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Renal epithelial miR-205 expression correlates with disease
severity in a mouse model of congenital obstructive

nephropathy
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BACKGROUND: Congenital obstructive nephropathy (CON)
is a leading cause of pediatric chronic kidney disease (CKD).
Despite optimal surgical and medical care, there is a high rate
of CKD progression. Better understanding of molecular and cel-
lular changes is needed to facilitate development of improved
biomarkers and novel therapeutic approaches in CON.
METHODS: The megabladder (mgb) mouse is an animal
model of CKD with impaired bladder emptying, hydronephro-
sis, and progressive renal injury. In this study, we characterize a
particular microRNA, miR-205, whose expression changes with
the degree of hydronephrosis in the mgb~" kidney.

RESULTS: Expression of miR-205 is progressively increased in
the adult mgb~~ mouse with worsening severity of hydrone-
phrosis. miR-205 expression is correlated with altered expres-
sion of cytokeratins and uroplakins, which are markers of
cellular differentiation in urothelium. We describe the spatial
pattern of miR-205 expression, including increased expression
in renal urothelium and novel miR-205 expression in medul-
lary collecting duct epithelium in the congenitally obstructed
kidney.

CONCLUSION: miR-205 is increased with severity of CON
and CKD in the mgb” mouse and may regulate urothelial
differentiation.

hronic kidney disease (CKD) is characterized by the

gradual loss of kidney function over time. It is the com-
mon end result of a wide range of diseases and processes
that cause permanent damage and scarring to the kidney.
Congenital obstructive nephropathy (CON), a leading cause
of pediatric CKD, is a complex disease process characterized
by pathological changes in kidney development and function
resulting from restriction of antegrade urine flow beginning
in utero (1,2). Pre- or postnatal surgical interventions may
alter the rate of decline in renal function, but in many patients
CKD progression is inevitable (3). Up to 70% of children with
CKD due to CON will progress to end-stage renal disease by

20 y of age, resulting in a 10-y survival rate of approximately
80% and an age-specific mortality rate 30 times that seen in
children without end-stage renal disease (4). The direct link
between obstructed urine flow beginning in utero and abnor-
mal renal development and function represents a central para-
digm of urogenital pathogenesis that has far-reaching clinical
implications.

Animal models of obstructive nephropathy have utilized both
surgical and genetic approaches. We have previously character-
ized the pathogenesis of CON in the megabladder (imgb) mouse
(5,6). The mgb mouse is a unique transgene-induced mutant
mouse line in which impaired bladder emptying and hydrone-
phrosis are prominent features (7,8). The CKD course followed
by male mgb~" mice, from in utero voiding impairment to end-
stage renal disease and death at sexual maturation, provides an
excellent opportunity to investigate the molecular and cellular
factors that drive the onset and progression of CON.

A rapidly expanding body of literature documents the criti-
cal role that microRNAs (miRs) play in renal physiology and
pathology (9-12). miRs are short endogenous noncoding
RNA molecules that regulate the expression of genes through
mRNA cleavage, translational repression, or translational acti-
vation. miRs are extremely important gene regulators, con-
trolling key cell functions such as developmental switching,
cell differentiation, cell proliferation, and apoptosis. miRs are
known to play a role in the regulation of kidney homeostasis,
kidney development, and in various kidney disease, including
fibrotic kidney disease (10), although they have not previously
been investigated in CON.

miR-205 has been identified as an epithelial-specific master
regulator in multiple tissues, involved in both normal develop-
ment and pathological states including cancer (13-16). Studies
have suggested a critical role for miR-205 in several types of
kidney diseases, including both glomerular and tubular dis-
orders (17-19). miR-205 is also the most-upregulated miR in
the unilateral ureteral obstruction mouse model of obstructive
renal fibrosis (20).
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In this study, we examine the association of miR-205
expression patterns with the degree of hydronephrosis in the
mgb~~ kidney, describe spatial and cellular patterns of miR-
205 expression in the normal and the obstructed kidney, iden-
tify altered patterns of expression of urothelial differentiation
markers that correlate with miR-205, and discuss potential
roles of miR-205 in the pathogenesis of CON and CKD in this
established animal model.

