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Supplemental results 

 

Functional role of lncRNA H19 in tubular epithelial cell biology 

The effect of lncRNA H19 modulation on renal proximal tubule epithelial cells (RPTEC) is in stark 

contrast to its function in endothelial cells. The migratory capacity of RPTECs in response to complete 

medium (with 10 % FBS) as a chemoattractant did not differ between cells overexpressing H19 or cells 

that were transduced with an empty virus control in a modified Boyden chamber migration assay 

(Figure S8A). Alternatively, RPTEC cell migration was assayed under hypoxic conditions, which 

induced a promigratory phenotype (Figure S8B). The effect of H19 expression (C) or hypoxia (D) on 

wound healing was assayed in RPTECs using the scratch wound healing method.   Similarly, in a scratch 

wound healing assay H19 overexpression did not enhance wound closure as compared to RPTECs that 

received the empty vector treatment, while hypoxia promoted a migratory response (Figure S8C, D). 

In addition, the cellular proliferation in RPTECs did not differ between the groups, while again hypoxia 

alone promoted proliferation (Figure S9A&B). A protection against an apoptotic stimulus in RPTECs 

overexpressing H19 as compared to control could not be detected (see Figure S9C). 
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Table S1: Transcription factors that putatively bind to the H19 promoter region 
 

1 CDEF Cell cycle regulators: Cell cycle dependent element 
2 CREB cAMP-responsive element binding proteins 
3 NFKB Nuclear factor kappa B/c-rel 
4 PEG3 Imprinted transcription factor PEG3 
5 SREB Sterol regulatory element binding proteins 
6 KLF2 Krueppel like transcription factors 
7 MAZF Myc associated zinc fingers 
8 GCMF Chorion-specific transcription factors with a GCM DNA binding domain 
9 KLF15 Krueppel like transcription factors 
10 STAT1 Signal transducer and activator of transcription 
11 HIFF Hypoxia inducible factor, bHLH/PAS protein family 
12 NR2F Nuclear receptor subfamily 2 factors 
13 E2FF E2F-myc activator/cell cycle regulator 
14 ETSF Human and murine ETS1 factors 
15 PAX5 PAX-2/5/8 binding sites 
16 DMTF Cyclin D binding myb-like transcription factor 
17 AP2F Activator protein 2 
18 NF1F Nuclear factor 1 
19 EBOX E-box binding factors 
20 MTF1 Metal induced transcription factor 
21 EGRF EGR/nerve growth factor induced protein C & related factors 
22 SRFF Serum response element binding factor 
23 STAT3 Signal transducer and activator of transcription 
24 KLF8 Krueppel like transcription factors 
25 LHX8 Lim homeodomain factors 
26 YBXF Y-box binding transcription factors, 
27 EGRF EGR/nerve growth factor induced protein C & related factors 
28 E2FF E2F-myc activator/cell cycle regulator 
29 EGRF EGR/nerve growth factor induced protein C & related factors 
30 RREB Ras-responsive element binding protein 
31 PLAG Pleomorphic adenoma gene 
32 SP1F GC-Box factors SP1/GC 
33 INSM Insulinoma associated factors 
34 XBBF  X-box binding factors 
35 SPI1 Human and murine ETS1 factors 
36 ZF35 Zinc finger protein ZNF35 
37 GLIF GLI zinc finger family 
38 SPZ1 Testis-specific bHLH-Zip transcription factors 
39 PRDM PR (PRDI-BF1-RIZ1 homologous) domain transcription factor 
40 ZF07 C2H2 zinc finger transcription factors 7 
41 NRSF Neuron-restrictive silencer factor 
42 CIZF CAS interating zinc finger protein 
43 IKRS Ikaros zinc finger family 
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44 c-Jun AP1 early response transcription factor 
45 p53  Tumor protein,tumor suppressor p53 
46 GR-alpha Glucocorticoid receptor alpha 
47 STAT4  Signal transducer and activator of transcription 
48 C/EBPbeta CCAAT enhancer binding protein beta 
49 Elk-1  ETS like-1 
50 PEA3  polyoma enhancer activator 3 
51 NF-Y  Nuclear transcription factor Y 
52 VDR Vitamin D receptor transcription factor 
53 FOXP3 Forkhead box P3 
54 c-Myb MYB Proto-Oncogene, Transcription Factor 
55 NF-1 Neurofibromatosis-related protein NF-1 
56 ENKTF-1  enhancer binding protein 
57 LEF-1 Lymphoid enhancer-binding factor 1 
58 TCF-4 immunoglobulin transcription factor 2 
59 EBF  Transcription factor COE1 
60 SRY sex-determining region Y  
61 XBP-1 The X-box binding protein 1 
62 WT1  Wilms Tumor 1 
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Table S2: List of human primers 
 

