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Abstract

Background—Urea transporters (UTs) are important in urine concentration and in urea 

recycling, and UT-B has been implicated in both. In kidney, UT-B was originally localized to outer 

medullary descending vasa recta, and more recently detected in inner medullary descending vasa 

recta. Endogenously produced microRNAs (miRs) bind to the 3’UTR of genes and generally 

inhibit their translation, thus playing a pivotal role gene regulation.

Methods—Mice were dehydrated for 24h then sacrificed. Inner and outer medullas were 

analyzed by PCR and qPCR for microRNA expression and western blotting for protein abundance.

Results—MicroRNA seq analysis of mouse inner medullas showed a 40% increase in 

microRNA-200c in dehydrated mice compared with controls. An in silico analysis of the targets 

for miR-200c revealed that microRNA-200c could directly target the gene for UT-B. PCR 

confirmed that miR-200c is up-regulated in the inner medullas of dehydrated mice while western 

blot showed that UT-B protein abundance was down-regulated in the same portion of the kidney. 

However in the outer medulla, miR-200c was reduced and UT-B protein was increased in 

dehydrated mice.

Conclusions—This is the first indication that UT-B protein and miR-200c may each be 

differentially regulated by dehydration within the kidney outer and inner medulla. The inverse 

correlation between the direction of change in miR-200c and UT-B protein abundance in both the 

inner and outer medulla suggests that miR-200c may be associated with the change in UT-B 

protein in these two portions of the kidney medulla.
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Introduction

Urea plays an important role in the urinary concentration system. Urea has a low lipid 

solubility so it crosses cell membranes very slowly by passive diffusion. Physiologic studies 

demonstrate that highly efficient transmembrane urea transporters (UTs) mediate intrarenal 

urea recycling [1–3]. There are two types of urea transporters; UT-A and UT-B. Both are 

members of the solute carrier 14 (SLC14) family and found in the kidney. UT-A1 and UT-

A3 are located in the inner medulla and UT-A2 is located in the outer medulla. UT-B was 

originally localized to outer medullary descending vasa recta, but was recently reported in 

inner medullary descending vasa recta [4, 5].

MiRs are short non-coding RNAs found endogenously in all mammals. In recent years, 

many studies show that miRs play crucial roles in gene regulation (reviewed in [6, 7]). With 

the growing knowledge of the roles of miRs in animal models, it is becoming clear that miRs 

are important in the development and physiology of multiple organs, including the kidney 

(reviewed in [8–10]. In the present study, we analyzed predicted targets according to the 

algorithms of TargetScan [11], PITA [12], and miRanda [13] to identify potential targets of 

miR-200c. Although some data demonstrate that specific miRs have different expression 

profiles in renal cortex and medulla [10, 14], the difference in expression and functional role 

of miR-200c in different sections of the kidney medulla has not previously been reported. 

Further, the impact of this difference on the regulation of UT-B expression in inner medulla 

and outer medulla has yet to be elucidated.

Most previous studies of UT-B have examined the protein in whole medulla or even whole 

kidney, so differential changes in UT-B in different parts of the kidney, or even the medulla, 

may have been missed. In this study, UT-B protein abundance and miR-200c levels in inner 

medulla and outer medulla were compared. In the inner medulla there was an increase in 

miR-200c but a decrease in UT-B protein abundance; whereas in outer medulla miR-200c 

decreased but UT-B protein abundance increased.

Methods

Animal preparation

All animal protocols and procedures were approved by the Emory University Institutional 

Animal Care and Use Committee and conducted according to the National Institutes of 

Health Guide for the Care and Use of Laboratory Animals. Male C57bl/6J mice (8 weeks 

old) were used. Control mice received standard mouse chow (Teklad diet # 5001) and water 

ad libitum. Dehydrated mice were provided free access to mouse chow but their access to 

water was restricted. Water was removed for 12 hours, reinstated for 15 minutes, and 

removed for an additional 12 hours. Following the 24 hour dehydration period, the animals 

were euthanized by cervical dislocation, and mouse kidneys were dissected into inner 

medulla (IM) and outer medulla (OM). Tissue to be used for RNA was either placed directly 

into Tri Reagent for RNA isolation, or flash frozen in liquid nitrogen for later analysis. 