RESULTS

miR-205 Expression Increases During Maturation and
Progression of Hydronephrosis in mgb~- Mice

miR-205 is present during kidney development from embry-
onic day 15.5 (E15.5) through birth (day 0 to day 1), but the
differences in expression levels between mgb~~ and wild-type
(WT) kidneys are either small (no ~1.3-fold) or not statistically
significant (Figure 1). Quantitative reverse transcription PCR
(RT-PCR) demonstrated that relative expression of mature
miR-205 is significantly upregulated in weanling (3.1-fold)
and adult (3.5-fold) mgb~ kidneys compared with WT. In
the adults, the level of miR-205 expression correlates with the
degree of hydronephrosis (Figure 2). We found a significant
proportional increase in relative miR-205 expression when the
data were stratified by severity of hydronephrosis (Figure 2e:
mild, 1.3-fold increase relative to W'T, not statistically signifi-
cant; moderate, 2.4-fold increase, P = 0.02; severe: 5.3-fold, P =
0.004; Kruskal-Wallis equality-of-populations rank test across
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Figure 1. Timeline of renal miR-205 expression during development and
progression of hydronephrosis in the mgb~~ mouse. Reverse transcrip-
tion PCR (RT-PCR) results from a panel of male megabladder (mgb~")
kidney samples spanning developmental and chronic kidney disease
progression stages from embryonic day 15.5 (E15.5) through adulthood.
miR-205 expression is indicated relative to mean miR-205 expression in
age-matched wild-type (WT) kidneys. Time points include embryonic day
15.5 (E15.5), E16.5, E17.5, E18.5, newborn day 0 (D0), day 1 (D1), weanling
(day 20-22), and adult (4-5wk including all degrees of hydronephrosis).
Fold change is relative to WT and represents the mean + SD with three
independent RT-PCR runs of three technical replicates per run, normal-
ized to sno234. White, WT; black, mgb~-. Number of animals (n) per group,
E15.5:WTn=4,mgb”-n=5.E165:WTn=5,mgb’ n=5E175:WTn=4,
mgb”-n=5.E185:WTn=5,mgb”’~n=5.D0:WTn=9,mgb’ n=4.D1:
WT n =4, mgb”~n=5.Weanling:WTn=11,mgb”’-n=9.Adult: WTn =6,
mgb™-n =18.The P values resulting from Mann-Whitney test are indi-
cated: *P = 0.05; **P = 0.02; tP = 0.01; P = 0.006. If no symbol is shown,
result was not statistically significant (P > 0.05).
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Figure 2. miR-205 expression correlates with degree of hydronephrosis in
mgb~- adults. (a-d) Kidney cross-sectional ultrasound showing represen-
tative examples of hydronephrosis stratification in adult mgb~- kidneys:
(@) no hydronephrosis (0% of anterior—posterior line crosses fluid in the
renal pelvis), (b) mild hydronephrosis (8%), (c) moderate hydronephrosis
(45%), and (d) severe hydronephrosis (81%). (e) Stratification of the adult
mgb~- population from Figure 1 by severity of hydronephrosis com-
pared with wild type (WT). Pairwise comparisons of group means were
performed using the Mann-Whitney test, with resulting P values shown
by crosses for comparison with WT and asterisks for comparison to severe
group. TP =0.01; *P = 0.02; **P = 0.004. If no symbol is shown, result was
not statistically significant (P > 0.05). Fold change is relative to WT kidneys
and represents the mean + SD with three independent reverse transcrip-
tion PCR runs of three technical replicates per run, normalized to sno234.
Number of animals (n) per group, WT n =6, Mild n =7, Mod n =5, Severe

n = 6. (f) Correlation of relative miR-205 expression with measurement of
degree of hydronephrosis in kidney cross-sectional 2D ultrasound images
using the method of Carpenter et al. (40). Spearman rho = 0.78, P = 0.0003.
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all three mgb ' severity groups, P = 0.003). High positive corre-
lation (Spearman rho = 0.78) was found between relative miR-
205 expression by RT-PCR and the degree of hydronephrosis
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Figure 3. miR-205 expression in the medulla of wild-type (WT) and
mgb~~ kidneys. In situ hybridization of a miR-205-specific probe demon-
strates the expression of miR-205 in the renal pelvic urothelium (black
brackets) of (a) normal WT, (b) moderately hydronephrotic, or (c) severely
hydronephrotic mgb~- kidneys. Staining (purple) intensifies with increas-
ing severity of hydronephrosis. Positive staining can also be seen in the
epithelium lining the renal papilla (a, blue bracket) and in the epithelium
of dilated medullary tubular structures in the severely affected kidney

(¢, asterisks). Corresponding kidney sections hybridized with a scrambled
miRNA probe (d-f) or no probe (g-i) show no staining. Bar in panel