 

Table S3: List of mouse primers 

Gene Sense Anti-sense 
H19 5’CGCTCCACTGACCTTCTAAAC3’ 5’GACGATGTCTCCTTTGCTAACT3’ 
IL6 5’GATAAGCTGGAGTCACAGAAGG3’ 5’TTGCCGAGTAGATCTCAAAGTG3’ 
TNFA 5’ATGTCTCAGCCTCTTCTCATTC3’ 5’ACACTCACCTCATCCCTTTG3’ 
IL1B 5’GGTGTGTGACGTTCCCATTA3’ 5’ATTGAGGTGGAGAGCTTTCAG3’ 
CD31 5’CACCCATCACTTACCACCTTATG3’ 5’TGTCTCTGGTGGGCTTATCT3’ 
Collagen3a1 5’TGTAAAGGGTGAACGTGGTAG3’ 5’GGGCCCTGGATTACCATTATT3’ 
Collagen1a2 5’CCAAAGGAGAATCCGGTAACA3’ 5’GACCCTCTCTTTCCTTCTTCAC3’ 
KIM1 5’CTCCAAGAAGACCCACAACTAC3’ 5’GGAGGTAGAGACTCTGGTTGAT3’ 
NGAL 5’ACCAGTTCGCCATGGTATTT3’ 5’GGGTGAAACGTTCCTTCAGT3’ 
VE cadherin 5’CAGTGACAGAGGCCAATTCT3’ 5’GCCTCCACAGTCAGGTTATAC3’ 
E selectin 5’CTTGCAAACCACAGGAACAC3’ 5’CCAAAGGAGCAGGAGGAATTA3’ 
VCAM1 5’GAAATGCCACCCTCACCTTA3’ 5’TCTGCTTTGTCTCTCCCAATC3’ 
ICAM1 5’CCAGTACTGCTGGTCATTGT3’ 5’TCCTCCTGAGCCTTCTGTAA3’ 

 

 

 
 
 
 
 

