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miR‑141 mediates recovery 
from acute kidney injury
Lucy J. Newbury1,2, Kate Simpson1, Usman Khalid1, Imogen John1, Lluís Bailach de Rivera1,2, 
Yueh‑An Lu1,3, Melisa Lopez‑Anton1, William J. Watkins4, Robert H. Jenkins1,2, 
Donald J. Fraser1,2,5 & Timothy Bowen1,2,5*

Acute kidney injury (AKI) is a global clinical problem characterised by a sudden decline in renal 
function and mortality as high as 60%. Current AKI biomarkers have limited ability to classify disease 
progression and identify underlying pathological mechanisms. Here we hypothesised that alterations 
in urinary microRNA profiles could predict AKI recovery/nonrecovery after 90 days, and that injury‑
specific changes would signify microRNA mediators of AKI pathology. Comparison of urinary 
microRNA profiles from AKI patients with controls detected significant injury‑specific increases in 
miR‑21, miR‑126 and miR‑141 (p < 0.05) and decreases in miR‑192 (p < 0.001) and miR‑204 (p < 0.05). 
Expression of miR‑141 increased in renal proximal tubular epithelial cells (PTECs) under oxidative 
stress in vitro and unilateral ischaemic reperfusion injury in vivo. Forced miR‑141 expression in the 
presence of  H2O2 increased PTEC death and decreased cell viability. Of nine messenger RNA targets 
with two or more miR‑141 3’‑untranslated region binding sites, we confirmed protein tyrosine 
phosphatase receptor type G (PTPRG) as a direct miR‑141 target in PTECs. PTPRG‑specific siRNA 
knockdown under oxidative stress increased PTEC death and decreased cell viability. In conclusion, 
we detected significant alterations in five urinary microRNAs following AKI, and identified proximal 
tubular cell PTPRG as a putative novel therapeutic target.

Acute kidney injury (AKI) is a global clinical problem that is characterised by abrupt loss of renal  function1 
and is a current UK healthcare focus due to its cost  implications2,3. Indeed, recent data suggest that a quarter of 
patients with SARS-Cov-2 infection develop  AKI4. Despite the importance of AKI in determining patient out-
comes following hospital admission, diagnosis and treatment remain  challenging2,3. Current clinical guidelines 
use serum creatinine and urine output to define  AKI1,2,5, but these biomarkers lack sensitivity and specificity, 
changing meaningfully only after significant kidney injury has occurred. These markers are also unable to predict 
clinically relevant outcomes such as recovery from AKI, or to identify underlying disease aetiologies.

Identifying effective AKI biomarkers is challenging, since the initial pathological insult may be caused by a 
variety of  factors1. Furthermore, there may be singular or sequential AKI episodes, which complicates identi-
fication and prognostic testing strategies. To date, the majority of biomarker research has focused on tests for 
earlier AKI detection. The US Food and Drug Administration has recently approved Nephrocheck, a detection 
test for increased urinary tissue inhibitor of metalloproteinases 2 and insulin-like growth factor binding protein 
 76–8. This assay predicts AKI 12 h earlier than serum creatinine, improving AKI management in specific at-risk 
 subgroups7,8. However, for many patients earlier detection is not realistic prior to AKI presentation, and pre-
emptive testing is therefore not possible. Currently there are no approved biomarkers for the prediction of 90 day 
outcomes in AKI patients.

MicroRNAs (miRNAs) are ubiquitously expressed, short noncoding RNAs that show significant promise as 
kidney disease biomarkers. We have developed techniques for sensitive, robust detection of urinary miRNAs 
and demonstrated their stability via association with extracellular vesicles and/or argonaute 2  protein9–11. By 
these means, we have identified urinary miRNA biomarkers of advanced diabetic kidney disease and delayed 
graft function following renal  transplantation12,13.

In addition to their roles as biomarkers, miRNAs regulate the expression of at least 60% of protein coding 
 genes14–16, mediating cellular functions including proliferation and  apoptosis17, as well as key stages in AKI 
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 progression18,19. These functional roles suggest that miRNAs might provide valuable insights into the molecular 
mechanisms of this complex and heterogeneous disease, highlighting novel pathways for clinical intervention.

In this study we hypothesised that alterations in urinary miRNA profiles could predict AKI recovery/nonre-
covery after 90 days, and that injury-specific changes to renal proximal tubular epithelial cells (PTECs) would 
signify miRNA mediators of AKI pathology. To test our hypothesis we compared miRNAs in urine samples 
from stage 3 AKI patients collected at the point of AKI and correlated these findings with their 90 day recovery/
nonrecovery outcomes to identify biomarkers. We then manipulated expression of selected miRNAs in injury 
models to investigate underlying AKI mechanisms.

Results
Detection of differentially expressed urinary miRNAs in AKI patients. Candidate AKI biomark-
ers were identified by unbiased profiling of 377 miRNAs in pooled urine samples from recovered (n = 6) and 
nonrecovered (n = 5) AKI patients together with archived control data (n = 20)12. Samples were pooled before 
profiling. While this approach has the potential limitation of not detecting all variations in miRNA expression, it 
minimises the contribution of subject-to-subject variation and makes substantive features easier to find, thereby 
identifying biomarkers common across  individuals12.

Data for miRNAs with a ≥ twofold change comparing recovered AKI patients with controls (47 miRNAs 
increased, 47 decreased), nonrecovered patients with control (43, 37), and ≥ 1.5 fold change between recovered 
and nonrecovered patients (40, 39) were visualised as Venn diagrams (Fig. 1A,B). The combined data highlighted 
8 miRNAs that increased in all three comparisons: miR-15b, miR-21, miR-103, miR-126, miR-130a, miR-141, 
miR-142-3p and miR-652; and 6 that decreased: miR-28-3p, miR-99a, miR-150, miR-192, miR-204 and miR-
483-5p (Fig. 1A,B). Detection data for these 14 miRNAs are displayed as a heat map in Fig. 1C.

Complete cohort analysis confirms elevated urinary miR‑21, miR‑126 and miR‑141, together 
with decreased urinary miR‑192 and miR‑204 in AKI patients. To test the above findings, 5 can-
didate miRNAs were selected on the basis of relative abundance and previously reported findings, and were 
quantified in each urine sample from the complete stage 3 AKI cohort (n = 29; Table 1). Full notation for these 
miRNAs (e.g. hsa-miR-141-3p) is provided in the Methods section, their abbreviated symbols (e.g. miR-141) are 
used elsewhere. Significant differences were seen between patients and controls for miR-21 (sevenfold increase, 
p < 0.05), miR-126 (fourfold increase, p < 0.05), miR-141 twofold increase, p < 0.05), miR-192 (50% decrease, 
p < 0.001) and miR-204 (50% decrease, p < 0.05) (Fig. 2A-E, respectively). RT-qPCR data for all five miRNAs 
were used to compare AKI patients to controls in the combined receiver operating characteristic (ROC) curve 
analysis shown in Fig. 2F, giving an area under the curve (AUC) of 0.94. As shown in the corresponding bar 
graph (Fig. 2G) combined analyses performed better than comparisons of individual miRNA data.

Elevated urinary miR‑141 and decreased miR‑192 are associated with AKI nonrecovery at 
90 days. An unmet clinical need for AKI biomarkers persists since existing markers cannot predict 90 day 
recovery or nonrecovery following the initial AKI insult. This study followed a cohort of patients with KDIGO 
Stage 3 AKI on study entry, whose 90 day outcomes were then determined post study. At 90 days, recovery was 
defined as resolution to baseline or to a maximum of KDIGO Stage 1 (i.e. Cr of <  = 1.9 baseline); nonrecovery as 
KDIGO Stage 2/3 or renal replacement therapy.