A =50 um and gives scale for all images. 40x objective.
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as measured in kidney cross-sectional 2D ultrasound images
(Figure 2f). Stratification by severity of hydronephrosis at the
weanling stage was not possible due to small numbers of ani-
mals with greater than mild hydronephrosis. Of note, wide
variability in expression was seen in both mgb-/- and WT kid-
neys at the weanling stage, suggesting that miR-205 fluctua-
tions at this age may be in part a developmental rather than
disease-related observation.

miR-205 Is Expressed in the Renal Urothelium in WT and

mgb~- Kidneys

We next evaluated the source of the increased renal miR-205
expression in hydronephrotic mgb~~ kidneys by in situ hybrid-
ization (ISH). In the WT adult mouse, the only renal compart-
ment where miR-205 expression is detected is the epithelium
overlying the medulla and renal papilla (Figure 3a). There
appears to be a shift from basolateral to more apical or dif-
fuse subcellular distribution in the mgb~" kidney, with miR-
205 expression visibly intensified in the urothelium of kidneys
from severely hydronephrotic mgb”~ mice (Figure 3b,c).
In the mgb~" kidney, urothelial miR-205 expression is primar-
ily within the basal layer (Figure 4, top). Beyond the uretero-
pelvic junction, however, miR-205 is more evenly distributed
through all urothelial cell layers (Figure 4, bottom).

Novel Expression of miR-205 Occurs in Dilated Collecting Ducts
in CON

We found novel expression of miR-205 in collecting ducts of
severely hydronephrotic mgb™~ kidneys that is absent in WT
or less severely affected mgb~~ kidneys. miR-205 is expressed
in the epithelium of dilated tubular structures within the

Renal Pelvis

Merged

Merged

Figure 4. miR-205 is expressed in the basal layer of the renal pelvis urothelium in the mgb~- mouse model of congenital obstructive nephropathy.

(top) In situ hybridization (ISH) of kidney from a 33-d-old female mgb~~ mouse with bilateral severe hydronephrosis using a miR-205-specific probe shows
miR signal in the urothelium (arrows) and in nearby collecting ducts (asterisks). Combined ISH-immunohistochemistry with an anti-aquaporin 3 (Agp3)
antibody delineates the two urothelial cell layers and identifies miR-205 predominantly in the basal layer. (middle) A similar localization to the basal layer
of urothelium is found at the ureteropelvic junction (UPJ; white arrows). (bottom) Within the ureter, miR-205 expression is more uniform throughout the

urothelial cell layers. Bar = 50 um. 40x objective.
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VATPase

Figure 5. Immunohistochemistry with anti-V-ATPase and anti-AQP2
identifies the dilated tubular structures expressing miR-205 as collect-
ing ducts that have lost AQP2 expression. (@) miR-205-positive dilated
tubular structures (asterisks) in the inner medulla of a severely affected
mgb~~ kidney. (b) Dilated tubules in this region also stain positively with
a V-ATPase-specific antibody in the same mouse kidney. (c) Little or no
signal is detected in this region with an AQP2-specific antibody although
nearby normal-caliber collecting ducts (box) are positive for AQP2.
Controls with a scrambled RNA probe (d) and with no primary antibody
(e,f) confirm that staining is specific. Bar in panel A =50 um and gives
scale for all images. 20x objective.

inner medulla (Figure 3c, asterisks). These miR-205-posi-
tive structures are observed only in severely hydronephrotic
mgb~~ kidneys, where dilated and/or atrophic collecting ducts
are frequently seen. No miR-205 is detected within the inner
medulla of WT kidneys or moderately hydronephrotic mgb~~
kidneys (Figure 3a,b). Intense staining of distinct cells in these
structures by an antibody to vacuolar ATPase (V-ATPase (21);
Figure 5) verifies that these miR-205-positive structures are
medullary collecting ducts. These dilated collecting ducts,
however, have lost expression of aquaporin 2 (AQP2 (22);
Figure 5c).

miR-205 Is Activated in Multiple Cell Types in Dilated Collecting
Ducts in the mgb~- Mouse Kidney