Tissue to be used for protein analysis was placed directly into isolation buffer and processed 

as described under Western Blot below.
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MiR seq

Control and dehydrated mouse inner medulla were harvested and sent to the Emory miR 

sequencing core at the Yerkes National Center for Primate Research for analysis. Qualitative 

and quantitative analysis of the total RNA was performed using the Thermo Nanodrop 2000 

and Agilent 2100 Bioanalyzer respectively. Small RNA libraries were prepared using the 

SeqMatic tailormix miRNA sample preparation kit (SeqMatic. Union City, CA, USA) as per 

the manufacturer’s instructions. The libraries were further quantified on Qubit® 2.0 

Fluorometer (Life Technologies, Grand Island, NY, USA) using the High Sensitivity dsDNA 

assay. Libraries from all the samples were multiplexed and run in a single lane of Illumina 

v3 flowcell. PhiX was used as an internal control on each lane to monitor the error statistics. 

Cluster generation was performed on the v3 flowcell on the Illumina cBot. The clustered 

flowcell was sequenced on the Illumina HiSeq1000 system as a 100-cycle single read 

multiplexed run. The GenCore uses the software platform PARTEK Genomics Suite for 

performing statistical analyses. They employ the Benjamini-Hochberg False Discovery Rate 

(FDR) method for adjusting p-values. We defined differential expression at this step as a 

change of at least 10% (either increase or decrease) in dehydrated mice versus the controls.

Quantitative real-time PCR (qPCR)

Each sample contained the IM or OM from both kidneys from a single mouse. The tissues 

were frozen in liquid nitrogen immediately (within 2 minute of cervical dislocation) and 

stored until RNA extraction. The RNA quality was assessed by PCR and agarose gel 

electrophoresis to verify band integrity. MicroRNA (miR-200c) quantification was then 

accomplished by qPCR. Reverse transcription and quantitative PCR (q-PCR): Total RNA 

was extracted using Tri-Reagent (Molecular Research Inc., Cincinnati, OH). RNA 

concentrations were measured by spectrophotometry (Nano Drop Lite, Thermo Scientific, 

Wilmington, DE). To remove contaminating DNA, samples were treated with recombinant 

RNase-free DNase I (Thermo Fisher Scientific, West Palm Beach, FL). Total RNA was 

reverse transcribed to cDNA using the miRCURY LNA™ Universal cDNA Synthesis kit 

(Exiqon INC., Woburn, MA). The primers were custom designed by Exiqon. Real-time 

qPCR was performed on CFX Connect™ Real-Time PCR Detection System (Bio-Rad, 

Hercules, CA) using the miRCURY LNA microRNA PCR SYBR Green master mix (Exiqon 

INC). The following cycle parameters were used: 95°C for 10 minutes and 40 cycles at 95°C 

for 10 seconds and 60°C for 60 seconds. The quantification cycle (Cq) values was defined as 

the cycle at which the curvature of the amplification curve is maximal and was automatically 

detected by the CFX Manager software (BioRad). The primer sequence (EXIQON) is shown 

in Table 1. MiR200c expression was standardized to U6 gene and expression was calculated 

as the difference between the threshold values of the two miRs (ΔΔcq). Melting curve 

analysis was routinely performed to verify the specificity of the reaction [15].

Western blot analysis

Mouse IM and OM were placed into ice-cold protein isolation buffer (10 mM 

triethanolamine, 250 mM sucrose, pH 7.6, 1 μg/ml leupeptin, and 2 mg/ml PMSF) and 

homogenized manually using glass/glass tissue grinders. SDS (10%) was added to the total 

cell lysate to a final concentration of 1% SDS [16, 17]. Insoluble material was removed by 
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centrifugation at 16,000 ×g for 10 minutes and the protein concentration in the supernatant 

fraction was determined by a modified Lowry method (Bio-Rad DC protein assay reagent, 

Bio-Rad, Richmond, CA). Detergent solubilized proteins (20 μg/lane) were size separated by 

SDS-PAGE using 10% polyacrylamide gels, then transferred to polyvinylidene difluoride 

membranes (Immobilon, Millipore, Bedford, MA) as described previously [16, 17]. Blots 

were blocked with 5% nonfat dry milk in Tris-buffered saline (TBS: 20 mM Tris HCl, 0.5 M 

NaCl, pH 7.5) at room temperature for 1 hour, then incubated with our primary polyclonal 

antibody to UT-B overnight at 4°C. Blots were washed three times in TBS with 0.5% 

Tween-20 (TBS/Tween) and then incubated with Alexa Fluor 680-linked anti-rabbit IgG 

(Molecular Probes, Eugene, OR). Blots were washed three times with TBS/Tween, and then 

the bound secondary antibody was visualized using infrared detection with the LICOR 

Odyssey protein analysis system (Licor Bioscience, Lincoln, NE). Total protein staining of 

the blots using Ponceau S was used to determine protein loading. Blots were stained with 

Ponceau S, then scanned and a grayscale tiff generated. Using Image J, a central horizontal 

section equal to about 25% of the total lane length was evaluated for pixel density. Specific 

band densities were divided by total loading protein band densities to normalize the western 

blot band densities.