Significant differences were observed between controls (n = 10) and nonrecovered AKI patients (n = 8) for 
urinary miR-141 (threefold increase, p < 0.05) and lowered miR-192 (70% decrease, p < 0.01) (Fig. 3A,B, respec-
tively), but not miR-126, miR-21 and miR-204 (data not shown). RT-qPCR data for miR-141 and miR-192 were 
used to compare AKI recovery and nonrecovery, with combined receiver operating characteristic (ROC) curve 
analysis giving an AUC of 0.83 (Fig. 3C). As above, combined analyses performed better than individual miRNA 
comparisons for miR-141 alone (AUC = 0.63) and miR-192 alone (AUC = 0.76) (Fig. 3D).

Increased miR‑141 and miR‑200c in in vitro oxidative AKI models. Previous reports have ascribed 
functional roles to putative AKI biomarkers in  disease20. We have shown that miR-192 affects G2/M cell cycle 
arrest, a key switching point in progression of AKI to chronic kidney disease (CKD)18,19,21. In this study, we 
focused on the role of miR-141 in AKI.

A member of the miR-200 family, miR-141 has an identical seed sequence to miR-200a, also sharing close 
seed sequence and mature miRNA sequence similarities with other family members miR-200b, miR-200c and 
miR-429. Frequently, these transcripts function collectively. In the human genome miR-141 and miR-200c are 
co-transcribed from a chromosome 12 locus; miR-200a, miR-200b and miR-429 from a locus on chromosome 1.

Using RT-qPCR we analysed miR-141 expression in four renal cell types: podocytes, glomerular endothelial 
cells, fibroblasts and PTECs. A similar magnitude of detection was observed in each (Fig. 4A). We then analysed 
PTEC expression of all miR-200 family members using  H2O2-driven cell injury to simulate oxidative stress 
in vitro. Significant miR-141 upregulation (sevenfold, p < 0.05 Fig. 4B) was seen and miR-200c followed a simi-
lar expression pattern with significantly greater abundance in  H2O2-treated PTECs (twofold, p < 0.05, Fig. 4C). 
MiR-200a, miR-200b and miR-429 showed no significant changes (Fig. 4D-F).

Forced miR‑141 expression in vitro results in increased PTEC death and reduced cell viabil‑
ity. PTEC death is a key pathological marker post-AKI, and our in vitro oxidative stress model mimicked this 
phenotype. We observed a dose-dependent increase in release of lactate dehydrogenase (LDH), used here as a 
marker of cell death, and Alamar Blue analysis showed decreased cell viability in response to increased  H2O2 
(Fig. 5A,B).
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Figure 1.  Comparison of expression profiles of 377 urinary miRNAs in pooled urine samples from recovered and 
nonrecovered AKI patients. (A,B) Using TaqMan Low Density Array (TLDA) Human microRNA Card A with global 
normalisation, urinary miRNAs from recovered AKI patients (n = 6), nonrecovered AKI patients (n = 5) and control subjects 
(n = 20)11 were analysed. Venn diagrams depicting miRNAs with ≥ twofold increased (A) and decreased (B) detection when 
comparing recovered AKI with controls (dashed circle), non-recovered AKI with controls (dotted circle) and non-recovered 
AKI with recovered AKI (solid circle). (C) Heatmap showing changes between recovered, non-recovered and controls with 
a ≥ twofold change in all three comparisons. The heatmap was generated using Morpheus software from the Broad Institute 
(Morpheus, https:// softw are. broad insti tute. org/ morph eus).

https://software.broadinstitute.org/morpheus
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In this study we have shown that PTEC miR-141 expression increases significantly in response to oxidative 
stress (Fig. 4B). To model the functional effects of this increase in AKI, forced miR-141 expression in PTECs 
in the presence of 1 mM  H2O2 was compared to addition of control miRNA mimics (Fig. 5C,D). No significant 
effects were seen in the absence of  H2O2, but in 1 mM  H2O2, a significant increase in cell death (100%, p < 0.001, 
Fig. 5C) and decrease in cell viability (10%, p < 0.05, Fig. 5D) were observed.

Identification of miR‑141 targets that increase cell death and reduce cell viability under oxida‑
tive stress. MiR-141 inhibits expression of ZEB1 and ZEB2, leading to derepression of E-cadherin expres-
sion (e.g. Supplementary Fig. S1a,b online), and repression of miR-141 upregulates ZEB expression (e.g. Sup-
plementary Fig. S1c,d online), which may lead to epithelial-mesenchymal transition via a ZEB1/2-dependent 
pathway. Here we analysed PTECs following  H2O2-treatment and showed a significant increase in ZEB2 mRNA 
(twofold increase, p < 0.01, Supplementary Fig. S1e online) and significant decrease of E-cadherin transcription 
(60% decrease, p < 0.001, Supplementary Fig. S1f. online). These data suggest that the injury effects seen with 
increased miR-141 expression in  H2O2 are not ZEB-mediated.

MiRNAs may have several hundred potential mRNA  targets22–24. To identify potential miR-141 target mRNAs 
in our oxidative stress model, we first carried out in silico analysis using four target prediction algorithms: 
DIANA (http:// snf- 515788. vm. okean os. grnet. gr/) 22, miRDB (http:// mirdb. org/) 23, miRanda (http:// www. micro 
rna. org/ micro rna/ home. do) 24, and Target Scan (http:// www. targe tscan. org/ vert_ 71/) 25.

Data from each algorithm were compared to identify miR-141 targets predicted by all four (Supplementary 
Fig. S2 online). These findings were then analysed to find miR-141-specific mRNA targets with 2 or more miRNA 
seed sequence binding sites. Nine mRNAs were identified, seven of which were detected in PTECs by RT-qPCR. 
Of these seven, DEK proto-oncogene (DEK), transcription factor 12 (TCF12), and LIM domain only 3 (LMO3) 
showed no change following forced miR-141 expression or 1 mM  H2O2 stimulation (Supplementary Fig. S3 a,b,c 
online). RT-qPCR mRNA detection for protein kinase cAMP-activated catalytic subunit β (PKRACB), transcrip-
tional adaptor 1 (TADA1), protein phosphatase 1F (PM1EF) decreased following forced miR-141 expression 
(Supplementary Fig. S3d,e,f, online). As shown in Fig. 6A, only protein tyrosine phosphatase receptor type 
G (PTPRG) mRNA showed the same significant decrease in abundance in the presence of 1 mM  H2O2 (50% 
decrease, p < 0.0001) and following forced miR-141 expression (30% decrease, p < 0.05).

Analysis of renal PTPRG expression. PTPRG is a member of the protein tyrosine phosphatase family. 
Using RT-qPCR we detected PTPRG mRNA in podocytes, glomerular endothelial cells, fibroblasts and PTECs 
(Supplementary Fig. S4a online). Global human and mouse RNA libraries were then analysed (Supplementary 
Fig. S4b,c online, respectively) and PTPRG mRNA synthesis was normalised to GAPDH and expressed as fold 
change relative to the organ with the lowest PTPRG detection. Human renal PTPRG expression was 15-fold 

Table 1.  Demographic and clinical parameters of patients recruited from Wales Kidney Research Tissue Bank, 
University Hospital of Wales, Cardiff.

Demographics of cohort All patients

Age (mean, ± S.D) 62.4 (19.9)

Men n (%) 17 (56.7)

Creatinine (μmol/L) (mean, ± S.D)

 Baseline 100.8 (31.1)

 When AKI identified 479.4 (322.3)

 at D0 (study entry) 493.6 (283.4)

 at D90 168.4 (106.4)

No. of days between development of AKI and D0 (mean, ± S.D) 8.5 (10.2)

Recovery status at D90

 Nonrecovered (%) 8 (28)

 Unknown (%) 3 (10)

AKI cause

 Pre-renal (%) 14 (47)

 Inflammatory tubular (%) 10 (34)

 Glomerular (%) 4 (14)

 Obstruction (%) 2 (7)

PCR (mg/mmol)

  <15 (%) 0 (0)

 15–49 n (%) 5 (17.2)

 50–99 n (%) 9 (31.0)

 100–299 n (%) 6 (20.7)

  >300 n (%) 9 (31.0)

http://snf-515788.vm.okeanos.grnet.gr/)22
http://mirdb.org/)23
http://www.microrna.org/microrna/home.do)24
http://www.microrna.org/microrna/home.do)24
http://www.targetscan.org/vert_71/)25
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Figure 2.  RT-qPCR detection of candidate miRNA biomarkers in AKI patient urine samples and control 
subjects. (A-E) Significant differences were observed between AKI patients (n = 29) and controls (n = 10) for (A) 
miR-21 (sevenfold increase), (B) miR-126 (fourfold increase), (C) miR-141 (twofold increase), (D) miR-192 
(50% decrease) and (E) miR-204 (50% decrease). (F) Receiver operating characteristic (ROC) curve comparing 
all AKI patients with controls for all five miRNAs gave an area under the curve (AUC) = 0.94. (G) Bar graphs 
of AUCs for single and multiple miRNA comparisons between AKI patients compared to controls. Statistical 
analysis comparing two groups was carried out by Mann–Whitney U test. Data were normalised to endogenous 
control miR-191 and are presented as median ± range; *p < 0.05, ***p < 0.001. CON: control; AKI ALL: all AKI 
patients; Top Three: miR-192, miR-21 and miR-204.
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greater than in skeletal muscle, in mouse kidneys a 100-fold more was seen in comparison to peritoneal expres-
sion (Supplementary Fig. S4 b,c online).

