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Abstract

Diabetes mellitus is a systemic disease associated with a deficiency of insulin production or action.
Diabetic patients have an increased susceptibility to infection with the urinary tract being the most
common site of infection. Recent studies suggest that Ribonuclease 7 (RNase 7) is a potent
antimicrobial peptide that plays an important role in protecting the urinary tract from bacterial
insult. The impact of diabetes on RNase 7 expression and function are unknown. Here, we
investigate the effects of insulin on RNase 7. Using human urine specimens, we measured urinary
RNase 7 concentrations in healthy control patients and insulin-deficient type 1 diabetics before
and after starting insulin therapy. Compared to controls, diabetic patients had suppressed urinary
RNase 7 concentrations, which increased with insulin. Using primary human urothelial cells, we
explored the mechanisms by which insulin induces RNase 7. Insulin induces RNase 7 production
via the phosphatidylinositide 3-kinase signaling pathway (PI13K/AKT) to shield urothelial cells
from uropathogenic £. coli. In contrast, we show that uropathogenic £. coli suppresses PISK/AKT
and RNase 7. Together, these results indicate that insulin and PI3K/AKT signaling are essential for
RNase 7 expression. They also suggest that increased infection risks in diabetic patients may be
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secondary to suppressed RNase 7 production. These data may provide unique insight into novel
UTI therapeutic strategies in at risk populations.
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Introduction

Diabetes mellitus (DM) is associated with many complications, including increased
infection risk. With diabetes, the most common site of bacterial infection is the urinary
tract. Urinary tract infection (UTI) is ten times more common in patients with DM. In
diabetic patients, UTI is more likely to cause acute kidney injury and renal scarring, which
increase the risk of chronic kidney disease.2~* Complicated UTIs, including emphysematous
pyelonephritis, renal abscess, and necrotizing papillitis are also more common.® 8 The risk
of bacteremia is four times greater in diabetic patients with UTI than non-diabetic patients.
Moreover, mortality rates are nearly five-fold greater.” 8 In 2011, estimated costs for UTI
management in diabetic patients exceeded three billion dollars.? Currently, no treatment
strategy has proven effective for UTI prevention in DM patients. In part, this stems from an
incomplete understanding of how DM impacts urinary tract host defense mechanisms.

Recent evidence suggests that antimicrobial peptides (AMP) shield urinary tract from
invading pathogens. AMPs, which serve as natural antibiotics, are an essential component of
the innate immune system and have the potential to be developed as novel UTI
therapeutics.9-11 Our research group has identified Ribonuclease 7 (RNase 7) as a potent,
front-line human AMP that is produced by the urothelium of the bladder and renal
intercalated cells.12: 13 RNase 7 is one of the most abundant AMPSs in human urine. It
rapidly kills Gram-positive and Gram-negative uropathogens at micromolar
concentrations.12 14 RNase 7’s bactericidal properties are independent of its catalytic
activity and are dependent on its ability to disrupt the microbial cell wall.13: 15-18 RNase 7
has been described as the most potent human AMP.13: 19. 20 When it is neutralized in human
urine specimens, urinary bacterial growth increases — suggesting that deficient urinary
RNase 7 production increases UTI susceptibility.12: 21

Because patients with DM have an increased propensity to develop UTI, we hypothesized
that they have suppressed RNase 7 production — rendering them more susceptible to
infection. Additionally, because DM is associated with insufficient insulin production and/or
action, we hypothesized that insulin regulates RNase 7 production. Here, we investigate
RNase 7 expression in patients with type 1 diabetes mellitus (TLDM). In doing so, we
evaluate the effects of insulin on RNase 7 production. Because the phosphatidylinositide 3-
kinase (PI3K/AKT) pathway is a key regulator of insulin signaling, we also investigate how
PI3K/AKT activity regulates RNase 7 production. PI3K/AKT signaling is activated when
insulin binds to its receptor (Figure 1).22-25
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Diabetic patients have low urinary RNase 7 concentrations that increase with insulin

therapy

The bladder

To investigate if insulin deficiency alters RNase 7 expression, we quantitated urinary RNase
7 concentrations in healthy control children (7=30) and compared them to urinary RNase 7
concentrations from children presenting to the Emergency Department with new-onset
T1DM (r7=30).

Urine specimens and laboratory studies from the TLDM children were collected before
insulin therapy was initiated (Supplemental Table 1). ELISA results demonstrate that
children with new-onset TLDM had significantly lower median urinary RNase 7
concentrations, normalized to urine creatinine (UCr) (median: 0.87 ug/mg UCr, range:
0.017-2.79 pg/mg UCr), than control children (median: 1.79 pg/mg UCr, range: 0.28-3.46
ug/mg UCr, p=0.0002, Figure 2A).

In the new-onset TIDM patient cohort, serum insulin levels were measured in 19/30
children at presentation as part of clinical care. In these 19 children, we observed a moderate
positive correlation between urinary RNase 7 concentrations and serum insulin levels
(r?=0.27; p=0.023, Figure 2B). In contrast, we did not observe a correlation between urinary
RNase 7 concentrations and the estimated glomerular filtration rate, initial hemoglobin Alc
(HbAX1c), serum glucose, or urine glucose (Supplemental Figure 1).