We performed ISH for miR-205 and immunohistochemistry
for the intercalated cell marker V-ATPase and the principal
cell marker AQP2 on serial sections to identify the specific
cell type(s) expressing miR-205 in the dilated collecting ducts
in severely hydronephrotic mgb”~ kidneys (Figure 6). As
suggested by the frequent circumferential staining of these
structures with miR-205 seen at low power (Figure 5a), miR
expression appears to be induced in multiple cell types. In
some collecting ducts, overlap of miR-205 distribution with
the intense V-ATPase expression characteristic of intercalated
cells is seen (Figure 6f,i). The presence of miR-205 in principal
cells is more difficult to verify, because expression of specific
markers such as AQP2 is lost in many of the atrophic, dilated
ducts that express miR-205. However, rare collecting ducts
co-expressing miR-205 and AQP2 were observed and indicate

Copyright © 2016 International Pediatric Research Foundation, Inc.
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Figure 6. High-power images of miR-205, V-ATPase, and AQP2 expres-
sion. Serial sections from severely hydronephrotic adult mgb~- kidneys
were probed with (a-c) a nonspecific (scramble) RNA probe, (d-f) a
miR-205-specific RNA probe, (g,h) antibody to aquaporin 2 (AQP2), and

(i) antibody to V-ATPase. Negative control forimmunohistochemistry is
shown in panels (j-1) (No Ab). Arrows indicate miR-205 positive cells (d—f)
and the corresponding locations on immunohistochemistry sections (g-i).
A red arrow indicates a principal cell (AQP2-positive or V-ATPase-negative).
A black arrow indicates an intercalated cell (V-ATPase positive or AQP2
negative). Bar = 10 um. 40x objective.

the presence of both molecules in the same principal cells
(Figure 6d,e,g,h). Combined ISH-immunohistochemistry
with fluorescent detection on single sections was attempted to
confirm colocalization (as in Figure 4), but could not be inter-
preted due to high background (data not shown).

Expression of Tight Junction Proteins in mgb Mouse Kidneys
Tight junction proteins have been reported as targets of miR-
205 in bladder urothelium (23). We performed RT-PCR and
western blotting to investigate whether these same targets are
affected by miR-205 expression in the mgb kidney. No signifi-
cant changes in Cgnll, Tjpl, or Cdc42 were observed at the
mRNA or protein level when whole kidney was analyzed (data
not shown).

Expression of Urothelial Differentiation Markers Correlates With
miR-205 Upregulation

Silencing of miR-205 in cultured bladder epithelial cells has
previously been shown to alter the expression patterns of cyto-
keratins and uroplakins (23). Cytokeratins (Krt)5, 8, 14, 18, 19,
20and Uroplakins (Upk)la and 1b are significantly increased in

Volume 80 | Number 4 | October 2016 Pediatric RESEARCH 605



Articles | winidceral

a Bladder Kidney
Krt20 @) @ 0 O @)
° 5 Krt10
d S O O N9)o Upkia
0}° 0 o\ 9)o Krt8 Upk1b
5 210 Yo Krt18 P
Krt5 Krt19
Krt14
Cortex Medulla
b Fold change (p value) Spearman rho (p value)
Mild vs. WT ~ Mod vs. WT  sevvs.WT vs. % hydronephrosis vs. miR-205

K:j 1.1(0.94) 1.8{0.31) | 2.7(0.022) ___Q-_??_(D_:QQZJ___—
K 1.1(0.82) 1.5(0.28) 2.0(0.016) 0.60 (0.18) 0.62 (0.12) \

Krt10, -2.3 (0.01) -1.6(0.22) | -2.0(0.018) | -0.62 (0.06)

Krt14 1.4 (0.65) 3.5(0.058) | 8.0(0.0004) 0.79 (0.0009)

Krt18 1.7(0.41) 2.8(0.12) 6.1(0.001)

krt19| 2.1(0.39) | 5.9(0.05) | 13.1(0.0007)

Krt20 2.3(0.42) | 6.5(0.078) | 12.4(0.004)

Upkla 1.4(0.73) 2.8(0.14) | 10.1(0.0003)
Upklb| 1.6 (0.59) 3.5(0.10) | 14.3 (0.0002)

Figure 7. The expression of cytokeratins and uroplakins is altered in severely affected mgb~- kidneys and strongly correlates with miR-205 levels.

