insulin signaling via either the mitogdReA isoform or IGF-1 receptor might be
involved in this upregulation of androgen signalimgtumors of patients with diabetes.
Decreased levels of protective estrogen receptg@andls can also contribute to enhanced
androgen signaling. Our work provides new insightsy men with prostate cancer have
worse prognosis in case of coincident diabetesth&sanalyzed molecular mechanisms are
targets for either antidiabetic or anti-tumor thwraour results provide the basis for future
clinical trials to investigate treatment respongestich therapies in patients with prostate

cancer and diabetes.

15



353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

Figure legends

Figure 1. Correlation between th&R mRNA expression and A-C: tumor content in sample;
D-F: Correlation betweelKLK3 mRNA expression (encoding PSA) and tumor contant i
sample; G-I: Correlation betwedfOLH1 mRNA expression (encoding PSMA) and tumor
content in sample; J-L: Correlation betwedR andMKI67 mRNA expression (encoding AR
and Ki-67, respectively) in diabetes (left paneéx] dots), no diabetes (middle panels, blue
dots) and all patients combined (right panels). @asmof men with and without type 2
diabetes who underwent a radical prostatectomy wetaded in the study. Tumor content
was quantified by an experienced pathologist. mRIXNgression of target genes was analyzed
by RT-gPCR and normalized t4BC mRNA in duplicate. Red line represents fit line 398

Cl. Data were log-transformed where indicated, asdociations were tested by multiple
linear regression analyses with adjustment for @gg BMI. Abbreviations: AR, androgen
receptor; Ki-67, cell proliferation marker; PSA optate-specific antigen; PSMA, prostate-

specific membrane antigen; UBC, ubiquitin C.

Figure 2. Representative immunohistochemical stainings fé& &f prostate carcinoma
samples with Gleason scores=7b in A: no diabetes;diBbetes. C: AR diversity in
immunohistochemical stainings, given in cumulatedcpntage of samples (%) in patients
with and without diabetes, as well as in tumor-e€lj benign tissue and prostate cancer
samples. The proportion of cells was scored 0-Bgigr <1%, blue: 1-10%, yellow: 11-33%,

orange: 34-66%, red: 67-100%), no sample was sd¢bred

Figure 3. Correlation betweeAR mRNA expression and A-C: IR-A / IR-B ratio; D-RR4B /
IGF1R ratio in diabetes (left panels, red dots)drabetes (middle panels, blue dots), and all
patients combined (right panels). mMRNA expressibtaoget genes was analyzed by RT-

gPCR and normalized tdBC mRNA in duplicate. Red line represents fit line5398 CI. Data
16
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were log-transformed where indicated, and assoadistiwere tested by multiple linear
regression analyses with adjustment for age and. Blidibreviations: AR, androgen receptor;
IGF1R, IGF-1 receptor; IR-A, insulin receptor isofoA; IR-B, insulin receptor isoform B;

UBC, ubiquitin C.

Figure 4. Correlation between th€yp27A1 mRNA expression and A-C: tumor content in
sample; D-FIFOLH1 mRNA expression (encoding PSMA); GAKI67 mMRNA expression
(encoding Ki-67) in diabetes (left panels, red Jlot® diabetes (middle panels, blue dots),
and all patients combined (right panels). J-L: €lation between th&yp7B1 mRNA
expression and tumor content in sample in diabgéspanels, red dots), no diabetes (middle
panels, blue dots), and all patients combined {ipgimels). MRNA expression of target genes
was analyzed by RT-gPCR and normalizedJBC mRNA in duplicate. Red line represents
fit line £ 95% CI. Data were log-transformed wherdicated and associations were tested by
multiple linear regression analyses with adjustméort age and BMI. Abbreviations:
Cyp27A1, sterol 27-hydroxylase; Cyp7B1, 25-hydrdxylesterol @-hydroxylase; PSMA,

prostate-specific membrane antigen; Ki-67, cellifexation marker; UBC, ubiquitin C.

Figure 5. Cholesterol is the precursor for the steroid horesotestosterone and dihydro-
testosterone (DHT). Both activate the androgenptecethereby promoting proliferation of
prostate tumor cells. DHT also elevates the inthalee cholesterol availability by inhibiting

the cholesterol efflux transporter ABCA1 [30]. Ifisuand/or IGF-1 induce androgen
synthesis in prostate cancer cells. Furthermorgaion of insulin/IGF-1 receptor signaling
cascade induces expression of the androgen receptsumably via Foxol transcription

factor [16]. DHT can be further metabolized intB-&diol. This estrogen receptor ligand

inhibits androgen signaling via estrogen recefffoOverexpression of Cyp7B1, the major
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degrading enzyme off33Adiol was detected in tumors of men with diabefBsis enzyme
also degrades 27-hydroxycholesterol (27HC), anathelesterol derivate, that inhibits tumor
growth via estrogen receptors as well as Liver Xdpeors (LXR). Moreover, 27HC inhibits
cholesterol synthesis via PSA2. Besides enhancgdadation of 27HC, we also detected
reduced expression of the synthesizing enzyme Gyp27 prostate tumor tissue in diabetes.
Abbreviations: B-Adiol, 5a-androstane{3 173-diol; 27HC, 27-hydroxycholesterol; ABCA,
cholesterol ATP-binding cassette (ABC) transportsup-family A, member 1; DHT,

dihydrotestosterone; LXR, Liver X Receptor.