To further investigate whether systemic insulin therapy regulates urinary RNase 7
concentrations, follow-up urine specimens were collected from new-onset TLDM patients at
least 30 days after starting insulin (/7=30). ELISA results show that median urinary RNase 7
concentrations increased to 1.25 pg/mg UCr (range: 0.43-5.32 pg/mg UCr) after starting
insulin therapy (p=0.0024, Figure 2A). These urinary concentrations were not significantly
different than the median urinary RNase 7 concentration in the control group (p=0.167).
When assessed on an individual basis, urinary RNase 7 concentrations increased in 80% of
patients (range of fold increase: 0.3-12.56, Supplemental Figure 2). At the 30-day follow-up
evaluation, serum insulin levels were not collected as part of clinical care. Together, these
results suggest that insulin induces urinary RNase 7 expression.

urothelium and renal intercalated cells express insulin receptor and RNase 7

Previously, we have demonstrated that the bladder urothelium and the intercalated cells of
the renal collecting tubules produce RNase 7.12: 26 Prior evidence also suggests that the
insulin receptor (IR) is expressed throughout the nephron and collecting tubules.2” However,
there is limited evidence evaluating IR expression in the human kidney and urinary
tract.28-30 To investigate the relative localization of RNase 7 to IR, we performed
immunostaining on human tissues. Immunohistochemistry (IHC) demonstrates that IR and
RNase 7 are produced by the urothelium of the bladder. Negative controls demonstrated no
IR or RNase 7 expression (Figure 3).

Immunofluorescence (IF) allowed us to localize IR and RNase 7 production in the renal
collecting tubules. Triple labeling IF shows that the intercalated cells of the collecting
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tubules, identified by positive anion exchanger- 1 (AE-1) or V-ATPase staining, co-express
IR and RNase 7 (Figure 4 and Supplemental Figure 3). This co-localized and cell-specific

expression of IR and RNase 7 in the bladder urothelium and renal intercalated cells offers

insight into the relationship between insulin signaling and RNase 7 production.

Insulin induces RNASE7 mRNA expression in vitro

To further evaluate the effects of insulin on RNase 7 expression, we cultured primary human
urothelial cells (HUC) and primary human renal epithelial cells (HRC) in insulin-free media
and treated them with recombinant human insulin. Quantitative real-time PCR shows that
insulin induced RNASE7 gene expression over time (Figure 5). Insulin also induced mRNA
expression of several other genes in the Ribonuclease A Superfamily (Supplemental Figure
4).

Insulin induces RNase 7 peptide production via PISK/AKT

Because insulin is a known PI3K/AKT agonist, we hypothesized that insulin induces RNase
7 production via the PI3K/AKT pathway. In the HUCs and HRCs, Western blot confirmed
that insulin induces AKT (ser473) phosphorylation over time (Figure 6). In the HUCs,
Western blot also demonstrates that insulin induces RNase 7 peptide production over time
and in a dose-dependent manner (Figure 6 and Supplemental Figure 5). These results were
quantitated via densitometry (Supplemental Figure 6). RNase 7 was not routinely detected
by Western blot in the HRCs (Figure 6). In both the HUCs and HRCs, we measured RNase 7
secretion into culture media via ELISA. In the HUCs, RNase 7 concentrations increased
nearly two-fold (144.1+22.01 ng/mL to 305.4+32.68 ng/mL, p=0.009) after twenty-four
hours of insulin treatment (Figure 6B). Similarly, in the HRCs, insulin increased RNase 7
concentrations 2.7-fold twenty-four hours after treatment (38.0945.24 ng/mL to 102.2+1.91
ng/mL, p=0.002, Figure 6D). Moreover, insulin induced RNase 7 secretion in a dose-
dependent manner (Supplemental Figure 5).

To confirm that insulin-induced RNase 7 production is regulated by PISK/AKT, cells were
pretreated wortmannin, a covalent PI3K inhibitor. In the HUCs, Western blot shows that
wortmannin pretreatment blocked insulin-induced AKT activation and downstream RNase 7
production (Figure 6). In both the HUCs and HRCs, ELISA demonstrates that wortmannin
blocked RNase 7 secretion into the culture media (Figure 6). Similar results were observed
with LY294002 pretreatment, a synthetic PI3BK/AKT inhibitor (not shown). These results
verify that insulin induces urothelial RNase 7 expression through the PI3BK/AKT signaling
cascade.

In support of these data, we blocked basal PI3K/AKT activity in ex vivo human kidney
specimens (/7=3) with wortmannin and AKT Inhibitor X — a reversible and selective AKT
inhibitor.31 Western blot demonstrates that both wortmannin and AKT Inhibitor X
suppressed renal PI3K/AKT activity and RNase 7 production. Similarly, ELISA assays
demonstrate that PI3BK/AKT inhibition decreased RNase 7 secretion (Supplemental Figure
7).
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AKT regulates urothelial RNase 7 expression

To further confirm that PI3K/AKT regulates urothelial RNase 7 expression, we transiently
transfected 5637 bladder cells with (A) wild-type AKT (wt-AKT); (B) the constitutively
active membrane targeted-PKBa (m/p-AKT); and (C) the dominant negative PKBa.-
K170A/T308A/S473A (DN-AKT). The m/p-AKT mutant contains a myristoylation signal
that causes AKT translocation to the plasma membrane resulting in AKT

hyperactivation.32: 33 The DN-AKT mutant, which contains the mutations K179A
(substitution of alanine for lysine at position 179), T308A (substitution of alanine for
threonine at position 308), and S473A (substitution of alanine for serine at position 473), is a
kinase-inactive, phosphorylation-deficient PKBa/AKT1 construct.34 Western blot
demonstrates that urothelial cells transfected with m/p-AKT had substantially elevated levels
of AKT (ser473) phosphorylation while DN-AKT transfected cells had suppressed AKT
(ser473) phosphorylation (Figure 7A).