(@) Schematic of urothelial organization in the bladder (left) and kidney (right). The previously reported cytokeratin (Krt) and uroplakin (Upk) profiles of
basal (red), intermediate (orange), and superficial (yellow) bladder cells and the urothelial plaque (tan) are depicted. For simplicity and clarity, Krt distribu-
tion is shown on the left and Upk on the right, but these markers are present in both organs. (b) Relative expression levels and correlation of cytokeratins
and uroplakins in mgb~~ kidneys with mild, moderate (mod), and severe (sev) hydronephrosis. Groups reaching statistical significance (P < 0.05) for
expression change are indicated with pink (increased relative to wild type) or green (decreased) shading. Spearman correlation to both % hydronephrosis
and miR-205 level are shown. Shading indicates strong (0.6 < rho < 0.79; light blue) or very strong (rho > 0.8; darker blue) correlation with Bonferroni-

adjusted P < 0.05.

severely affected mgb~~ kidneys compared with WT (Figure 7).
Krt10 expression is decreased in mgb~~ kidneys. Krt5, Krt14,
Krt18, Krt 19, Krt20, Upkla, and Upklb are each strongly
correlated with degree of hydronephrosis and very strongly
correlated with expression of miR-205 (Figure 7). Krt10 dem-
onstrates a weaker negative correlation with hydronephrosis,
but no correlation with miR-205.

DISCUSSION

In this study, we demonstrated that miR-205 expression pro-
gressively increases with increasing severity of hydronephrosis
in the mgb”~ model of CON and CKD. We localized miR-
205 expression to the renal urothelium and epithelial cells in
dilated collecting ducts. miR-205 expression strongly corre-
lates with expression of uroplakins and cytokeratins that are
markers of urothelial differentiation.

In the mouse, the definitive (metanephric) kidneys begin to
form around embryonic day 10.5 (E10.5). In contrast to human
kidney development, nephrogenesis is still active at birth in the
mouse, continuing until 7-10 d postnatally. In mgb~~ mice,
bladder smooth muscle development is severely impaired (8).
As a result of impaired antegrade urine flow, hydroureterone-
phrosis develops with variable timing and severity, arising as
early as E17.5 and often progressing throughout the lifetime of
the animal (5,6).

In the embryonic mouse kidney, miR-205 has been previ-
ously reported at low expression levels at E18.5 by one group
(24) but absent in embryonic kidneys in a different mouse
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model (25). However, the second group only examined miR-
205 in the kidney globally, not in renal urothelium specifically
(R. Yi, personal communication). Our results demonstrate
that prior to the development of significant hydronephrosis
during the first weeks after birth, miR-205 is expressed with
little or no difference in levels between mgb~~ and WT mice. In
adult mgb~~ mice, miR-205 expression progressively increases
with worsening severity of hydronephrosis. Other studies have
also found a correlation between miR-205 and disease sever-
ity in CKD. miR-205 is increased in patients with hyperten-
sive nephrosclerosis (19) and in primary tubular cells from
patients with autosomal dominant polycystic kidney disease
(26). miR-205 correlates with degree of proteinuria in primary
focal segmental glomerulosclerosis (17) and with estimated
glomerular filtration rate and degree of tubulointerstitial scar-
ring in IgA nephropathy (18). Our study implicates miR-205
in the response to renal pelvic distention. In contrast to the
human megaureter-megacystis syndrome in which vesicoure-
teral reflux is a prominent feature (27,28), we have not found
urinary reflux to be significant in the pathophysiology of the
mgb~~ mouse (data not shown). We therefore conclude that
the altered miR-205 expression is a consequence of the chronic
downstream impairment of urine flow.

Our analysis of the spatial distribution of miR-205 within
the kidney demonstrated modest expression in the renal uro-
thelium in normal adult mice. As the renal pelvis becomes dis-
tended in the obstructed mgb~~ kidney, miR-205 expression
increases. miR-205 expression is also induced in the epithelium

Copyright © 2016 International Pediatric Research Foundation, Inc.
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of dilated inner medullary collecting ducts. Affected tubules
expressing miR-205 frequently lack expression of AQP2, a
water channel that plays a critical role in controlling water per-
meability in the collecting ducts as the target for vasopressin
(29). The mutually exclusive expression of miR-205 and AQP2
in collecting ducts is unlikely to be the result of direct regula-
tion of Agp2 by miR-205, as no miR-205 seed sequence can
be found in the murine Agp2 transcript (data not shown). Of
note, the structures where we found miR-205 consistently acti-
vated in obstruction are derived from the ureteric bud and rep-
resent the most distal portions of the urine collecting system
in the kidney.