Gene Sense Anti-sense 
VCP 5’CCCTCATGGATGGCCTAAA3’ 5’CCTGTCAAAGCGACCAAATC3’ 
ALG9 5’ACCCGTATTGGCTTACCTTG3’ 5’CAGCGCCACAGAGACATATAA3’ 
H19 5’AGCGGGTCTGTTTCTTTACTT3’ 5’AGCTGGGTAGCACCATTTC3’ 
NOTCH4 5’AGTGGTGTGAGGTGGAGATA3’ 5’GGGCAGTGGCAGATGAAA3’ 
NOTCH1 5’TACTGTACCGAGGATGTGGA3’ 5’TGACACACACGCAGTTGTA3’ 
KDR 5’GGGAGCTGACACTTCTGTAAA3’ 5’ATAGACTCAGCCCTGCAAATC3’ 
DLL1 5’GGTGGAGAAGCATCTGAAAGA3’ 5’TCATCCTTCTCCTCGGATATGA3’ 
DLL4 5’GTGCAAGAAGCGCAATGAC3’ 5’GACAGCCCGAAAGACGACAGATAG3’ 
Apelin 5’CCAGACCCAGGGTACTCTAATA3’ 5’GAGTCCAGTGATTGAAGGCTAC3’ 
SPI1 5’AAGGGCAACCGCAAGAA3’ 5’GGTAGGTGAGCTTCTTCTTCAC3’ 
LHX8 5’GTAGAGCACGCCACAAGAA3’ 5’CTTCTAACATGGGTGGAGACAG3’ 
KLF8 5’AAATAAGATGGGTGGCCTGAA3’ 5’TCCAATGAGTGGGACTGTAATG3’ 
KLF15 5’CCGAGTTTCCTTTGGGTGAT3’ 5’CTCCATGTTCTCCTCCAGAAAC3’ 
EPAS 5’GGCTGTGTCTGAGAAGAGTAAC3’ 5’CCCGAAATCCAGAGAGATGATG3’ 
HIF1A 5’CCAACCTCAGTGTGGGTATAAG3’ 5’TTTGATGGGTGAGGAATGGG3’ 
H19 ASO seq 1 5’mG*mG*mG*mU*mU*C*T*G*G*G*A*G*C*C*C*mA*mG*mA*mG*mG3’ 
H19 ASO seq 2 5’mC*mC*mU*mG*mU*C*T*G*C*A*C*G*A*T*G*mC*mC*mU*mG*mG3’ 
SPI1 ChIP Site 1 5’CGGTCAACTGGATGGGAATCGG3’ 5’CACCATCACGGCTCAGACCTC3’ 
SPI1 ChIP Site 2 5’GAGGTCTGAGCCGTGATG3’ 5’GCGCCCTGCACATACTTTGC3’ 
SPI1 ChIP Site 3 5’ACCGCTTGTCAGTAGAGTGCG3’ 5’CGGTTTCCGCAGGACAGAGT3’ 
LHX8 ChIP Site 1 5’GATGGGTGCTGGGTGAGAGAGA3’ 5’CACCCTGCTCCTCGGTCCTA3’ 
LHX8 ChIP Site 2 5’GGCCATGGGAACAGAGGGTTTG3’ 5’CTCGAGTGTCAAAGCCGTGAAGG3’ 
GLUT1 5’GGCCAAGAGTGTGCTAAAGA3’ 5’CCTTCTTCTCCCGCATCATC3’ 
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Figure S1 
  

 

 

 

Induction of HIF1a and EPAS under hypoxia. Representative Western blots as well as quantification of 
results regarding HIF1a (A) and EPAS (B) in HUVECs under hypoxia. Cells were placed in a hypoxic 
chamber for the indicated times. (A, B). The siRNA knockdown efficiency of HIF1a (C) and EPAS (D) 
was determined by Western blot and quantified using densitometry and normalized to beta actin. Each 
bar represents the mean ± SEM of duplicate cultures and the data are from a representative experiment 
of 6 independent experiments that were performed.  * = p < 0.05, ** = p <0.01, *** = p < 0.001 
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Figure S2 
 

 

The expression of the transcription factors SPI1 (A), LHX8 (B), KLF8 (C) and KLF15 (D) after 3 days 
of hypoxia as assessed by qPCR. Protein expression of SPI1 (E) and LHX8 (G) as well as quantification 
of results (F, H) following siRNA treatment. Each bar represents the mean ± SEM and the data are 
representative of 4 – 6 independent experiments that were performed.  * = p < 0.05, ** = p <0.01, *** 
= p < 0.001. 
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Figure S3 
 

  
 
The siRNA knockdown of HIF1a in RPTECs and the regulation of H19 expression. RPTEC were 
transfected with HIF1a specific siRNA and placed in a hypoxic chamber for the indicated times. The 
cells were either lysed for Western blot analysis (A) or total RNA was extracted, reversed transcribed 
into cDNA and analyzed by qPCR (B). Each bar represents the mean ± SEM and the data are 
representative of 5 independent experiments that were performed.  * = p < 0.05, ** = p <0.01, *** = p 
< 0.001. 
 