18



413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

Acknowledgements
The authors thank all study participants for tleeioperation. We gratefully acknowledge the
excellent assistance of Alke Guirguis, Dorothee $d¢beler, Anja Dessecker, Ursula Kihs,

Tim Neumann, Carmen Salzer, and Dr. Hans Bosmuller.

Funding
The study was supported in part by a grant fromGlkeman Federal Ministry of Education

and Research (BMBF) to the German Center for DebBResearch (DZD e.V.).

Duality of interest

The authors declare that there is no duality aredt associated with this manuscript.

Contribution statement

The study was designed by SZL, AF, MH, HUH. Datguasition was performed by JH, CS,
LF, VS, AP, MOS, FF. Data analysis and interpretatwas done by SZL, TT, AS, RW,
HUH, MH. SZL drafted the manuscript. All authorsntwbuted to the discussion. All authors

revised the manuscript and approved the final gargd be published.

19



431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478

[1] Kasper JS, Liu Y, Giovannucci E (2009) Diabetes mellitus and risk of prostate
cancer in the health professionals follow-up study. International journal of cancer 124:
1398-1403

[2]  Todenhofer T, Azad A, Stewart C, et al. (2017) AR-V7 Transcripts in Whole Blood
RNA of Patients with Metastatic Castration Resistant Prostate Cancer Correlate with
Response to Abiraterone Acetate. ] Urol 197: 135-142

[3] Barbosa-Desongles A, Hernandez C, De Torres I, et al. (2013) Diabetes protects
from prostate cancer by downregulating androgen receptor: new insights from LNCaP
cells and PAC120 mouse model. PLoS One 8: €74179

[4] Grossmann M (2011) Low testosterone in men with type 2 diabetes: significance
and treatment. The Journal of clinical endocrinology and metabolism 96: 2341-2353

[5] Chen Y, Wu F, Saito E, et al. (2017) Association between type 2 diabetes and risk
of cancer mortality: a pooled analysis of over 771,000 individuals in the Asia Cohort
Consortium. Diabetologia 60: 1022-1032

[6] Currie CJ, Poole CD, Jenkins-Jones S, Gale EA, Johnson JA, Morgan CL (2012)
Mortality after incident cancer in people with and without type 2 diabetes: impact of
metformin on survival. Diabetes Care 35: 299-304

[7] Yeh HC, Platz EA, Wang NY, Visvanathan K, Helzlsouer K], Brancati FL (2012) A
prospective study of the associations between treated diabetes and cancer outcomes.
Diabetes Care 35:113-118

[8] Venkateswaran V, Haddad AQ, Fleshner NE, et al. (2007) Association of diet-
induced hyperinsulinemia with accelerated growth of prostate cancer (LNCaP)
xenografts. ] Natl Cancer Inst 99: 1793-1800

[9] Polychronakos C, Janthly U, Lehoux ]G, Koutsilieris M (1991) Mitogenic effects of
insulin and insulin-like growth factors on PA-IIl rat prostate adenocarcinoma cells:
characterization of the receptors involved. Prostate 19: 313-321

[10] LeRoith D, Roberts CT, Jr. (2003) The insulin-like growth factor system and
cancer. Cancer letters 195: 127-137

[11] Cox ME, Gleave ME, Zakikhani M, et al. (2009) Insulin receptor expression by
human prostate cancers. Prostate 69: 33-40

[12] Heni M, Hennenlotter ], Scharpf M, et al. (2012) Insulin receptor isoforms A and B
as well as insulin receptor substrates-1 and -2 are differentially expressed in prostate
cancer. PLoSOne 7: e50953

[13] Belfiore A, Frasca F, Pandini G, Sciacca L, Vigneri R (2009) Insulin receptor
isoforms and insulin receptor/insulin-like growth factor receptor hybrids in physiology
and disease. Endocrine reviews 30: 586-623

[14] Lubik AA, Gunter JH, Hendy SC, et al. (2011) Insulin increases de novo
steroidogenesis in prostate cancer cells. Cancer Res 71: 5754-5764

[15] Sesti G, Marini MA, Briata P, et al. (1992) Androgens increase insulin receptor
mRNA levels, insulin binding, and insulin responsiveness in HEp-2 larynx carcinoma
cells. Mol Cell Endocrinol 86: 111-118

[16] Fan W, Yanase T, Morinaga H, et al. (2007) Insulin-like growth factor 1/insulin
signaling activates androgen signaling through direct interactions of Foxol with
androgen receptor. ] Biol Chem 282: 7329-7338

[17] Krycer JR, Brown AJ (2011) Cross-talk between the androgen receptor and the
liver X receptor: implications for cholesterol homeostasis. | Biol Chem 286: 20637-
20647