PTPRG is a direct target of miR‑141; siRNA PTPRG knockdown results in increased PTEC 
death and decreased cell viability in vitro. Luciferase reporter construct pmiR-Report-PTPRG, con-
taining the full length PTPRG 3′-untranslated region (3’-UTR), was used to analyse miR-141 interactions. As 
shown in Fig. 6B, cotransfection of pmiR-Report-PTPRG and mimic miR-141 led to a reduction in luciferase 
activity compared to cotransfection of pmiR-Report-PTPRG and control mimic.

To investigate the functional effects of manipulating PTPRG expression in PTECs, siRNA knockdown was 
used. RT-qPCR analysis confirmed a 70% decrease in mRNA detection, and the same direction of effect was 
observed under oxidative stress (Fig. 6C). As shown in Fig. 6D, LDH release increased significantly in the pres-
ence of  H2O2 and a further increase was observed following PTPRG knockdown. Figure 6E shows decreased cell 
viability in 1 mM  H2O2 and a further decrease following PTPRG mRNA knockdown.

Validation of miR‑141 upregulation and PTPRG suppression in vivo. To investigate our findings 
in vivo, expression of miR-200 family members was analysed in kidney samples from our unilateral ischemic 

Figure 3.  Elevated urinary miR-141 and decreased miR-192 are associated with AKI nonrecovery. (A-D) At 
90 days post study entry, significant differences were observed between recovered (R; n = 18) and nonrecovered 
(NR; n = 8) AKI patients for (A) miR-141 (threefold increase) and (B) miR-192 (70% decrease in control 
compared with nonrecovered). (C) Receiver operating characteristic (ROC) curve for miR-141 and miR-192 
area under the curve (AUC) = 0.83 in recovered compared with nonrecovered AKI patients. (D) Bar graph 
of AUCs for single and multiple miRNA comparisons between recovered and nonrecovered AKI patients. 
Statistical analysis comparing two groups was carried out by Mann Whitney U test, for comparison of three 
or more groups the Kruskal–Wallis test was used with Dunn’s multiple comparisons. Data were normalised 
to endogenous control miR-191 and are presented as median ± range; *p < 0.05, **p < 0.01, CON: control, R: 
recovered AKI patients, NR: nonrecovered AKI patients.
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Figure 4.  Expression of miR-200 family miRNAs in an in vitro oxidative stress model of AKI. (A) RT-qPCR 
analysis of four cells types found in the kidney: podocytes (Pod), glomerular endothelial cells (GEnC), 
fibroblasts (Fib) and proximal tubular epithelial cells (PTEC) showed miR-141 detection at similar abundance 
in each. (B-F) RT-qPCR data for miR-200 family expression in an in vitro oxidative stress model of AKI, in 
which PTECs were treated with 1 mM  H2O2 for 24 h. (B,C) miR-141 and miR-200c were upregulated under 
oxidative stress (sevenfold and twofold changes, respectively). (D-F) miR-200a, miR-200b and miR-429 showed 
no significant changes in this model. Statistical analysis comparing  H2O2-treated PTECs with untreated control 
cells was carried out by unpaired T-test (n = 3). Data were normalised to endogenous control miR-191 and are 
presented as mean ± SEM; *p < 0.05.
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reperfusion injury (IRI) rat model of AKI (Fig. 7A-C)26. RT-qPCR data shown in Fig. 7D,E showed the same 
increase in miR-141 and miR-200c that we observed in our in  vitro model (p < 0.05), and similarly that no 
changes were observed in the other miR-200 family members (Fig.  7F-H). A significant reduction in renal 
PTPRG mRNA expression was observed following unilateral IRI compared to control animals (Fig. 7I, p < 0.05). 
Immunohistochemical analysis revealed PTPRG expression in kidney tubules (Fig. 7J).

Discussion
Current biomarkers are unable to show real-time changes in renal function during AKI, and have limited ability 
to classify disease and stratify rapidly progressing patients. In this study we hypothesised that altered urinary 
miRNA profiles could predict AKI recovery/nonrecovery after 90 days, and that AKI-specific PTEC changes 
would identify miRNAs that mediated AKI pathology. To test our hypothesis, we used an unbiased miRNA profil-
ing approach to identify urinary miRNAs that would predict 90 day recovery/nonrecovery, and then manipulated 
expression of selected miRNAs in injury models to investigate underlying AKI mechanisms.

Profiling analysis in our screening cohort identified fourteen miRNAs with altered abundance in recovery/
nonrecovery. We confirmed increased detection of urinary miR-21, miR-126 and miR-141, and decreased detec-
tion of urinary miR-192 and miR-204 in our complete AKI patient cohort compared with healthy controls. 
Further analysis highlighted significantly increased detection of urinary miR-141 and significantly decreased 
detection of miR-192 in nonrecovered AKI patients.

Figure 5.  PTEC analysis in vitro: cell death and cell viability under oxidative stress, and manipulation of 
miR-141 expression. (A) Cell death marker lactate dehydrogenase (LDH) increased significantly at 1 mM and 
1.4 mM  H2O2. (B) Cell viability marker Alamar Blue showed 10% and 20% fewer viable cells in 1 mM and 
1.4 mM  H2O2, respectively. (C) A 100% increase in PTEC LDH release was seen in 1 mM  H2O2 with forced 
miR-141 expression, with no significant change following forced miR-141 expression alone. (D) Forced miR-141 
expression resulted in a 10% decrease in PTEC viability compared with miRNA mimic control under 1 mM 
 H2O2, with no significant change following forced miR-141 expression alone. Statistical analysis between groups 
was carried out using one-way ANOVA with post-hoc analysis of Turkey. Data are presented as mean ± SEM; 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16499  | https://doi.org/10.1038/s41598-021-94984-x

www.nature.com/scientificreports/

Figure 6.  Luciferase reporter analysis of miR-141: PTPRG 3′-UTR interaction and siRNA knockdown of 
PTPRG in PTECs in response to oxidative stress and forced miR-141 expression. (A) RT-qPCR analysis of 
PTPRG showed significant downregulation in 1 mM  H2O2 (50% decrease) and following forced miR-141 
expression (30% decrease). (B) PTPRG 3′-UTR reporter assay activity in PTECs showed PTPRG to be a direct 
miR-141 target. (C) RT-qPCR analysis showed significant PTPRG mRNA knockdown using siRNA, as well as 
repression of PTPRG in 1 mM  H2O2 compared to healthy cells. (D) LDH release increased significantly under 
oxidative stress and showed a further increase with PTPRG knockdown. (E) Cell viability marker Alamar 
Blue decreased in 1 mM  H2O2, lowering further following PTPRG knockdown. Statistical analysis between 
groups was carried out using one-way ANOVA with post-hoc analysis of Tukey (n = 3). Data are presented as 
mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Sonoda and colleagues (2019) reported that extracellular-vesicle-associated urinary miRNA quantification 
might provide data to aid patient  stratification27. These workers profiled urinary exosome miRNAs from a rodent 