Next, we used quantitative RT-PCR to evaluate RANASE7 mRNA expression in transfected
5637 cells. We also measured RNase 7 peptide secretion into the urothelial cell culture
media via ELISA. Our results demonstrate that RPNASE7 mMRNA expression was
significantly greater in m/p-AKT transfected cells compared to wt-AKT transfected cells
(0=0.009, Figure 7B). Similarly, RNase 7 peptide concentrations in the culture media were
significantly greater in m/p-AKT transfected cells compared to cells transfected with wt-
AKT (p=0.029, Figure 7C). In contrast, cells transfected with DN-AKT had decreased
RNASE7 expression (p=0.021, Figure 7B) and suppressed basal release of RNase 7 into the
culture media (p=0.019, Figure 7C). There were no significant differences in RNase 7
MRNA or peptide expression between cells transfected with wt-AKT and cells transfected
with an irrelevant protein fused to mCherry (not shown).

Insulin-induced RNase 7 production shields urothelial cells from UPEC

To evaluate if insulin-induced RNase 7 production suppresses UPEC growth, we isolated
culture media from non-treated, insulin-treated, and wortmannin plus insulin treated HRCs
and inoculated them with UPEC (strain CFT073). UPEC growth was assessed over time.
UPEC growth was suppressed in the insulin-treated media samples — linking insulin and
PI3K/AKT activity to UPEC growth suppression (Figure 8A, dashed line). In culture media
isolated from wortmannin pretreated (diamond studded line) and wortmannin treated cells
(black circles), UPEC growth increased — providing further evidence that PI3K/AKT activity
is necessary to suppress UPEC growth. The addition of RNase 7 neutralizing antibody to
insulin-treated cell media increased UPEC growth (solid black line), thereby linking UPEC
growth suppression to RNase 7’s antimicrobial activity. The addition of an irrelevant
antibody had no effect on UPEC growth (not shown).

To confirm that insulin-induced RNase 7 production contributes to UPEC killing, we
performed colony count assays in culture media isolated from non-treated, insulin-treated,
and wortmannin plus insulin treated HRCs. Similar to the above results, UPEC (strain
CFTO073) killing increased in the insulin-treated media samples (Figure 8B). The application
of RNase 7 neutralizing antibody significantly blocked the UPEC-killing activity of RNase
7. Similarly, wortmannin pretreatment diminished insulin-induced antimicrobial activity
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(Figure 8B). Antimicrobial activity was not inhibited with the addition of an irrelevant
antibody (not shown).

Next, to assess if insulin-induced RNase 7 production protects urothelial cells from UPEC
insult, we challenged HRCs with UPEC (strain CFT073) and evaluated cellular cytotoxicity
via lactate dehydrogenase (LDH) release into the culture media. LDH is a stable cytoplasmic
enzyme that is present in most cells. It is released into the cell culture supernatant upon
damage of the cytoplasmic membrane.3® Five hours after UPEC challenge, LDH
concentrations increased in the culture media (Figure 7C). LDH release was suppressed
when cells were treated with insulin 24 hours prior to UPEC challenge. This effect was
significantly diminished in the presence of RNase 7 neutralizing antibodies. Similarly,
wortmannin pretreatment mitigated the protective effects of insulin, significantly increasing
LDH release despite the presence of insulin (Figure 7C). Wortmannin or RNase 7
neutralizing antibody pretreatment did not affect basal cellular LDH release (not shown).
These results suggest that RNase 7 contributes to cellular defense by killing UPEC and
shielding urothelial cells from bacterial challenge. Moreover, they identify insulin and the
PI3K/AKT signaling cascade as important mediators of host defense.

UPEC inhibits urothelial PISBK/AKT activity and RNase 7 production

To evaluate UPEC’s direct impact on RNase 7 production, we challenged bladder cells with
UPEC. In this experiment, we used 5637 urothelial cells because they, like most transformed
cells, have greater endogenous PI3K/AKT activity.36 Prior evidence demonstrates that
UPEC strains expressing a-hemolysin (HlyA) inhibit PI3K/AKT activation in these cells.3’
Consistent with these studies, Western blot demonstrates that the HlyA producing UPEC
strain UT189 dephosphorylates AKT (Figure 8). Similar results were observed when 5637
cells were stimulated with the HIyA producing UPEC strain CFT073 or purified a-
hemolysin (Supplemental Figure 8). In contrast, targeted disruption of the A/yA gene in
UTI89 (UTIB9AAIYA), prevented AKT dephosphorylation (Figure 8). During these
experiments, UPEC and a-hemolysin did not compromise host cell integrity as assessed by
trypan blue exclusion assays.

To investigate the effects of UPEC on RNase 7 expression, we probed the same
immunoblots with anti-RNase 7 antibodies. Western blot demonstrates that HIyA producing
UPEC strains and purified a-toxin suppress RNase 7 expression at the same time points in
which AKT is dephosphorylated (Figure 8 and Supplemental Figure 8). In contrast,
UTI89AAIyA, which does not produce HIyA or inactivate AKT, had no effect on RNase 7
production. These results were quantitated via densitometry (Supplemental Figure 9).
Overall, these results suggest that £. coli suppresses RNase 7 production by inactivating
PI3K/AKT. Moreover, they specifically identify HIyA as a virulence factor that suppresses
RNase 7.