Statistical analysis

All data are expressed as means ± SE and n is the number of mice per group. Differences 

between each dehydrated group and control group were tested by unpaired, two-tailed 

Student’s t-test. The criterion for statistical significance is p < 0.05.

Results

miR-200c changes in dehydrated mouse inner medulla

We performed a microRNA seq analysis of inner medullas from dehydrated and control 

mice using the Emory microRNA seq core facility. We found that miR-200c was increased 

by 42% (1.4 fold) in dehydrated versus control mice (P=0.007). Next, we used Targetscan 

(www.targetscan.org) to assess the potential targets of miR-200c. We found that UT-B was a 

direct target of miR-200c with one section of complementary sequence in the UT-B 3’UTR 

(Figure 1).

Differential changes in miRNA-200c in inner medulla and outer medulla during dehydration

To confirm the microRNA seq response using an alternate analysis, we performed qPCR of 

inner medulla from control or dehydrated mice. We also performed qPCR on the outer 

medulla of the same mice. . The combined results from 12 animals / group are shown in 

Figure 2. In the IM, the miR-200c level of the dehydrated group was significantly increased 

by 182 ± 33% above control levels (100 ± 5%). In contrast, in the OM, the level of 

miR-200c of the dehydrated group was significantly decreased by 32± 11% compared to the 

control group (100 ± 27, Figure 2).

Differential changes in UT-B protein in inner medulla and outer medulla during dehydration

Control and 24 hour dehydrated mice were killed and kidneys dissected into inner medulla 

and outer medulla. Tissues were prepared for protein analysis as described above. UT-B 
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protein was detected by Western blot. UT-B is a glycosylated protein and is seen on blots as 

a multiple group band between 41 and 54 kDa [18]. These bands included a heavy band just 

below 52 kDa and lighter bands below that are glycosylated variants of the UT-B protein. 

The brackets denote the section of the gel that was used for densitometry analysis. There 

was a band apparent at 97 kDa (not shown) but this has previously been shown to be non-

specific [19]. UT-B protein abundance in the IM dehydrated mice was 75 ± 8% of the level 

in control mice (100 ± 9%, Figure 3). In contrast, UT-B protein abundance was dramatically 

increased by 112% over controls in the OM of dehydrated mice (212 ± 52% dehydrated vs 

100 ± 17% control mice, Figure 3).

Discussion

The major result of this study is that both miR-200c expression and UT-B protein abundance 

change in opposite directions in the inner and outer medulla following dehydration. The 

inverse association between miR-200c and UT-B levels in distinct sections of the kidney 

medulla suggests that these changes may be related. However, the present findings show an 

association and do not establish cause and effect. In addition, the opposite changes in UT-B 

protein abundance in the two portions of the kidney medulla emphasize the need to examine 

each region of the kidney separately to avoid missing these changes.

MiRs belong to a class of small, endogenous non-coding RNAs of 21–25 nucleotides in 

length [20–23]. They play an important negative regulatory role at the post-transcriptional 

level by targeting specific mRNAs for degradation or translation repression [24–26]. In 

recent years, the study of miRs has become an important research focus for understanding 

the regulation of renal development, physiology to pathology. Previous studies have linked 

the miR-200 family with kidney diseases [27–29]. MiR-200c is a member of the miR-200 

family that includes miR-141, miR-200a, miR-200b, miR-200c, and miR-429 [30]. Several 

articles show that miR-200c regulates epithelial to mesenchymal transition (EMT) and 

endothelial mesenchymal transition (EndMT) by direct targeting of E-cadherin 

transcriptional repressors ZEB1 and ZEB2 in kidney fibrosis and cancer [31–35]. Additional 

EMT-related targets of the miR-200 family that contribute to progression of kidney fibrosis 

have been identified: miR141 inhibits TGF-β2 [36] and miR200a suppresses E-catenin [37].

In our initial miR seq study, miR-200c was increased by 42% (1.4 fold, P=0.007). We chose 

to study miR-200c further because it had a theoretical target, UT-B, which could be involved 

in urine concentration. Our first goal was to perform qPCR experiments to confirm that 

miR-200c was changed in the dehydrated animals by a second method (in addition to the 

miR seq approach). The qPCR results showed that the level of miR-200c in the inner 

medulla was significantly increased by dehydration, consistent with the miR seq result.