Previously reported and hypothesized functions of miR-205
in other diseases and models are illuminating to understand-
ing the role miR-205 may play in the renal urothelium and
distal nephron in CON. In cancer, miR-205 is a key regula-
tor of the potential for epithelial growth and differentiation.
Expression studies in a variety of tumor types suggest that
miR-205 is expressed at increased levels in subtypes with
more benign epithelial characteristics and decreased levels in
more aggressive and invasive subtypes (30). In different con-
texts, miR-205 can either promote or suppress tumorigenesis,
activating or maintaining the epithelial phenotype and direct-
ing cell fate decisions (31). A role of miR-205 in regulating
the urothelial phenotype is suggested by its increased expres-
sion in upper urinary tract urothelial cancers (32) and its
ZEB1/2-dependent regulation of epithelial-to-mesenchymal
transition in bladder cancer cells (33). In bladder urothelium,
miR-205 may regulate multiple tight junction-related pro-
teins in the undifferentiated basal and intermediate cell layers.
Overexpression of miR-205 in Madin-Darby canine kidney
(MDCK) cells actually prevents tight junction formation,
and miR-205 silencing in primary cultured bladder urothe-
lium increases expression of specific tight junction proteins
and has significant effects on expression of cytokeratins and
uroplakins (23). Thus, miR-205 participates in regulation of
urothelial differentiation and function. In the structurally and
functionally similar stratified epithelium of skin, miR-205 has
a critical role in epithelial regeneration by promoting the pro-
liferation and expansion of skin cell progenitors (34). Under
oxidative stress in the proximal renal tubule, miR-205 may
serve to protect against a maladaptive, injurious response to
reoxygenation (35).

In the congenitally obstructed kidney, we see a profound
effect on the expression of cytokeratins and uroplakins,
although the expression profile of these urothelial markers in
the obstructed kidney in vivo is distinct from that reported in
bladder cells in vitro. Cultured bladder urothelium responds to
miR-205 silencing by increasing expression the simple keratins
Krt8, Krt18, Krt19, and Krt20 as well as the urothelial differen-
tiation products Upkla and Upklb, and decreasing expression
of the basal cell keratins Krt5 and Krt14 (23). Of note, miR-205
also positively correlates with Krt5, Krt14, Krt15, and Krt17 in
normal and cancerous prostate tissue (36). In the mgb~~ mouse
kidney, we observe increased expression of Krt5 and Krt14 very
strongly correlated to miR-205 expression levels, as expected

Copyright © 2016 International Pediatric Research Foundation, Inc.

from the previously published data. However, we also observe
miR-205-associated increases in several simple keratins (Krt18,
Krt19, Krt20) as well as Upkla and Upklb, contradictory to
what the in vitro bladder cell study demonstrated. The differ-
ence in response of the simple cytokeratins could be explained
by the inclusion of cytokeratin-expressing renal tubular cells in
our whole kidney tissue samples. However, Upkla and 1b are
highly specific markers for differentiated urothelium. There
is no predicted miR-205 binding site in the 3" untranslated
region of any of the uroplakins or keratins studied, so there are
likely intermediate signals between miR-205 and these down-
stream targets; these intermediaries may differ between blad-
der and kidney, or between in vitro and in vivo model systems.
Bladder and kidney urothelium are morphologically distinct
(see Figure 7, top) and have different embryological origins—
the bladder urothelium is endoderm-derived, and the kidney
urothelium is mesoderm-derived as a product of the ureteric
bud. Additional investigation is needed to identify the inter-
mediate factors in miR-205 regulation of urothelial differen-
tiation and determine the cause of this apparent contradiction
in the urothelial response to miR-205. Our analysis failed to
show any significant alteration in expression of tight junction-
associated proteins. More detailed functional and structural
studies are needed to determine the fate of tight junctions in
the obstructed kidney.

In the kidney, miR-205 likely plays a protective and adaptive
role, helping to defend critical epithelial layers of the urothe-
lium and collecting duct from the mechanical stress and physi-
ological consequences of renal distention and urine stasis, as
well as promoting cellular regeneration. Other in vivo models
of antenatal obstruction such as the fetal nonhuman primate
model of unilateral ureteric obstruction have demonstrated
significant medullary changes including epithelial-mesenchy-
mal transition of intercalated cells and cellular migration that
results in formation of peritubular collars, a change that would
enhance structural integrity although with probable detrimen-
tal effects on nephrogenesis and growth (37).

We previously proposed a model of renal adaptation in the
mgb™~ mouse model centered on a critical balance between
tissue remodeling and renal pathogenesis (7). We postulated
that increasing distention and pressure within the renal pelvis
cause the gradual expansion and proliferation of the renal uro-
thelium, producing significant changes in the structure, func-
tion, and permeability of the urothelial membrane. This study
supports a role of miR-205 in regulation of urothelial differ-
entiation, providing a potential mechanism for these changes.
In our revised model, worsening hydronephrosis induces
expression of miR-205, which may mediate an adaptive
response (8) that alters or reactivates urothelial differentiation
pathways. Although these changes may have some deleterious
effects due to altered urothelial function and permeability, they
may be critical in initiating an organ-protective response dur-
ing pathogenic insult to the kidney.