Discussion

In this study, we identify insulin as an important hormone that contributes to host defense by
regulating RNase 7 production. Using human clinical samples, we show that urinary RNase
7 concentrations are suppressed in patients with insulin deficient, new-onset TIDM and that
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urinary RNase 7 concentrations increase with insulin therapy. To support these data, we used
primary human urothelial cell culture models to demonstrate that insulin induces RNase 7
production via the PI3K/AKT signaling pathway to suppress UPEC growth and shield
urothelial cells. Finally, we show the HIyA producing UPEC strains can suppress PI3K/AKT
activity and downstream RNase 7 production. Together, these results identify unique
mechanisms that may explain why certain patient populations, like patients with DM, have
increased UTI risk.

To our knowledge, this is the first report to demonstrate that RNase 7 expression is
suppressed in diabetic patients. This is also the first study to suggest that insulin induces
RNase 7 (and other RNase A Superfamily members). In support of these findings, prior
studies suggest that TLDM patients have lower serum AMP concentrations of cathelicidin
and human B-defensin 1 (hBD-1).38 Prior studies also show that insulin increases AMP
expression. Wang and colleagues found that insulin induces hepatic hepcidin production /n
vitro and in vivo through STAT3.39 Using human embryonic kidney cells (HEK-293),
Branea et a/ demonstrate that glucose plus insulin enhance hBD-1 mRNA expression.
Quercetin, a PI3K/AKT and Protein Kinase C inhibitor, abrogated this effect.? Similarly,
other groups have shown that insulin deficient diabetic rats have suppressed renal rat 8-
defensin 1 (rBD-1) gene expression compared to non-diabetic controls.#1 42 Using
streptozotocin-treated diabetic rats, Froy ef a/ demonstrate that reduced rBD-1 mRNA and
urinary rBD-1 peptide expression are restored with insulin.41 These prior studies, coupled
with our /n vitro data and human urinary RNase 7 ELISA results, suggest that insulin may
contribute to urinary tract sterility by boosting AMP production. Thus, identifying avenues
to increase endogenous AMP production may decrease UTI risk and facilitate the
development of novel AMP-based therapies. Given RNase 7°s potent broad-spectrum
antimicrobial activity, high urinary concentrations, abundant expression in other organs like
the skin (which is a common site of infection in DM patients), and limited cytotoxicity
toward urothelial cells and keratinocytes, we believe it is an ideal candidate to evaluate as a
unique therapeutic for DM patients.10. 13,43

In contrast to these findings, which were obtained using insulin deficient and/or TILDM
models, Page et a/used an experimental model of type 2 diabetes (T2DM) and found that
rBD-1 mRNA expression was elevated in diabetic GK rat kidneys. rBD-1 expression
correlated with high concentrations of biglycan and TGF-p1 — two markers of developing
diabetic nephropathy.*4 This same research group also demonstrated that prolonged
hyperglycemia increased hBD-1 mRNA and peptide expression in HEK-293 cells.*® In our
study, human urinary RNase 7 concentrations did not correlate with serum or urinary
glucose concentrations. However, because the patients in our cohort presented to the
Emergency Department with the acute onset of TLDM, they were less likely to have
longstanding hyperglycemia or the side effects associated with chronic DM. Additional
studies are ongoing to evaluate the effects of both TLDM and T2DM on RNase 7 expression,
the impact of chronic hyperglycemia and poor glycemic control on AMP production, and the
role of diabetic nephropathy on UTI risk.

In this study, we also demonstrate that insulin induces RNase 7 via PI3K/AKT. DM impacts
PI3K/AKT signaling, and some reports suggest that patients with DM have reduced
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PI3K/AKT activity.*® The PI3BK/AKT pathway is required for a diverse array of cellular
activities. Over the last decade, PI3BK/AKT signaling has become a focal point in arenas like
oncology, neurologic disorders, and DM. More recently, PI3K/AKT activity has been
recognized to impact microbial pathogenesis and host defense.*”~49 Previous evidence
indicates that PI3BK/AKT regulates RNase 3/Eosinophil Cationic Peptide and murine
eosinophil associated RNase (MEAR) degranulation and secretion from human and murine
granulocytes.59 PI3BK/AKT inhibition alters host inflammatory and innate immune
responses, increases infection risk in different organ systems, and decreases

survival 48: 49, 51-53 \Wortmannin inhibition of PI3K/AKT increases morbidity and mortality
following experimental endotoxemia and polymicrobial sepsis.*8 49 Clinically, patients
receiving treatment with PI3K/AKT/mTOR inhibitors have increased infection risk — with
the urinary tract being the most likely site of infection.>* These findings highlight the
importance of understanding the role of PI3K/AKT signaling in host defense and evaluating
specific PISBK/AKT targets for the development of clinical therapeutics. Ongoing studies in
our laboratory are investigating how downstream PI3K/AKT effectors and transcription
factors regulate the production of AMPs like RNase 7.