UT-B is an important transporter for controlling urea movement and tissue osmolality 

leading to urine concentration. Urine concentration is a key component for the regulation of 

sodium and water excretion so that the body can maintain a nearly constant blood plasma 

osmolality and sodium concentration. Urea is the major form of nitrogen metabolism in 

most mammals. Urea is the most abundant solute contributor to the osmotic gradient in 

kidney inner medulla [38–40]. It has low lipid solubility and a corresponding low 
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permeability through artificial lipid bilayers [41]. It crosses cell membranes very slowly by 

passive diffusion [40]. UT-B is expressed primarily in the red blood cells and descending 

vasa recta [5, 42]. Vasa recta for the countercurrent exchange system are chiefly responsible 

for medullary urea accumulation in the urinary concentration process. Transgenic mice 

lacking UT-B show decreased urinary urea and increased plasma urea concentrations. Yang 

et al. have verified that UT-B selectively transports urea [43]. Although there are many 

reports focusing on the relationship between UT-B and urine concentration, the mechanism 

is not clear.

In our study, the UT-B abundance was decreased in the IM of dehydrated mice. This 

suggested that miR-200c might be involved in the urine concentration mechanism by 

altering the levels of UT-B in the IM. In contrast, we found that UT-B expression was 

increased in dehydrated mouse OM. The increase in UT-B in the OM has been reported 

previously by Lim et al., where they looked at thick sections of kidneys from control, 

dehydrated and water loaded rats, stained with antibody to UT-B [44]. We cannot exclude 

possibility that some of the increase in UT-B could reflect the presence of increased 

erythrocytes in outer medullary tissue from the dehydrated animals and this was not 

apparent in the thick sections in the Lim manuscript. Lim et al. did not show results of UT-B 

in the inner medulla [44]. We used qPCR analysis to probe miR-200c level in the OM of 

dehydrated mice to see if it was changing in the same direction in OM as in IM. Unlike the 

IM, miR-200c is decreased in OM of dehydrated mice relative to control animals. The 

inverse correlation between the direction of change in miR-200c and UT-B protein 

abundance in both the inner and outer medulla suggests that miR-200c may be associated 

with the change in UT-B protein in these two portions of the kidney medulla.

UT-B is thought to play a physiological role in intrarenal urea recycling [1–3]. One recycling 

pathway is urea reabsorption from the IMCD into the descending vasa recta. We speculate 

that the increase in UT-B protein in the OM, along with the decrease in UT-B protein in the 

IM during dehydration, could result in more urea recycling into the OM descending vasa 

recta, rather than into the IM portion. This may allow the recycled urea to be improve the 

efficacy of countercurrent exchange, and hence urine concentration.

Several reports [10, 14] revealed differences in some miR expression profiles between renal 

cortex and medulla. Most of the studies of the kidney were based on the whole kidney, 

cortex, whole medulla, or just inner medulla. Our study shows that this is probably not 

sufficient to understand the different function of distinct kidney sections. MiRs have not 

previously been reported to be connected with regulation of UTs. Future studies will be 

needed to assess whether the changes in miR-200c and UT-B are simply an association or 

whether miR-200c regulates UT-B abundance.
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Figure 1. 
miR-200c directly targets slc14a1 (UT-B). Top: Shown is an RNA sequence for UT-B from 

different animals. The sequence contains an identical complementary sequence to one in 

miR-200c, shown at the top. Bottom: a diagram of the gene structure showing the 

approximate location of the target sequence for binding of miR-200c to UT-B.
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Figure 2. 
Inner medulla and outer medulla miR-200c expression in control (black bars) and 

dehydrated (white bars) mice. The bar graphs show average qPCR results from 10 animals 

per bar/condition combined from 3 separate experiments. Data is presented as % of control, 

with control designated as 100%. All data were normalized to U6 expression level. 

Statistical analysis was performed using Student’s 2 tailed t-test. Error bars represent 

standard error (S.E.). (** p< 0.01, * p<0.05, dehydrated vs. control).
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Figure 3. 
UT-B protein abundances in inner medulla (IM) and outer medulla (OM) of control mice 

compared to dehydrated mice. Top: representative western blots of IM (left data set) and OM 

(right data set) proteins. Left lanes, control mice; right lanes, dehydrated mice. Each lane 

was tissue from a separate animal. UT-B bands are identified by a bracket. Bottom: 

combined data bar graph showing the average band density for control and dehydrated 

groups. The average band densities were calculated using the UT-B band density normalized 

to the total protein loading control density per sample determined by Ponceau S staining of 

the same membrane. Error bars show standard error. N=15 animals per group from 3 

separate experiments. The y-axis is density in arbitrary units. Values are means ± s.e. (* p< 

0.05, dehydrated vs. control).
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