 

Figure S4 
 

  
H19 promoter activity in HUVECs (A) and RPTECs (B). The human H19 promoter was cloned into 
pXPG firefly luciferase promoter plasmid and transfected into HUVECs and/or RPTEC. Cells were 
placed in a hypoxia chamber for the indicated times. The cell lysates were analyzed for luminescence 
activity. Each bar represents the mean ± SEM and the data are representative of 6 independent 
experiments that were performed. * = p < 0.05, *** = p < 0.001, NS = non-significant 
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Figure S5 

 

  
The expression of angiogenic markers under hypoxia in response to H19 knockdown. HUVECs were 
placed in a hypoxic chamber for the indicated times. H19 expression following silencing by antisense 
oligonucleotides (ASO, 1 nM, A). Angiogenic marker expression, including Apelin (B), Dll1 (C), Dll4 
(D), Notch1 (E), Notch 4 (F) at the indicated time points following use of control antisense 
oligonucleotides (ASO ctl, white bars) as well as antisense oligonucleotides to silence H19 expression 
(ASO H19, black bars). Hypoxic marker gene expression Glut1 (G) at the indicated time points 
following use of control antisense oligonucleotides (ASO ctl, white bars) as well as antisense 
oligonucleotides to silence H19 expression (ASO H19, black bars). Total RNA was extracted and 
reverse transcribed into cDNA and analyzed by qPCR. Each bar represents the mean ± SEM and the 
data are representative of 6 independent experiments that were performed.  * = p < 0.05, ** = p <0.01, 
*** = p < 0.001. Dll1 = Delta like 1, Dll4 = Delta like 4, GLUT1 = Glucose transporter 1 
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Figure S6 

 

The effect of a hypoxia time course on signaling pathways. HUVECs were cultured under hypoxic 
conditions over a 72h time course or under normoxia. At the indicated time points cell lysates were 
collected and assayed for AKT, p38, and ERK1/2 phosphorylation by Western blotting (A). Hypoxia is 
confirmed by the expression of HIF1a. H19 induction under hypoxia was determined by qPCR. Each 
bar represents the mean ± SEM and the data are representative of 3 independent experiments that were 
performed.  * = p < 0.05, ** = p <0.01, *** = p < 0.001. 
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Figure S7 

 

The expression of miR-30a-5p under hypoxia and its modulatory effects on angiogenic gene expression. 
HUVECs cultured under hypoxia for the indicated time points or under normoxia to determine miR-
30a-5p expression (A). HUVECs grown under hypoxic conditions for 24h were transfected with miR-
C (control miR), miR-30a-5p mimic, or miR-30a-5p inhibitory sequences (B). Expression was analyzed 
using qPCR to determine the expression of apelin, Dll1, Dll4, KDR, Notch1, and Notch4 (C-H). The 
hypoxic condition was validated by the expression of GLUT1 (I). Each bar represents the mean ± SEM 
and the data are representative of 3 independent experiments that were performed.  * = p < 0.05, ** = p 
<0.01, *** = p < 0.001. NS= Not significant. Dll1 = Delta like 1, Dll4 = Delta like 4, GLUT1 = Glucose 
transporter 1 
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Figure S8 
 

 

The effect of H19 overexpression in RPTECs on cellular migration. RPTECs transduced with H19 (LV-
H19) lentivirus or an empty vector (EV) were assayed for migration using a modified Boyden chamber 
under normoxia. Cells were stimulated with complete medium (containing 10 % FBS) or incomplete 
medium overnight (~16h) (A). Alternatively, RPTEC cell migration was assayed under hypoxic 
conditions (B). The effect of H19 expression (C) or hypoxia (D) on wound healing was assayed in 
RPTECs using the scratch wound healing method.  Each bar represents the mean ± SEM and the data 
are representative of 6 independent experiments that were performed.  * = p < 0.05, ** = p <0.01, *** 
= p < 0.001. NS = not significant. 
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Figure S9 

 

The effect of H19 overexpression or hypoxia on cellular proliferation and apoptosis in RPTECs. Cells 
were grown under normoxic conditions and transduced with a lentivirus vector carrying the H19 
sequence or with an empty control virus.  (A) Cells were grown in the presence of complete medium 
(contain 10 % FBS) or incomplete medium or cultured under hypoxia for 24 h (B) and assayed for 
cellular proliferation using 5-ethynyl-2-deoxyuridine (EdU) nucleoside incorporation by flow 
cytometer. Cellular apoptosis in RPTECs overexpressing H19 or an empty control virus were assayed 
using the cleaved caspase 3/7 luminescence method and treated with TNFα (10 ng/mL) and 
cycloheximide (25 ug/mL) as an apoptotic stimulus. Each bar represents the mean ± SEM and the data 
are representative of 4 - 6 independent experiments that were performed.  NS= not significant. 
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Figure S10 