Finally, in this study we demonstrate that increased RNase 7 production protects urothelial
cells from UPEC. However, we also show that UPEC strains expressing the pore-forming
HIyA toxin have the unique ability to suppress RNase 7. Given our /n vitro findings, we
postulate that HIyA increases UTI risk, recurrence, and severity in part by inhibiting front-
line immune defenses like RNase 7. Previously, Wiles et al demonstrated that HIyA-
expressing UPEC strains inhibit urothelial PI3BK/AKT activation via an extracellular
calcium-dependent, potassium-independent process that requires HIyA insertion into the
host plasma membrane.3” Although our results suggest that UPEC strains expressing HIyA
suppress RNase 7 production via PI3K/AKT inhibition, UPEC cytotoxicity may also
contribute to RNase 7 suppression given the mechanisms in which HIyA inhibits PI3K/AKT.
At sub-lytic concentrations, HIyA induces urothelial cell apoptosis, alters inflammatory
responses, and promotes urothelial exfoliation.37: 55 56 |n the clinical setting, HIyA-
expressing UPEC strains are associated with more severe UTI symptoms and are routinely
identified in cases of pyelonephritis and bacteremia.3” In contrast, only a minority of
commensal £, coliisolates encodes HIyA genes.>”: 98 /n vivo pyelonephritis models suggest
that HIyA enhances UPEC virulence by promoting upper urinary tract colonization,
increasing renal parenchymal injury, and amplifying the risk of septicemia.>® Additional
studies are warranted to assess how different UPEC isolates and virulence factors impact
RNase 7 production and determine how alterations in RNase 7 production (or other
urothelial derived AMPs) effect urothelial injury and UTI severity.

In conclusion, in this study we identify insulin as a PI3K/AKT agonist that induces RNase 7,
one of the most potent and abundant AMPs in the human urinary tract. Our results begin to
show that insulin-induced RNase 7 has biological relevance in that increased RNase 7
production protects urothelial cells by killing UPEC and minimizing LDH release. Because
most of the data presented in this manuscript were generated using /n vitro models and
isolated human specimens, we acknowledge that these same findings may not be
recapitulated when confounding variables are introduced /77 vivo. Nevertheless, the results
presented here provide a foundation for future studies that may have significant clinical
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impact evaluating how the insulin-PI3K/AKT-AMP axis can be utilized to prevent and treat
infections in at risk patient populations. If PI3K/AKT signaling defects contribute to
infection risk in DM patients, then therapeutic restoration of PI3BK/AKT activity may have
clinical significance. Thus, we propose that up-regulation of urothelial PI3K/AKT should be
considered as a target for future therapeutic modalities in protecting DM patients from UTI.
However, we acknowledge that manipulation of the PI3K/AKT pathway may lead to
unwarranted side effects. Moreover, the use of RNase 7 for therapeutic purposes does
require some degree of caution, as some AMPs are potent biomolecules that can elicit native
cell death if applied in high concentrations.1! Finally, we acknowledge that our results do
not definitively demonstrate that insulin-induced RNase 7 protects the host from infection.
To date, there is little published evidence showing that induced or suppressed RNase 7 alters
infection susceptibility /n vivo. In part, these studies are limited as RNase 7 expression is
restricted to primates. Thus, /n vivo evaluation of RNase 7’s contribution to host defense and
the mechanisms that regulate its production is limited.28 €0 Thus, additional studies and
novel models are needed to evaluate the role of PI3K/AKT activity, insulin signaling, and
RNase 7 production on host defense /n vivo.

Patient study approval and human biological specimens

Informed written consent was obtained from all patients participating in this study. For
subjects less than 18 years of age, written parental/guardian consent and patient assent were
obtained. The Nationwide Children’s Hospital (NCH) Institutional Review Board approved
this study along with the consent process and documents (IRB14-00376). Serial urine
specimens were collected from patients presenting to the NCH Emergency Department with
new-onset TIDM. Before hospital discharge, all patients were started on an insulin regiment
of Lantus (glargine)/Novolog (Lispro). Follow-up urine specimens were collected at least 30
days after starting insulin therapy at the NCH diabetes clinic. Control urine samples were
obtained from children 1-18 years of age presenting to the NCH Emergency Department or
the nephrology clinic. Control patients had no past history of abnormal renal function,
structural urinary tract disorders, history of UTI or recurrent infection, or endocrine
disorders. They were evaluated in the Emergency Department for non-febrile minor medical
complaints.

Human kidney samples were obtained from patients undergoing nephrectomy for renal
tumors. Tissue samples were free of microscopic signs of disease or inflammation. Kidney
tissue was provided by the Cooperative Human Tissue Network, which is funded by the
National Cancer Institute. Other investigators may have received specimens from the same
subjects.13. 61

Immunostaining

IHC was performed as previously described.1? Rabbit polyclonal antibodies were used to
label RNase 7 (1:50, Sigma-Aldrich) and IR (1:50, Abcam, Cambridge, MA). Triple label
immunofluorescence was performed to localize IR expression in the kidney. All sections
were prepared as previously described.12 Sections were labeled for principal cells with a
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goat polyclonal anti-AQP-2 antibody (1:500, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) and intercalated cells with a chicken polyclonal anti-V-ATPase E1 subunit antibody
(1:2,000, Sigma-Aldrich) or a mouse monoclonal anti-AE1 antibody (1:2,000, kindly
provided by M. Jennings).

Inhibitors and other reagents

Recombinant human insulin and wortmannin were obtained from Sigma-Aldrich (St. Louis,
MO). LY204002 was purchased from Cell Signaling Technology (Danvers, MA). AKT
inhibitor X was purchased from Cayman Chemicals (Ann Arbor, MlI).

Bacterial strains

Cell culture

E. colistrains CFT073, UTI89, and UTI89AA/yA were used. UTI89 is a type I-piliated
UPEC strain isolated from a patient with cystitis.52 CFT073 is a UPEC strain isolated from
the blood and urine of a patient with pyelonephritis.53 UTI89A/A/yA has disruption of the
hlyA gene (kindly provided by M. Mulvey).37- 64 s/yA gene deletion was verified by
polymerase chain reaction (PCR). The hemolytic activity of each UPEC strain was identified
and confirmed by growth on blood agar plates at 37°C, where clear zones developed around
hemolysin-positive bacterial colonies.