20



479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514

[18] Weihua Z, Lathe R, Warner M, Gustafsson JA (2002) An endocrine pathway in the
prostate, ERbeta, AR, 5alpha-androstane-3beta,17beta-diol, and CYP7B1, regulates
prostate growth. Proc Natl Acad Sci U S A 99: 13589-13594

[19] Cali J], Russell DW (1991) Characterization of human sterol 27-hydroxylase. A
mitochondrial cytochrome P-450 that catalyzes multiple oxidation reaction in bile acid
biosynthesis. ] Biol Chem 266: 7774-7778

[20] Alfagih MA, Nelson ER, Liu W, et al. (2017) CYP27A1 Loss Dysregulates
Cholesterol Homeostasis in Prostate Cancer. Cancer Res 77: 1662-1673

[21] Olsson M, Gustafsson O, Skogastierna C, et al. (2007) Regulation and expression
of human CYP7B1 in prostate: overexpression of CYP7B1 during progression of
prostatic adenocarcinoma. Prostate 67: 1439-1446

[22] Cancer Genome Atlas Research N (2015) The Molecular Taxonomy of Primary
Prostate Cancer. Cell 163: 1011-1025

[23] Poelaert F, Kumps C, Lumen N, et al. (2017) Androgen Receptor Gene Copy
Number and Protein Expression in Treatment-Naive Prostate Cancer. Urol Int 99: 222-
228

[24] Pandini G, Mineo R, Frasca F, et al. (2005) Androgens up-regulate the insulin-like
growth factor-I receptor in prostate cancer cells. Cancer Res 65: 1849-1857

[25] Pandini G, Genua M, Frasca F, Vigneri R, Belfiore A (2009) Sex steroids upregulate
the IGF-1R in prostate cancer cells through a nongenotropic pathway. Ann N Y Acad Sci
1155: 263-267

[26] Pollak MN (2012) Investigating metformin for cancer prevention and treatment:
the end of the beginning. Cancer Discov 2: 778-790

[27] Algire C, Moiseeva O, Deschenes-Simard X, et al. (2012) Metformin reduces
endogenous reactive oxygen species and associated DNA damage. Cancer Prev Res
(Phila) 5: 536-543

[28] Umetani M, Domoto H, Gormley AK, et al. (2007) 27-Hydroxycholesterol is an
endogenous SERM that inhibits the cardiovascular effects of estrogen. Nat Med 13:
1185-1192

[29] Wu WF, Maneix L, Insunza J, et al. (2017) Estrogen receptor beta, a regulator of
androgen receptor signaling in the mouse ventral prostate. Proc Natl Acad Sci U S A 114:
E3816-E3822

[30] Fukuchi ], Hiipakka RA, Kokontis JM, et al. (2004) Androgenic suppression of
ATP-binding cassette transporter Al expression in LNCaP human prostate cancer cells.
Cancer Res 64: 7682-7685

21



No diabetes Diabetes

mean SEM mean SEM
Insulin sensitivity ogrr (10" 1>*mol?) 2,33 1,29 1,35 0,68
Fasting insulin (pmol/l) 82,84 36,80 109,30 33,49
Fasting C-peptide (pmol/l) 538,43 231,37 717,50 219,56
Fasting glucose (mmol/l) 103,33 9,72 131,90 33,99
HbA1c (%) 5,61 0,28 6,30 0,52
Total cholesterol (mg/dl) 196,69 39,23 186,18 40,62
HDL-cholesterol (mg/dl) 53,98 11,94 49,55 15,56
LDL-cholesterol (mg/dl) 111,29 27,99 102,09 32,53
AST (U/l) 27,17 10,13 26,82 7,11
ALT (U/) 29,59 12,60 28,27 9,17
Creatinine (mg/dI) 0,87 0,13 0,84 0,17
Glomerular filtration rate (ml/min/1.73 m? 91,04 17,72 95,73 21,68
Cortisol (nmol/l) 463,29 126,78 544,10 115,10
DHEA-sulfate (umol/l) 4,65 2,82 4,27 1,73
Testosterone (nmol/l) 13,15 5,32 10,97 4,01
Androstendione (nmoll/l) 14,46 55,82 6,59 2,87
Estradiol (pmol/l) 125,37 31,65 134,12 37,34
Progesterone (nmol/l) 1,58 1,73 1,09 0,41
Sex hormone binding globuline (nmol/l) 41,64 16,67 36,93 9,51

Table 1. Clinical chemistry and hormone measurements from 58 subjects without diabetes
and the subgroup of 11 with type 2 diabetes. Insulin sensitivity was estimated according to
Matsuda et al., Diabetes Care, 1999. Abbreviations: DHEA-sulfate, dehydroepiandrosterone-

sulfate; OGTT, oral glucose tolerance test.
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Fig. 3
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Fig. 5 insulin, IGF1
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Androgen receptor expression is elevated in prostate cancer in men with diabetes.
This correlates with altered IR and IGF-1R and protective estrogen receptor ligands.

Our results reveal new insights why these patients have worse prognosis.