In addition to distending pelvic urothelium, obstruction
leads to tubular dilatation and transmission of increased
hydrostatic pressure backward along the length of the nephron.
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This could trigger miR-205 signaling pathways in the collect-
ing duct epithelium, where cytokeratins are also known to play
critical roles (38,39). It is thus intriguing to speculate that miR-
205 plays a central role in epithelial regeneration, proliferation,
and/or adaptation in multiple renal cell types in response to
congenital obstruction.

METHODS

Animal Model

This study was performed with approval from the Institutional Animal
Care and Use Committee of Nationwide Children’s Hospital. Age and
sex-matched FVB/N were used as WT controls. mgb~~ animals were
genotyped as previously described (6). Grading of hydronephrosis
was based on measuring the proportions of renal parenchyma vs.
fluid-distended renal pelvis in kidney cross-sectional 2D ultrasound
images as previously described (40), with each kidney being strati-
fied into mild, moderate, or severe categories. This method does not
directly correlate with clinical grading scales of hydronephrosis such
as the Society of Fetal Urology hydronephrosis grading system, which
cannot be reliably applied to mice due to the unilobar structure of the
mouse kidney and consequent absence of calyces.

RNA Isolation

Total RNA including the small RNA fraction was isolated from
snap-frozen kidney samples at specific developmental time points:
E15.5, E16.5, E17.5, E18.5, immediate newborn (day 0), recent new-
born (day 1), weanling (20-22 d), and adult (4-5wk), using the
TissueLyser II (Qiagen USA, Valencia, CA) and mirVana miRNA
isolation kit (ThermoFisher Scientific, Waltham, MA) according to
the supplier protocols. Quantity and integrity of RNA samples were
measured using NanoDrop ND-1000 UV-Vis Spectrophotometer
and Agilent 2100 Biozanalyzer Lab-On-A-Chip Agilent 6000 Series
II chip, respectively (7).

RT and Quantitative PCR

RT for miR-205 was performed with 10ng RNA per reaction using
Tagman MicroRNA Reverse Transcription Kit (LifeTechnologies,
Grand Island, NY). Quantitative PCR was performed on the ABI 7500
Real-Time PCR System with the following thermal cycles conditions:
50°C for 2 min, 95°C for 15 min, followed by 40 cycles of 95°C for 15
and 60°C for 60s. Changes in miR expression levels were normalized
to small nucleolar RNA 234 (sno234) expression levels and analyzed
by the AAC, method. RT for mRNA was performed with 500 ng RNA
per reaction using the Verso cDNA Synthesis Kit (LifeTechnologies)
following the supplied protocol. Prior to RT, the RNA was DNase
treated using the Turbo DNA-free kit (LifeTechnologies). Quantitative
PCR was performed on the ABI 7500 Real-Time PCR System with the
same cycling conditions described above. Changes in mRNA expres-
sion levels were normalized to glyceraldehyde-3-phosphate dehydro-
genase expression levels and analyzed by the AAC method.

miR ISH

ISH for miR-205 was performed using the miRCURY LNA microRNA
ISH optimization kit 8 (Exiqon, Woburn, MA) according to manufac-
turer’s protocol with the following modifications. Formalin-fixed tis-
sue sections were incubated with 2.5 pg/ml proteinase-K for 10 min
at 37°C. hsa-miR-205 and nonspecific (scramble) probes were used
at a concentration of 200nM and hybridized at 57°C for 1h. After
blocking, 1:1,400 dilution of the sheep anti-DIG-AP was applied to
the tissue for 1h at room temperature. The AP substrate reaction
was carried out overnight in a humidity chamber at room temper-
ature protected from light. For fluorescent detection, the following
modifications were made. Scramble and miR-205 probe were used
at either 200nM or 400 nM and sheep anti-DIG-AP at 1:400. Vector
Blue Alkaline Phosphatase (Vector Laboratories, Burlingame, CA)
substrate kit was used according to manufacturer’s protocol with the
addition of 100nm Levamisole. Substrate solution was replaced for
several cycles of staining 20-30 min each, until color reaction was well
developed.
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Immunohistochemistry