Primary human mixed renal epithelial cells, originally obtained from a 3-year-old Hispanic
female (Lifeline Cell Techonology, Frederick, MD), were cultured in RenaLife basal culture
medium with supplemental Renalife Lifefactors (Lifeline Cell Technology, Frederick, MD)
at 37°C in 5% CO,. Primary human urothelial cells, obtained from a 52-year-old white male,
were cultured in urothelial cell medium with urothelial growth supplements (Lot#8854,
ScienCell Research Laboratories, Carlsbad, CA).85 Once reaching 80-90% confluency, cells
were treated with the indicated drugs or with carrier for the specified times.

5637 human bladder epithelial cells (ATCC HTB-9; American Type Culture Collection,
Manassas, VA) were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA)
supplemented with 10% heat-inactivated fetal bovine serum (HyClone Laboratories, Logan,
UT) at 37°C in 5% CO». After reaching confluence, 5637 cells were serum starved
overnight. Urothelial monolayers were challenged with UPEC using a multiplicity of
infection (MOI) of 25-30 microbes per host cell. Plates were spun at 1,000 rpm for 5 min to
expedite and synchronize bacterial contact with the host cell monolayers.3”

AKT Transfection

To confirm the influence of AKT on RNase 7 expression, human bladder urothelial cells
were transfected with pCMV5-hemagglutinin (HA)-PKBa (wt-AKT), pCMV5-HA-
membrane targeted-PKBa (m/p-AKT), or pPCMV5-HA-AAAHA-PKBa (DN-AKT)
(purchased from D. Alessi, University of Dundee, Dundee, United Kingdom). 5637 cells
were grown in 24 well plates to 60% confluency. Cells were then transfected with 0.6 g/
well of wt-AKT, DN-AKT, or m/p-AKT using Lipofectamine LTX according to the
manufacturer’s instructions (Invitrogen, Grand Island, NY). Briefly, for each well, 1.2 pL of
Lipofectamine, 0.6 pg plasmid DNA, and 0.5 pL Plus Reagent was added to 50 uL Opti-
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Mem medium (Invitrogen). After 5 min incubation, 50 pL was added to each well. 48 hours
post-transfection, medias were used for ELISA analysis and protein lysates were isolated for
Western blot. Transfection efficiency of approximately 75% was determined via phase and
fluorescence microscopy 48 hrs post-transfection with a vector containing an irrelevant
protein fused to mCherry (not shown).

Ex vivo human kidney assay

Human kidney samples were obtained from the Cooperative Human Tissue Network as
outlined above. Kidneys from three nephrectomized patients was cut into 150 mg sections
and placed in insulin free RenaL.ife basal culture medium with the appropriate inhibitors.
Kidneys incubated in medium only served as controls. After a 4-hour incubation at 37°C, the
kidneys were homogenized and SDS-Page Western blot was performed.

RNA isolation and qRT-PCR

Total RNA was isolated from cells using the RNeasy Mini Kit according to the
manufacturer’s instructions (Qiagen, Hilden, Germany). Up to 2 pg of total RNA were
reverse transcribed using random hexamer oligonucleotides in a 20yl reaction volume (Verso
cDNA Synthesis Kit, Thermo Scientific, Waltham, MA). RNase 7 gRT-PCR was performed
as previously described.1? Specificity of amplification was confirmed by melt-curve analysis
and gel electrophoresis. qRT-PCR were analyzed with the AA threshold cycle method using
GAPDH as an internal standard to normalize mRNA amounts. Relative expression changes
were calculated using the 2722CT method.56 Primer sequences used:

RNASE45’- ATGGCTCTGCAGAGGACCCAT-3’ (forward) and
5’-AACCACTCGCGATAATCCCTA-3’ (reverse);
RNASE55’-GCCCGTTTCTGCGGACTTGT-3’ (forward) and
5’-ACAACAAAACGCCCAGGCCC-3’ (reverse);
RNASE75’-AAGACCAAGCGCAAAGCGAC-3’ (forward) and
5’-GCAGGCTATTTTGGGGGTCT-3’ (reverse);
RNASE85’-GGGCCCATGTCCCTGACCAT-3’ (forward) and
5’-ACCCTGGGTCACCCTGTTGTG-3’ (reverse);

RNASE95’- GCCAGACCACCTACCAAAGAA-3’ (forward) and
5’-CCACCCAACGGTGTTTGTAGTA-3’ (reverse);
RNASE125’- GCCAAAACCTTTCGGCCATT-3’ (forward) and
5’- TACCTGCAGGCAGGGTATCT-3’ (reverse);

and GAPDH5’-ATGAGCCCCAGCCTTCTCCAT-3’ (forward) and
5’-CCAGCCGAGCCACATCGCTC-3’ (reverse).

All primers were purchased from Integrated DNA Technology (lowa City, 1A).
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SDS-PAGE Western blot

Western blot was preformed as previously described.?! Primary antibody used included:
rabbit anti-RNase 7 (1:1,000; Sigma-Aldrich), rabbit anti-GAPDH (1:5,000; Cell Signaling
Technology), rabbit anti-phospho AKT (ser473) (D9E) (1:2,000; Cell Signaling
Technology), and rabbit anti-pan AKT (11E7) (1:2,000; Cell Signaling Technology).