Figure 7.  MiR-200 family expression in a rat unilateral ischaemic reperfusion injury (IRI) model of AKI. (A) 
A diagram depicting our unilateral IRI model in Lewis male rats and (B,C) histological evidence of tubular 
damage. (D-H) RT-qPCR analysis of the miR-200 family expression in rat kidneys from animals in sham and 
IRI experimental groups. Detection of miR-141 and miR-200c was upregulated in the unilateral IRI model 
(twofold, D,E), while miR-200a, miR-200b and miR-429 showed no significant changes between sham and 
unilateral IRI groups (F–H). RT-qPCR analysis of PTPRG expression in whole kidney showed a significant 
injury-specific decrease in PTPRG expression (I). Histological analysis demonstrated clear kidney tubular 
PTPRG expression in sham tissue sections, including expression in PTECs (e.g. see arrows), which was not 
present in IRI tissue sections (J). Statistical analysis for IRI compared to controls was carried out by unpaired 
T-test (n = 4). Data were normalised to endogenous control miR-191 and are presented as mean ± SEM; *p < 0.05, 
**p < 0.01.
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bilateral IRI model of AKI at multiple timepoints and divided their findings into injury, early recovery and late 
recovery phases. Increased abundances of urinary miR-141 and other miR-200 family members were observed 
in early  recovery27. However, while this study highlighted the potential utility of these miRNAs as biomarkers 
of AKI nonrecovery, the data require validation in patient samples.

In addition to their predictive value, biomarkers can also provide valuable insights into disease mechanisms, 
thereby identifying novel targets with therapeutic potential. AKI biomarkers are frequently divided into three 
broad categories: (i) constitutively expressed proximal tubular proteins, (ii) tubular stress molecules which 
respond to injury with increased gene expression and (iii) low molecular mass plasma proteins that are filtered 
freely at the  glomerulus28.

Work from this laboratory has shown decreased miR-192 detection in biopsy samples from diabetic nephropa-
thy patients was associated with increased renal fibrosis and decreased renal function as estimated glomerular 
filtration rate (eGFR)29. We have also observed that forced miR-192 expression in PTECs opposed TGF-β1-
mediated fibrotic mechanisms by preventing critical changes in cell  phenotype30. In an in vitro aristolochic acid 
model of AKI in PTECs, we showed that miR-192 induced PTEC growth arrest in the G2/M phase of the cell 
 cycle18.

Cell cycle is key to AKI progression, early stage damage results in G1 phase arrest, more severe damage causes 
arrest in  G231. There is increasing appreciation that AKI followed by incomplete repair represents a major risk 
factor for subsequent renal fibrosis and progression to CKD. Yang and co-workers highlighted a link between 
G2/M cell cycle arrest and fibrosis in  PTECs19, and demonstrated that G2/M cell cycle arrest affects downstream 
fibrotic signaling in a p53-dependent manner as we have also  shown18,19.

In the next stage of our study we focused on the role of miR-141 in AKI progression. MiR-141 is a member of 
the miR-200 family and is co-transcribed with miR-200c. Numerous studies have described a protective role for 
miR-200 family members, maintaining epithelial cell phenotype by downregulating expression of transcription 
factors ZEB1 and ZEB2, thereby derepressing E-cadherin  expression32.

MiRNAs repress gene expression by interaction with specific sequences in the 3′-UTRs of target mRNAs. 
The key miRNA sequence motif involved in the recognition process, known as the seed sequence, differs by 
only one nucleotide between miR-141 and miR-200c. It is therefore conceivable that these miRNAs may share 
downstream mRNA targets.

In this study we showed that miR-141 was detected at equal abundance in podocytes, glomerular endothelial 
cells, fibroblasts and PTECs. The renal proximal tubule is the principal site of injury following AKI, and tubular 
recovery is key to restoring kidney  function33. We observed upregulated miR-141 and miR-200c expression in 
PTECs under  H2O2-mediated oxidative stress with no effect on other miR-200 family members, and subsequently 
replicated this finding in our rat unilateral IRI model. Since overall kidney function is not affected in our uni-
lateral IRI model, further analyses will be required to investigate the relationship between miR-141/miR-200c 
expression and kidney function in injury and repair/recovery.

H2O2 caused a dose-dependent increase in cell death that increased further with forced miR-141 expression. 
Oxidative stress also decreased cell viability, and forced miR-141 expression led to a further decrease. We identi-
fied mRNAs with miR-141 recognition sequence motifs in silico. Subsequent in vitro analysis of seven mRNAs 
that were expressed in PTECs identified PTPRG as a miR-141 target.

PTPRG is a member of the protein tyrosine phosphatase family, one of two major groups of enzymes that 
regulate tyrosine phosphorylation/dephosphorylation. PTPRG dephosphorylates tyrosine residues, switching 
off downstream signalling. An important tumor suppressor gene, PTPRG is frequently deleted in breast, naso-
pharyngeal carcinoma and renal cell  cancers34–36. Overexpression of PTPRG in cancer cells inhibits cell prolifera-
tion, while its repression increases proliferation. However, our data showed that forced miR-141 expression and 
subsequent PTPRG suppression resulted in increased PTEC death and decreased cell viability.

In AKI, death of badly damaged PTECs is followed by proliferation and migration of remaining healthy cells, 
restoring tubular integrity and kidney function. We therefore hypothesise that suppression of PTPRG expression 
could affect cellular proliferation at a later/subsequent time point than those analysed in our experiments, and 
that this avenue warrants further investigation.

Overexpression of PTPRG in cancer also delays cell cycle re-entry due to increased expression of cell cycle 
regulators  p21cip and  p27kip 36. While this process may protect cells entering cell division with damaged  DNA31, 
prolonged cell cycle arrest leads to senescence and subsequent fibrosis, potentially facilitating AKI progression 
to  CKD31.

PTPRG is expressed in many different organs. Zhou et al. (2016) determined that PTPRG is expressed at 
the PTEC basolateral membrane and plays an important role in maintaining extracellular  CO2/HCO3 sensing 
mechanisms critical for pH  homeostasis37.

PTPRG interacts with epidermal growth factor receptor (EGFR), a protein tyrosine kinase containing several 
phosphorylation sites, and dysregulated EGFR expression has been linked to renal disease. Dephosphorylation of 
EGFR receptor at Y-1068 and Y-1086 in nasopharyngeal carcinoma inactivates the PI3K/Akt signaling cascade, 
resulting in the downregulation of proangiogenic pathways, invasive proteins including VEGF, IL-6 and IL-8, 
and suppressing tumour cell  proliferation34. Shu et al. showed that PTPRG overexpression affects cell cycle in 
breast cancer via ERK1/2, a downstream effector of EGFR  signalling36.

EGFR responses in the kidney depend on the precise tissue and cell  environment36. Animal models of AKI 
have shown that EGFR activation promotes renal tubular cell proliferation, and enhances recovery of renal func-
tion and structure following  AKI38,39. Zhuang and colleagues demonstrated increased EGFR phosphorylation in 
 H2O2-treated  PTECs40. However, prolonged EGFR activation in the kidney can be profibrotic, resulting in the 
renal interstitial fibroblast activation and expression of multiple profibrogenic cytokines including TGF-β38. It is 
therefore possible that transient PTPRG suppression by miR-141 could result in EGFR activation and accelerate 
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renal recovery, but that prolonging this effect results in chronic EGFR activation and progression of a fibrotic 
phenotype, as summarised in Fig. 8.

In summary, we used unbiased profiling to determine that miR-21, miR-126, miR-141, miR-192 and miR-
204 showed promise as AKI biomarkers, and that miR-141 and miR-192 were associated with AKI nonrecovery. 
Forced miR-141 expression repressed PTPRG expression and increased PTEC death in models of acute injury, 
which has been the focus of this study. Further work will be required to determine the relationship between 
PTPRG and EGFR in the kidney, and to investigate the impact of transient and prolonged PTPRG suppression 
in renal injury, repair and recovery.