Formalin-fixed, paraffin-embedded tissue sections were deparaf-
finized through xylenes and ethanol series. The slides were pretreated
with Proteinase-K (2.5 ug/ml) for 10min at 37°C and/or antigen
retrieval using sodium citrate buffer (10nM Sodium Citrate, 0.05%
Tween-20, pH 6.0) for 25min in a pressure cooker. Hydrogen per-
oxide (3%), biotin block (ScyTek Laboratories, Logan, UT; BBK30),
and Superblock (Fisher Scientific, 37580) pretreatments were per-
formed. All antibodies were diluted in 5% Superblock in PBS. The
following primary antibodies were incubated overnight at 4°C:
anti- AQP2 (1:200, Santa Cruz Sc-9882) and anti-Vacuolar-type
H*-ATPase (V-ATPase; 1:50, Santa Cruz sc-21209). The secondary
antibodies that were used are UltraTek Anti-Polyvalent Biotinylated
(ScyTek, ABN125) or UltraTek Anti-Goat Biotinylated Abs (ScyTek,
AGL125AEC). Chromogen/Substrate Kit (ScyTek ACJ999) was used
for color development for light microscopy. Fluorescent detection
was performed after ISH and used a similar protocol starting from
the Superblock pretreatment. The primary antibody for immuno-
fluorescence was AQP3 (1:50, Alomone Labs AQP-003) and second-
ary antibody (Donkey anti-rabbit AlexaFlour 633) was used at 1:200
dilution for 1h at room temperature in the dark. The slides were
mounted with ProLong Diamond mounting media without DAPI
(LifeTechnologies).

Protein Isolation

Frozen mouse tissue was weighed and 10 ul working buffer (62 mM Tris
(pH 6.8), 2% sodium dodecyl sulfate, 10% Glycerol and 1x Protease
Inhibitor (ThermoFisher Scientific)) added per mg of tissue, followed
by TissueLyser II (Qiagen USA) for 3-5min. 3-mercaptoethanol con-
taining 0.04% bromophenol blue was added to a 5% final concentra-
tion. The samples were boiled for 5min and centrifuged. Supernatant
was transferred to a new tube and stored at -80°C.

Western Blot

Protein samples were heated at 95°C for 5min and loaded onto
Mini-Protean TGX Precast Gels (BioRad Laboratories, Hercules,
CA) and electrophoresed using Tris-glycine-sodium dodecyl sulfate
running buffer. Proteins were transferred to polyvinylidene fluoride
(PVDF) membranes using standard transfer buffer (Tris-glycine with
20% methanol). Nonspecific binding was blocked using Superblock
(Fisher Scientific, 37580) with 0.05% Tween-20 for 1h at room tem-
perature. Primary antibodies were incubated overnight at 4°C in 10%
Superblock in PBS. Primary antibodies and dilutions were: Cdc42
(1:2,000, Fisher Scientific PIPA1092) and Cgnl1 (1:1,000, Santa Cruz
sc-377525). Glyceraldehyde-3-phosphate dehydrogenase (1:5,000,
Santa Cruz sc-25778) or Ku-70 (1:200, Santa Cruz sc-17789) was
used as a control for loading and normalization. Membranes were
washed with PBS-Tween and then incubated with either sheep anti-
mouse HRP-Linked (1:5,000, Amersham NA931-1ML) or goat anti-
rabbit HRP-Linked (1:5,000, Santa Cruz sc-2054) as appropriate.
Chemiluminescent signal was developed using ECL Western Blotting
Substrate (Pierce #32106).

Imaging

Light micrographs and fluorescence images for Figures 3-5 were
obtained using a DMI4000 microscope equipped with a DFC450C
digital camera and processed using the LAS-X software package
(Leica Microsystems, Buffalo Grove, IL). Fluorescent images were
captured in monochrome mode and digital color applied to facilitate
merging of images. Images for Figure 6 were captured on an Aperio
Digital Scanner and processed using ImageScope software v.12.3
(Leica Microsystems).

Statistical Analysis

Pairwise comparison of group means utilized the Wilcoxon rank-
sum test. The statistical dependence between variables was mea-
sured by Spearman rank correlation with Bonferroni adjustment
as appropriate for multiple comparisons. In all cases, o0 = 0.05 was
set a priori as the threshold for statistical significance. All statis-
tical tests were performed using Stata v.13.1 (StataCorp, College
Station, TX).

Copyright © 2016 International Pediatric Research Foundation, Inc.
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