ELISA Assay

Culture media and urinary RNase 7 concentrations were measured via ELISA as previously
described.?! Urinary RNase 7 concentrations were normalized to urine creatinine as
measured by ELISA (Oxford Biomedical Research, Rochester Hills, MI).

UPEC Growth Inhibition Assay

UPEC growth in culture media was evaluated as described.2! In brief, UPEC (strain
CFT073) was cultured in Luria—Bertani broth to an optical density ODg7¢=0.07
(corresponding to 2x108 CFU/mL) and diluted to 103 CFU/mL. UPEC (2 pl) were added to
100 pl of media in a 96-well flat-bottom plate. When indicated, 2 ul of a polyclonal anti-
RNase 7 antibody (Biomatik, Wilmington, DE) was added to each test isolate.1® Bacterial
growth (ODggg) was monitored using a Synergy HT-multimode microplate reader (BioTek
Instruments, Winooski, VT).

UPEC Colony Count Assay

The bactericidal properties of culture media were evaluated using colony count assays as
previously described.®” Briefly, UPEC (strain CFT073) was cultured as outlined above.
UPEC (5 ul) was added to 50 pl of media. When indicated, 1 ul of a polyclonal anti-RNase 7
antibody (Biomatik) was added to each test isolate thirty minutes before UPEC inoculation.
After 3 hours incubation at 37°C, 10 pl of the incubation mixture was plated on LB agar and
the number of colony forming units (CFU) was determined the following day.

LDH Cytotoxicity Assay

HRCs were cultured in RenaL ife basal culture medium with supplemental Renalife
Lifefactors in 96-well plates. Once reaching 80-90% confluency, HRCs were cultured
overnight in insulin-free Renalife media. Next, cells were stimulated with insulin for 24
hours and then challenged with 103 CFU/mL UPEC (CFT073) for an additional 5 hours.
When indicated, 2 pl of a polyclonal anti-RNase 7 antibody (Biomatik) was added 45
minutes prior to UPEC challenge. Per manufacturer’s instructions, LDH release into the
culture media was measured using the LDH Cytotoxicity Detection Assays (Takara Bio,
Kyoto, Japan). HRC cytotoxicity was determined using the following calculation:
Cytotoxicity (%) = [(experimental value — low control)/(high control — low control)] x100,
where culture media served as the low control and HRCs treated with 1% Triton X-100
served as the high control.

Data Analysis

Data were analyzed using GraphPad Prism 6.0 (GraphPad Software Inc, La Jolla, CA).
Human urine samples. Continuous variables were evaluated for normal distribution with the
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D’Agostino-Pearson omnibus test, with normality defined as a p value > 0.05. Comparisons
on normally distributed data were performed by unpaired two-tailed t test or by paired t-test
when appropriate; otherwise, the nonparametric Mann-Whitney U test (unpaired data) or
Wilcoxon signed rank test (paired data) was used. Differences between groups with p< 0.05
were regarded as statistically significant. Correlation studies on normally distributed data
were performed using the Pearson correlation analysis, unless otherwise noted. /n7 vitro
studies. Data from /n vitro experiments were normally distributed and are presented as
means and standard error of mean (SEM). Treated and control cells were compared by one-
way ANOVA with Tukey’s procedure. Western blot quantitation was performed with Image
J software. The relative density of each lane was calculated, normalized to GAPDH, and
presented as the adjusted density.58

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel. Insulin and PI3K/AKT signaling
When insulin enters the bloodstream and binds to its receptor, members of the insulin

receptor substrate (IRS) family are activated. IRS, in turn, activates tyrosine kinase adaptor
molecules on the cell membrane that recruit class | PI3K to the receptor complex. After
receptor engagement, PI3K phosphorylates phosphatidylinositol 4,5 bisphosphonate (PIP2)
to generate phosphatidylinositol 3,4,5 triphosphate (PIP3) as a second messenger to recruit
and activate downstream targets including AKT. AKT, also referred to as Protein Kinase B,
is the key downstream effector of PI3K.59

Kidney Int. Author manuscript; available in PMC 2017 August 30.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Eichler et al.

A

Urinary RNase 7 (ug/mg UCr)

6

r2=0.27
p=0.023

Page 18

*k B_
* 4-
s -
O
=)
2 ¥
m}
. 2
%00 e £
000 ()
= n
ogpe° Lp— 2
o 4
00 o i =
[0)\®] DD[JDD ;“_’
000% £
[ —_— O0gHpo >
[¢] (] O———m700
[®) == Oppo0
° _ P
L] H L) c
Control New-Onset TIDM  T1DM+Insulin A

Serum Insulin (uU/mL)

Figure 2. Insulin increases urinary RNase 7 concentrationsin diabetic patients
(A) Urinary RNase 7 concentrations, standardized to UCr, in control patients (/7=30) and

patients with new-onset type 1 diabetes mellitus (/7=30) before and after starting insulin
therapy. Horizontal bars represent median urinary RNase 7/UCr concentrations and the 25th
and 75th percentiles. The symbol * indicates significant p-values of less than 0.05, as
determined by Mann-Whitney U test. The symbol ** indicates significant p-values of less
than 0.05, as determined by the Wilcoxon matched-pairs signed rank test. (B) Pearson
correlation analysis demonstrates that urinary RNase 7 concentrations correlate with serum
insulin levels in patients with new-onset TIDM. The 95% confidence intervals are
represented by the dashed lines (7=19). The dashed arrow below the x-axis indicates the
lower limit of serum insulin detection (non-detected, N.D.).
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Figure 3. The human bladder urothelium expressesinsulin receptor and RNase 7
(A-C) Immunohistochemistry demonstrates (A) negative control, (B) insulin receptor, and