Methods
Study participants. AKI was defined by an increase in serum creatinine (SCr) of ≥ 26.5 µmol/l within 48 h; 
or an increase in SCr to ≥ 1.5 × baseline, which is known or presumed to have occurred within the prior 7 days; 
or urine volume < 0.5 ml/kg/h for 6 h. Further to this, AKI is staged for severity into three groups: Stage 1, 2 and 
3. This study included stage 3 AKI patients defined as 3.0 × baseline; or with an increase in SCr to ≥ 353.6 µmol/l; 
or initiation of renal replacement therapy.

Our initial profiling study cohort of 6 recovered and 5 non-recovered AKI patients was obtained from the 
Wales Kidney Research Tissue Bank, University Hospital of Wales (Cardiff, UK). The subsets of patient samples 
selected for pooling represented those most adherent to our definitions of recovery and nonrecovery. As we have 
described previously, archived control data (n = 20) Gene Expression Omnibus (https:// www. ncbi. nlm. nih. gov/ 
geo; accession number GSE114477)12 was used for comparison between AKI patients and controls in the profiling 
experiment. The definition of recovery at 90 days we used was resolution to baseline or to a maximum of KDIGO 
Stage 1 (i.e. Cr of <  = 1.9 baseline); nonrecovery was defined as KDIGO Stage 2/3 or renal replacement therapy.

As seen in Table 1, our replication cohort included the 11 AKI patients from the profiling cohort along with a 
further 18 AKI patients, to give a total AKI cohort of n = 29. The AKI group was 56.7% male, their mean age was 
62.4 with a mean creatinine at entry to the study of 493.6 mg/mmol (SD, ± 283.4 mg/mmol). The control group 
of 10 unaffected individuals was obtained from the Wales Kidney Research Tissue Bank, University Hospital 
of Wales, Cardiff, UK. Patient demographics and clinical parameters are shown in Table 1. All patients were 
recruited from renal inpatients at the University Hospital Wales, Cardiff, UK, and all methods were carried out 
in accordance with relevant guidelines and regulations. Informed consent was obtained by the Wales Kidney 
Research Tissue Bank for both patient and control samples. The Wales Kidney Research Tissue Bank Governance 
Committee granted ethical approval for this study.

Urine collection, urinary RNA isolation, and RT‑qPCR analysis. Urine samples were taken from 
patients who presented with stage 3 (advanced) AKI on admission to our hospital, were sampled at presenta-
tion, and outcome was measured at 90 days. Urine samples were collected, and RNA extraction from 350 μL of 
urine, generation of cDNA from equal volumes of RNA extracts, and reverse transcription-quantitative PCR 
(RT-qPCR) were then performed essentially as we have described  previously11,12,41. Each miRNA was detected by 
specific Taqman assay (Thermo Fisher Scientific, Paisley, UK): hsa-miR-21-5p (identification number 000397), 
hsa-miR-126-3p (000413), hsa-miR-141-3p (000463), hsa-miR-191-5p (002299), hsa-miR-192-5p (000491) and 
hsa-miR-204-5p (000508). Relative quantification was calculated using the  2-ΔΔCt method, with miRNA expres-
sion normalised to hsa-miR-191-5p12.

MiRNA profiling by Taqman Low Density Array (TLDA) human miRNA cards. Urinary miRNAs 
were reverse transcribed using the Megaplex Primer Pool (Human Pools A version 2.1; Thermo Fisher Scientific) 
with a predefined pool of 381 reverse transcription primers. A fixed volume of 3 μL of RNA solution was used as 
input in each RT reaction, and RT performed according to the manufacturer’s recommendations. Reverse tran-
scription reaction products were amplified using Megaplex PreAmp Primers (Primers A version 2.1; Thermo 
Fisher Scientific), the samples were then diluted to a final volume of 100 μL, and pools of 6 AKI recovered 
patients and 5 AKI nonrecovered patients analysed on one TLDA A card. Findings were compared to archived 
control values described  elsewhere12.

The TLDA Card A version 2.1 (Thermo Fisher Scientific) was used to quantify 377 human test miRNAs, 
three endogenous controls and a negative control. Quantitative PCR was performed on an Applied Biosystems 
7900HT thermocycler (ThermoFisher Scientific) using the manufacturer’s recommended program. MiRNA 
profiling data were analysed using global normalisation and analysed for > twofold differences between groups.

Cell culture and  H2O2 treatment. We have described culture of human fibroblast and conditionally 
immortalised human glomerular endothelial cell and podocyte cell lines  elsewhere11. Human renal proximal 
tubular epithelial cells (PTECs) from cell line HK-2 were cultured in Dulbecco’s modified Eagle’s medium/Ham’s 
F12 medium supplemented with 10% foetal calf serum (FCS), 20 mmol/L HEPES, 5 μg/ml transferrin, 40 ng/mL 
hydrocortisone and 5 μg/ml sodium selenite (BioIVT, Burgess Hill, West Sussex, UK). Cells were grown at 37 °C 
in 5%  CO2 and 95% air. Growth medium was replenished every 3 to 4 days until cells were confluent. Cells were 
then plated into 12, 48 or 96 well plates for experimentation, and serum starved overnight at 80–90% confluence 
prior to treatment with 0.5–1.4 mM  H2O2.

PTEC miRNA transfection. For miRNA gain- and loss-of-function experiments, HK-2 cells at 60% con-
fluence were transfected with miRVana miRNA mimics (5 nmol/L) or inhibitors (50 nmol/L; Thermo Fisher Sci-
entific) prior to serum starvation or  H2O2 treatment. Lipofectamine RNAiMAX transfection reagent (Thermo 
Fisher Scientific) was used according to the manufacturer’s protocol. For experiments using siRNAs (20 nmol/L; 

https://www.ncbi.nlm.nih.gov/geo
https://www.ncbi.nlm.nih.gov/geo


13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16499  | https://doi.org/10.1038/s41598-021-94984-x

www.nature.com/scientificreports/

Thermo Fisher Scientific) HK-2 cells were transfected using Lipofectamine RNAiMAX at 60–80% confluence 
with PTPRG-specific Silencer Select siRNA (cat: 4,392,420, assay ID: s11549) or control (cat: 4,390,843).

Figure 8.  Hypothetical miR-141 regulation of PTPRG expression and its effect on PTEC signalling.
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Unilateral ischaemic reperfusion injury (IRI) model. The IRI model was performed as we have 
described  elsewhere26. In brief, rats (n = 5 per group) were anesthetised with isoflurane, a midline laparotomy 
incision made, and the left renal pedicle was identified and clamped for 45 min using a vascular clip (IRI group). 
The kidney was visually assessed for both ischaemia upon clamping and reperfusion upon release of the clamp. 
Sham group animals underwent the same procedure without clamping. Kidneys were retrieved 48 h after ter-
minal anaesthesia. All animal experiments were conducted according to the United Kingdom Use of Animals 
(Scientific Procedures) Act 1986, under licence PPL30/3097. The rats were given a 7-day period of acclimatisa-
tion to their new surroundings, and were housed and handled according to the local institutional policies and 
procedures licenced by the Home Office. Ethical approval for all the protocols within the Licence was provided 
by the Animal Welfare and Ethical Review Body under the Establishment Licence held by Cardiff University. All 
experiments involving the use of animals were carried out in accordance with the ARRIVE guidelines.

RNA extraction, RT and qPCR from animal tissues and cells. Animal tissues were homogenised in 
TRI Reagent (Merck, Darmstadt, Germany) using a hand-held homogeniser, while cells were lysed by addition 
of TRI Reagent directly to the culture plate, and the surface scratched with a 1 mL pipette tip. Homogenised/
lysed samples were collected in 1.5 mL tubes and stored at -80 °C for later extraction. Prior to RNA extraction, 
samples were thawed on ice then left at room temperature for 5 min. Chloroform was added to each sample, 
tubes were inverted to mix their contents and the samples were centrifuged at 12,000 g for 15 min at 4 °C. Each 
aqueous phase was then transferred to a fresh 1.5 mL tube, the RNA precipitated using isopropanol and the 
pellet washed with 75% ethanol three times prior to air drying and dissolution in water. RNA concentrations 
were quantified and 10 ng was added to each miRNA reverse transcription (RT) reaction, 250–1000 ng was 
added to mRNA RT reactions. RT reactions were carried out using the High Capacity cDNA Kit (Thermo Fisher 
Scientific) as recommended by the manufacturer, and miRNAs analysed using Taqman assays (Thermo Fisher 
Scientific) as described above. For mRNAs, primers (see Table 2) were designed using Primer-BLAST and qPCR 
performed using power SYBR green according to the manufacturer’s protocol. Data were analysed using the 
 2–∆∆Ct  method12.