(C) RNase 7 production the bladder urothelium (brown, arrows). Dashed lines demarcate the
border between the urothelial and stromal layers of the bladder. Magnification 40X. Scale
bars represent 200 microns.
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Figure 4. Thekidney collecting tubules expressinsulin receptor and RNase 7
Human kidney labeled for (A/B) insulin receptor (red), (C/D) RNase 7 (red), and cell

specific markers. Cell specific markers consisted of aquaporin-2 (blue) for principal cells
and (A/C) AE-1 or (B/D) V-ATPase (green) for intercalated cells. Magnification 60X. Scale
bars represent 50 microns.
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Figure5. Insulin induces RNASE7 mRNA expression over time
Primary human urothelial cells (HUC) and renal epithelial cells (HRC) were cultured in

insulin free media and treated with recombinant human insulin (1uM). Quantitative real-time
PCR shows insulin-induced RNASE7 expression over time. RNASE7 expression is derived
from three independent experiments performed in triplicate (7=3). Columns represent means
+ the standard error of the mean (SEM). The symbol * indicates significant p-values of less
than 0.05, compared to time zero control for each respective cell type, as determined by one-
way ANOVA with Tukey’s test.
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Figure6. Insulin induces urothelial PI3K/AKT activity and RNase 7 peptide production
Primary human urothelial cells (HUC) (A/B) and primary human renal epithelial cells

(HRC) (C/D) were cultured in insulin free media and stimulated with recombinant human
insulin (1uM) for the given time points. Cells were also pretreated with wortmannin (wort,
500 nM) for 1 hour prior to insulin treatment. (A/C) Representative Western blots of HUCs
(A) and (C) HRCs probed for pAKT (ser473), RNase 7, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). RNase 7 was not detected by Western blot in the renal epithelial
cells (C). (B/D) ELISA assays quantitated RNase 7 concentration in culture media from (B)
HUCs and (D) HRCs following insulin treatment. RNase 7 quantification was derived from
three independent experiments performed in triplicate (7=4). Columns represent means +
SEM. The symbol * indicates significant p-values of less than 0.05, for the indicated
pairwise comparison, as determined by the one-way ANOVA with Tukey’s test.
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Figure 7. PI3K/AKT regulates RNase 7 expression
5637 urothelial cells were transfected with plasmids encoding wild-type AKT (wt-AKT),

dominant negative AKT (DN-AKT), or membrane targeted AKT (m/p-AKT). (A)
Representative Western blots of transfected cell lysates probed to evaluate pAKT (ser473)
and total AKT. Anti-HA-Tag antibodies were used to confirm equal transfection efficiency.
(B) Quantitative real-time PCR evaluated RNASE7 mRNA expression in transfected cells.
Results are derived from three independent experiments where cells were transfected in
quadruplicate (/7=3, columns represent means + SEM). (C) ELISA assays measured RNase 7
concentrations in the transfected cell culture media (columns represent means + SEM).
Results are derived from three independent experiments where cells were transfected in
quadruplicate (/7=3). (B/C) The symbol * indicates significant p-values of less than 0.05, for
the indicated pairwise comparison, as determined by the one-way ANOVA with Tukey’s

test.
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Figure 8. Insulin-induced RNase 7 suppresses UPEC growth and shieldsthe urothelium from
UPEC

(A) Culture media from untreated control (black squares), 24 hour insulin treated (dashed
line), wortmannin+insulin (diamond studded line), or wortmannin treated (black circles)
cells were inoculated with £. coli (CFT073). UPEC growth was measured by changes in
turbidity using the absorbance at 600 nm (ODgqg). Addition of anti-RNase 7 antibody (solid
black line) neutralized the antimicrobial activity of RNase 7, resulting in increased bacterial
growth. (B) Culture media from untreated control and 24 hour insulin treated were incubated
with and without anti-RNase 7 antibody for 30 minutes prior to £. col/i (CFTQ073)
inoculation. Culture media from wortmanin+insulin treated cells were also inoculated. The
number of colony forming units (CFU) was determined after 3 hours incubation. Results are
from three independent experiments performed in triplicate (7=3). Columns represent means
+ SEM. The symbol * indicates significant p-values of less than 0.05, for the indicated
pairwise comparison, as determined by the one-way ANOVA with Tukey’s test. (C)
Following a 24-hour treatment with insulin (1pM) or wortmannin+insulin, human renal
epithelial cells were challenged with UPEC (CFTO073). Prior to UPEC challenge, anti-RNase
7 antibody was added to the insulin-stimulated culture media. Five hours after UPEC
challenge, LDH release into culture media was measured. Cytotoxicity was calculated as
outlined in the Methods section. Results are from six independent experiments performed in
quintuplicate (7=6). The symbol * indicates significant p-values of less than 0.05, for the
indicated pairwise comparison, as determined by the one-way ANOVA with Tukey’s test.
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Figure 9. HIyA-producing UPEC isolates dephosphorylate urothelial AKT to suppress RNase 7
Human 5637 urothelial cells were challenged with UPEC strains UTI89 and UTI89AA/yA

for the indicated times. Shown are representative Western blots of cell lysates probed with
antibodies specific for pAKT (ser473), RNase 7, and GAPDH.
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