PTPRG 3’‑UTR amplification. The PTPRG 3′-UTR, spanning 4.306 kb, was PCR-amplified as three frag-
ments, P1-P3 (see Table 3. For primers sequences). PCR primers were designed according to the manufacturer’s 
recommendations for use with the In-Fusion HD Cloning Kit (Takara Bio, Saint-Germain-en-Laye, France) and 
reactions were carried out using CloneAmp HiFi PCR Premix (Takara Bio, Cat. No. 639298). For fragments 
P1 and P2, 4 µL of diluted cDNA (10 ng of RT-RNA) from control HK-2 cells was mixed with 0.25 µM of each 
primer, 12.5 µL of CloneAmp HiFi PCR premix in a 25 µL reaction volume. An initial denaturing step of 2 min 

Table 2.  Oligonucleotide primer sequences for SYBR Green qPCR.

Primer name Forward primer sequence Reverse primer sequence

GAPDH CCT CTG ACT TCA ACA GCG ACAC TGT CAT ACC AGG AAA TGA GCT TGA 

ZEB1 CAG GCA GAT GAA GCA GGA TGT TGA CAG CAG TCT TGT TGT TGTAG 

ZEB2 CCT TCT GCG ACA TAA ATA CGA ACA AGT ACG AGC CCG AGT GTG AGA 

ECADHERIN TCC CAA TAC ATC TCC CTT CACA ACC CAC CTC TAA GGC CAT CTTT 

PRKCAB CTG CCT TAT GGG ACA GAT CAA GTC CGG CAT TAT TCT GAG TTGG 

TADAL1 CCG CAG CCA TAC CTG AAG AA CAG TAA AAG CTG GAG GGC TTTC 

DEK TCT TCC TTA CAG AGA GAG CCATT GTT TCT GCC CCT TTC CTT GTG 

TCF12 CTA GAG GCA GAA CAA GCA GT CTG GCA TTG TTA GCC ATC CG

LMO3 ACT ATC TGA GGC TCT TTG GTGT AAA CAT TGT CCT TGG ACG C

PM1EF AAG CAG CCA GGG AGA GCT TA AGT TCA ACA GCT TGG CCC TT

Hsa-PTPRG CAG GAC CAT AGG CAC CAG AG CCG TGC TCC ATT ATG TCG TG

Rn-PTPRG ACC AGT ATT GGC CAA CGA G GGT GTA GCA GGC GTG TAC TT

mm-PTPRG TCA GTC AAT GCC GGG AAG CA TCG CTC GGA AGC AAG CAA GAA CTT AT

Table 3.  Oligonucleotide primer sequences for PCR amplification of the PTPRG 3′-UTR.

Primer ID Primer sequence (5’-3’) Insert number

P1 _F CCT ATG ATA TCA CGC ACG CGC TGG AAT CCT GAA AGG GCACT Insert P1

P1 _R AAC CTC AGT GCT GAT CAT CAT TAA TGT TTA ATGCA 

P2 _F TGA TGA TCA GCA CTG AGG TTC TAT TTA TCT TGATT Insert P2

P2 _R TAA CCC TTC TTT GGC CTC GCT GGA CTCT 

P3_F GCG AGG CCA AAG AAG GGT TAC GGT GTT CAA Insert P3

P3_R CAT AGG CCG GCA TAG ACG CGT GAA TAC ATC AAA AAC CAT ACT TT
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at 98 °C was followed by forty cycles of PCR amplification consisting of 15 s at 98 °C, 30 s at 56 °C and 2 min at 
72 °C, and then a final 5 min at 72 °C before cooling to 4 °C. Fragment P3 was amplified from human genomic 
DNA using the same PCR conditions described above. All PCR amplification products were visualised and sized 
by electrophoresis in 1% (w/v) agarose, with those of predicted size then excised in a minimal quantity of agarose 
and column purified using the QIAquick gel extraction kit (Cat. No. 28706, Qiagen, Manchester, UK).

Reporter plasmid digestion and ligation. One µg of p-miR-Report vector was digested with 1,000 U 
of Mlul (1 µL) in a 50 µL reaction, containing New England Biolabs (Hitchin, Hertfordshire, UK) 3.1 buffer and 
water. The reaction was incubated at 37 °C for 15 min and then inactivated at 80 °C for 20 min. The linearised 
p-miR-Report and three inserts (P1, P2, P3) were ligated in a 1:1:1:1 ration using In-Fusion enzyme according 
to manufacturer’s instructions. Samples were incubated at 50 °C for 15 min and then stored at -20 °C. Following 
transformation of competent E. coli by standard means, individual colonies were picked, digested appropriately 
to confirm insertion and sequenced.

PTEC transfection with luciferase reporter vector containing the PTPRG 3′‑UTR . Using Lipo-
fectamine LTX (Thermo Fisher Scientific), PTECs at 60% confluence were transfected with p-miR-Report-
PTPRG or empty plasmid, and transfection control Renilla reporter vector at a ratio of 10:1. The next day cells 
were transfected with miRVana mimic or control as described above. Following overnight serum starvation, 
cells were treated with 1 mM  H2O2 for 24 h. Firefly and Renilla luciferase activities were quantified using the 
Dual Luciferase Reporter kit according to the manufacturer’s recommendations (Promega, Southampton, UK).

Immunohistochemistry (IHC) staining. Formalin-fixed paraffin-embedded kidney sections were used 
for IHC staining. Sections were dewaxed and rehydrated in xylene and ethanol, then blocked with 3% hydrogen 
peroxide and Ultra V block. Staining with primary PTPRG antibody (ThermoFisher Scientific, PA5-67,565) was 
followed by primary antibody enhancer, HRP polymer (Thermo Scientific, 12,624,007), DAB and hematoxylin 
counter stain.

Statistical analysis. Statistical analyses were performed using GraphPad Prism Version 7 software (La 
Jolla, CA, USA). Data were expressed as either median (and range) or mean (± SEM) for non-normally distrib-
uted and normally distributed data, respectively. Differences between two individual experimental groups of 
non-normally distributed values were compared using the Mann–Whitney U test, or for experiments with 3 or 
more groups, the Kruskal–Wallis test followed by post hoc Dunn’s test for individual comparisons. Differences 
between two individual experimental groups of normally distributed values were compared by two-tailed t-test, 
or for experiments with 3 or more groups, analysis of variance, two-tailed t-test followed by post hoc Turkey 
test for individual comparisons. Differences for which p < 0.05 were considered statistically significant. Post hoc 
analysis using G*Power 3.1 software calculated that a power of 0.8 was achieved to detect a statistical significance 
level of 0.05 for miR-141 and miR-19242.

Received: 1 February 2021; Accepted: 28 June 2021

References
 1. Section 2:AKI definition. Kidney International Supplement 2, 19–36 (2012).
 2. Stewart, J. A. Adding insult to injury: care of patients with acute kidney injury. Br. J. Hosp. Med. (Lond.) 70, 372–373. https:// doi. 

org/ 10. 12968/ hmed. 2009. 70.7. 43116 (2009).
 3. Wonnacott, A., Meran, S., Amphlett, B., Talabani, B. & Phillips, A. Epidemiology and outcomes in community-acquired versus 

hospital-acquired AKI. Clin. J. Am. Soc. Nephrol. 9, 1007–1014. https:// doi. org/ 10. 2215/ CJN. 07920 713 (2014).
 4. Gabarre, P. et al. Acute kidney injury in critically ill patients with COVID-19. Intensive Care Med. 46, 1339–1348. https:// doi. org/ 

10. 1007/ s00134- 020- 06153-9 (2020).
 5. Ronco, C. Biomarkers for acute kidney injury: Is NGAL ready for clinical use?. Crit. Care 18, 680. https:// doi. org/ 10. 1186/ s13054- 

014- 0680-0 (2014).
 6. Ronco, C., Rizo-Topete, L., Serrano-Soto, M. & Kashani, K. Pro: Prevention of acute kidney injury: Time for teamwork and new 

biomarkers. Nephrol. Dial. Transpl. 32, 408–413. https:// doi. org/ 10. 1093/ ndt/ gfx016 (2017).
 7. Levante, C. et al. Routine adoption of TIMP2 and IGFBP7 biomarkers in cardiac surgery for early identification of acute kidney 

injury. Int. J. Artif. Organs. https:// doi. org/ 10. 5301/ ijao. 50006 61 (2017).
 8. PR Newswire, S. D. Study Shows Improved Outcomes With NephroCheck Test For Risk Assessment Of Acute Kidney Injury And 

KDIGO Intervention, http:// www. multi vu. com/ playe rs/ Engli sh/ 78995 51- nephr ocheck- test- acute- kidney- injury- outco mes/ (
 9. Simpson, K., Wonnacott, A., Fraser, D. J. & Bowen, T. MicroRNAs in diabetic nephropathy: from biomarkers to therapy. Curr. 

Diab. Rep. 16, 35. https:// doi. org/ 10. 1007/ s11892- 016- 0724-8 (2016).
 10. Wonnacott, A., Bowen, T. & Fraser, D. J. MicroRNAs as biomarkers in chronic kidney disease. Curr. Opin. Nephrol. Hypertens 26, 

460–466. https:// doi. org/ 10. 1097/ MNH. 00000 00000 000356 (2017).
 11. Beltrami, C. et al. Stabilization of urinary MicroRNAs by association with exosomes and argonaute 2 protein. Non-Coding RNA 

1, 151–166. https:// doi. org/ 10. 3390/ ncrna 10201 51 (2015).
 12. Beltrami, C. et al. Association of elevated urinary miR-126, miR-155, and miR-29b with diabetic kidney disease. Am. J. Pathol. 

188, 1982–1992. https:// doi. org/ 10. 1016/j. ajpath. 2018. 06. 006 (2018).
 13. Khalid, U. et al. A urinary microRNA panel that is an early predictive biomarker of delayed graft function following kidney trans-

plantation. Sci. Rep. 9, 3584. https:// doi. org/ 10. 1038/ s41598- 019- 38642-3 (2019).
 14. Chen, K. & Rajewsky, N. The evolution of gene regulation by transcription factors and microRNAs. Nat. Rev. Genet. 8, 93–103. 

https:// doi. org/ 10. 1038/ nrg19 90 (2007).

https://doi.org/10.12968/hmed.2009.70.7.43116
https://doi.org/10.12968/hmed.2009.70.7.43116
https://doi.org/10.2215/CJN.07920713
https://doi.org/10.1007/s00134-020-06153-9
https://doi.org/10.1007/s00134-020-06153-9
https://doi.org/10.1186/s13054-014-0680-0
https://doi.org/10.1186/s13054-014-0680-0
https://doi.org/10.1093/ndt/gfx016
https://doi.org/10.5301/ijao.5000661
http://www.multivu.com/players/English/7899551-nephrocheck-test-acute-kidney-injury-outcomes/
https://doi.org/10.1007/s11892-016-0724-8
https://doi.org/10.1097/MNH.0000000000000356
https://doi.org/10.3390/ncrna1020151
https://doi.org/10.1016/j.ajpath.2018.06.006
https://doi.org/10.1038/s41598-019-38642-3
https://doi.org/10.1038/nrg1990


16

Vol:.(1234567890)

Scientific Reports |        (2021) 11:16499  | https://doi.org/10.1038/s41598-021-94984-x

www.nature.com/scientificreports/

 15. Chen, L. X. & Koyner, J. L. Biomarkers in Acute Kidney Injury. Crit. Care Clin. 31, 633–648. https:// doi. org/ 10. 1016/j. ccc. 2015. 
06. 002 (2015).

 16. Krol, J., Loedige, I. & Filipowicz, W. The widespread regulation of microRNA biogenesis, function and decay. Nat. Rev. Genet. 11, 
597–610. https:// doi. org/ 10. 1038/ nrg28 43 (2010).

 17. Qiu, M., Li, T., Wang, B., Gong, H. & Huang, T. miR-146a-5p regulated cell proliferation and apoptotic by targeting SMAD3 and 
SMAD4. Protein Pept. Lett. https:// doi. org/ 10. 2174/ 09298 66526 66619 09111 42926 (2019).

 18. Jenkins, R. et al. miR-192 induces G(2)/M growth arrest in aristolochic acid nephropathy. Am. J. Pathol. 184, 996–1009. https:// 
doi. org/ 10. 1016/j. ajpath. 2013. 12. 028 (2014).

 19. Yang, L., Besschetnova, T., Brooks, C., Shah, J. & Bonventre, J. Epithelial cell cycle arrest in G2/M mediates kidney fibrosis after 
injury. Nat. Med. 16, 535-U527. https:// doi. org/ 10. 1038/ nm. 2144 (2010).

 20. Alge, J. L. & Arthur, J. M. Biomarkers of AKI: a review of mechanistic relevance and potential therapeutic implications. Clin. J. 
Am. Soc. Nephrol. 10, 147–155. https:// doi. org/ 10. 2215/ CJN. 12191 213 (2015).

 21. Ferenbach, D. A. & Bonventre, J. V. Mechanisms of maladaptive repair after AKI leading to accelerated kidney ageing and CKD. 
Nat. Rev. Nephrol. 11, 264–276. https:// doi. org/ 10. 1038/ nrneph. 2015.3 (2015).

 22. "DIANA-miRPath v3. 0: deciphering microRNA function with experimental support." Nucleic acids research (2015): gkv403. v. 
v3.0 (2015).

 23. miRDB: an online resource for microRNA target prediction and functional annotations. v. 43(D1):D146–152. (Nucleic Acids 
Research., 2015).

 24. Betel, D., Wilson, M., Gabow, A., Marks, D. S. & Sander, C. The microRNA.org resource: targets and expression. Nucleic Acids Res. 
36, D149–D153. https:// doi. org/ 10. 1093/ nar/ gkm995 (2008).

 25. Agarwal, V., Bell, G. W., Nam, J. W. & Bartel, D. P. Predicting effective microRNA target sites in mammalian mRNAs. Elife https:// 
doi. org/ 10. 7554/ eLife. 05005 (2015).

 26. Khalid, U. et al. A localized ischemic preconditioning regimen increases tumor necrosis factor α expression in a rat model of 
kidney ischemia-reperfusion injury. Exp. Clin. Transpl. 13, 535–542 (2015).

 27. Sonoda, H. et al. miRNA profiling of urinary exosomes to assess the progression of acute kidney injury. Sci. Rep. 9, 4692. https:// 
doi. org/ 10. 1038/ s41598- 019- 40747-8 (2019).

 28. Johnson, A. C. M. & Zager, R. A. Mechanisms underlying increased TIMP2 and IGFBP7 urinary excretion in experimental AKI. 
J. Am. Soc. Nephrol. 29, 2157–2167. https:// doi. org/ 10. 1681/ ASN. 20180 30265 (2018).

 29. Krupa, A. et al. Loss of MicroRNA-192 promotes fibrogenesis in diabetic nephropathy. J. Am. Soc. Nephrol. 21, 438–447. https:// 
doi. org/ 10. 1681/ ASN. 20090 50530 (2010).

 30. Jenkins, R. H., Martin, J., Phillips, A. O., Bowen, T. & Fraser, D. J. Transforming growth factor beta 1 represses proximal tubular 
cell microRNA-192 expression through decreased hepatocyte nuclear factor DNA binding. Biochem. J. 443, 407–416. https:// doi. 
org/ 10. 1042/ bj201 11861 (2012).

 31. Kellum, J. A. & Chawla, L. S. Cell-cycle arrest and acute kidney injury: the light and the dark sides. Nephrol. Dial. Transpl. 31, 
16–22. https:// doi. org/ 10. 1093/ ndt/ gfv130 (2016).

 32. Xiong, M. et al. The miR-200 family regulates TGF-β1-induced renal tubular epithelial to mesenchymal transition through Smad 
pathway by targeting ZEB1 and ZEB2 expression. Am. J. Physiol. Renal Physiol. 302, F369-379. https:// doi. org/ 10. 1152/ ajpre nal. 
00268. 2011 (2012).

 33. Fattah, H. & Vallon, V. Tubular recovery after acute kidney injury. Nephron 140, 140–143. https:// doi. org/ 10. 1159/ 00049 0007 
(2018).

 34. Cheung, A. K. et al. PTPRG suppresses tumor growth and invasion via inhibition of Akt signaling in nasopharyngeal carcinoma. 
Oncotarget 6, 13434–13447. https:// doi. org/ 10. 18632/ oncot arget. 3876 (2015).

 35. Kastury, K. et al. Structure of the human receptor tyrosine phosphatase gamma gene (PTPRG) and relation to the familial RCC 
t(3;8) chromosome translocation. Genomics 32, 225–235. https:// doi. org/ 10. 1006/ geno. 1996. 0109 (1996).

 36. Shu, S. T. et al. Function and regulatory mechanisms of the candidate tumor suppressor receptor protein tyrosine phosphatase 
gamma (PTPRG) in breast cancer cells. Anticancer Res. 30, 1937–1946 (2010).

 37. Zhou, Y. et al. Role of receptor protein tyrosine phosphatase γ in sensing extracellular  CO2 and  HCO3. J. Am. Soc. Nephrol. 27, 
2616–2621. https:// doi. org/ 10. 1681/ ASN. 20150 40439 (2016).

 38. Tang, J., Liu, N. & Zhuang, S. Role of epidermal growth factor receptor in acute and chronic kidney injury. Kidney Int. 83, 804–810. 
https:// doi. org/ 10. 1038/ ki. 2012. 435 (2013).

 39. Chen, J., Chen, J. K. & Harris, R. C. Deletion of the epidermal growth factor receptor in renal proximal tubule epithelial cells delays 
recovery from acute kidney injury. Kidney Int. 82, 45–52. https:// doi. org/ 10. 1038/ ki. 2012. 43 (2012).

 40. Zhuang, S., Yan, Y., Han, J. & Schnellmann, R. G. p38 kinase-mediated transactivation of the epidermal growth factor receptor 
is required for dedifferentiation of renal epithelial cells after oxidant injury. J. Biol. Chem. 280, 21036–21042. https:// doi. org/ 10. 
1074/ jbc. M4133 00200 (2005).

 41. Newbury, L. J., Wonnacott, A., Simpson, K., Bowen, T. & Fraser, D. Assessment of urinary MicroRNAs by quantitative polymerase 
chain reaction in diabetic nephropathy patients. Methods Mol. Biol. 2067, 277–285. https:// doi. org/ 10. 1007/ 978-1- 4939- 9841-8_ 
17 (2020).

 42. Faul, F., Erdfelder, E., Buchner, A. & Lang, A. G. Statistical power analyses using G*Power 3.1. Behav. Res. Methods 41, 1149–1160. 
https:// doi. org/ 10. 3758/ BRM. 41.4. 1149 (2009).

Acknowledgements
We thank control subjects and patients for the donation of urine samples, and Dr Clare Jones for her help with 
sample acquisition. This work was funded by Kidney Research UK Project Grant RP44/2014. The Wales Kidney 
Research Unit is funded by Health and Care Research Wales.

Author contributions
Conceived the study: D.F. and T.B. Performed experimental work: L.N., K.S., U.K., I.J., L.BdR., Y-A.L., M.L-A. 
and R.J. Data collection and analysis: All Authors. Drafted first manuscript: L.J. and T.B. Revised and approved 
manuscript: All Authors.

Competing interests 
T.B. and D.F. are inventors for patent WO/2017/129977 Chronic Kidney Disease Diagnostic. All other authors 
have no competing/conflict of interest.

https://doi.org/10.1016/j.ccc.2015.06.002
https://doi.org/10.1016/j.ccc.2015.06.002
https://doi.org/10.1038/nrg2843
https://doi.org/10.2174/0929866526666190911142926
https://doi.org/10.1016/j.ajpath.2013.12.028
https://doi.org/10.1016/j.ajpath.2013.12.028
https://doi.org/10.1038/nm.2144
https://doi.org/10.2215/CJN.12191213
https://doi.org/10.1038/nrneph.2015.3
https://doi.org/10.1093/nar/gkm995
https://doi.org/10.7554/eLife.05005
https://doi.org/10.7554/eLife.05005
https://doi.org/10.1038/s41598-019-40747-8
https://doi.org/10.1038/s41598-019-40747-8
https://doi.org/10.1681/ASN.2018030265
https://doi.org/10.1681/ASN.2009050530
https://doi.org/10.1681/ASN.2009050530
https://doi.org/10.1042/bj20111861
https://doi.org/10.1042/bj20111861
https://doi.org/10.1093/ndt/gfv130
https://doi.org/10.1152/ajprenal.00268.2011
https://doi.org/10.1152/ajprenal.00268.2011
https://doi.org/10.1159/000490007
https://doi.org/10.18632/oncotarget.3876
https://doi.org/10.1006/geno.1996.0109
https://doi.org/10.1681/ASN.2015040439
https://doi.org/10.1038/ki.2012.435
https://doi.org/10.1038/ki.2012.43
https://doi.org/10.1074/jbc.M413300200
https://doi.org/10.1074/jbc.M413300200
https://doi.org/10.1007/978-1-4939-9841-8_17
https://doi.org/10.1007/978-1-4939-9841-8_17
https://doi.org/10.3758/BRM.41.4.1149


17

Vol.:(0123456789)

Scientific Reports |        (2021) 11:16499  | https://doi.org/10.1038/s41598-021-94984-x

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 021- 94984-x.

Correspondence and requests for materials should be addressed to T.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

https://doi.org/10.1038/s41598-021-94984-x
https://doi.org/10.1038/s41598-021-94984-x
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	miR-141 mediates recovery from acute kidney injury
	Results
	Detection of differentially expressed urinary miRNAs in AKI patients. 
	Complete cohort analysis confirms elevated urinary miR-21, miR-126 and miR-141, together with decreased urinary miR-192 and miR-204 in AKI patients. 
	Elevated urinary miR-141 and decreased miR-192 are associated with AKI nonrecovery at 90 days. 
	Increased miR-141 and miR-200c in in vitro oxidative AKI models. 
	Forced miR-141 expression in vitro results in increased PTEC death and reduced cell viability. 
	Identification of miR-141 targets that increase cell death and reduce cell viability under oxidative stress. 
	Analysis of renal PTPRG expression. 
	PTPRG is a direct target of miR-141; siRNA PTPRG knockdown results in increased PTEC death and decreased cell viability in vitro. 
	Validation of miR-141 upregulation and PTPRG suppression in vivo. 

	Discussion
	Methods
	Study participants. 
	Urine collection, urinary RNA isolation, and RT-qPCR analysis. 
	MiRNA profiling by Taqman Low Density Array (TLDA) human miRNA cards. 
	Cell culture and H2O2 treatment. 
	PTEC miRNA transfection. 
	Unilateral ischaemic reperfusion injury (IRI) model. 
	RNA extraction, RT and qPCR from animal tissues and cells. 
	PTPRG 3’-UTR amplification. 
	Reporter plasmid digestion and ligation. 
	PTEC transfection with luciferase reporter vector containing the PTPRG 3′-UTR. 
	Immunohistochemistry (IHC) staining. 
	Statistical analysis. 

	References
	Acknowledgements