 

The expression of H19 in vivo following AAV2-mediated overexpression. Mice were injected with 
AAV2-H19 or AAV2-CTL virus via the renal vein of the left kidney. Mice were euthanized 24h after 
injection and tissues were collected and either placed in OCT and frozen directly in liquid nitrogen or 
fixed in formalin and processed into paraffin blocks. Five-micron paraffin tissue sections were subjected 
to H19 in situ hybridization using the RNAscope technique (A & B). Mouse kidney, heart, and lung 
OCT sections were visualized under the fluorescence microscope to detect the GFP signal (C-E). The 
representative images are from 5 mice per group. 
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Figure S11 

 
 

  
The expression of adhesion molecules in mouse I/R kidney. Adeno-associated virus 2 carrying H19 or 
control virus (GFP) were delivered through the renal vein and the left kidney was subjected to unilateral 
clamping for 30 min followed by 24h of reperfusion in wildtype mice. RNA was extracted from left 
kidney and reverse transcribed into cDNA and analyzed by qPCR. Each group represents the mean ± 
SEM of 5 mice used per experiment.  * = p < 0.05, ** = p <0.01, *** = p < 0.001 
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Figure S12 

 
H19, miR-30a-5p as well as target gene expression in ex vivo sorted endothelial cells as well as tubular 
epithelial cells following injection of AAV2 targeting H19 as compared to AAV2-CTL (AAV2-GFP) 
into the renal vein of wildtype mice. After 24h mice were euthanized, kidneys were collected and 
digested with collagenase type VI. Single cell suspension was subjected to FACS-based sorting using 
rat anti-mouse-CD31-PE/ rat anti-mouse-CD45-PerCP-Cy5.5 antibody for endothelial cells and 
aquaporin1 for proximal tubular cells. From sorted endothelial and epithelial cells total RNA was 
isolated and reverse transcribed into cDNA and analyzed by qPCR. H19, miR-30a-5p, Dll4, SNAI1, 
ATG5 expression in CD31+/CD45-- endothelial cells (A, C, E, G, I) as well as Aquaporin1 (Aqp1)+-
tubular epithelial cells (B, D, F, H, J). Each bar represents the mean ± SEM of 5 mice used per 
experiment.  *** = p < 0.0001, **** = p<0.00001 
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Figure S13 
 

 
Fibrosis and injury marker gene expression on day 14 following I/R-injury. Mice were euthanized and 
kidneys were either fixed in formalin or embedded in paraffin or homogenized and total RNA was 
extracted. Mouse kidney sections (5 µm) were stained with Masson’s trichrome to determine the extent 
of fibrosis development (A & B). C shows quantification of results. Gene expression analysis was 
performed by qPCR analysis. The expression of H19, KIM1, and NGAL (D-F) was determined in 
AAV2-H19 and AAV2-CTL groups and compared to the sham group. Representative images are shown 
from 5 mice included per group and each bar represents the mean ± SEM from 5 mice per group.  * = p 
< 0.05, ** = p <0.01, *** = p < 0.001. NS= Not significant. 
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Figure S14 
 

 
 
Kidney injury in constitutive H19 knockout mice. Outer medullary injury in H19 wildtype mice at 24h 
as well as 7d of reperfusion (A, C). Outer medullary injury in H19 knockout mice at 24h as well as 7d 
of reperfusion (B, D). Quantification of results (E). Blood urea nitrogen (BUN) levels in H19 wildtype 
as compared to H19 knockout mice (F). Endomucin staining to visualize capillary density (G), CD3+ 
cell infiltration (H), F4/80+ cell infiltration (I) is shown. Each bar represents the mean ± SEM of 5 mice 
used per experiment.  * = p < 0.05, ** = p <0.01, *** = p < 0.001, NS = non-significant 
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Figure S15 
 

 
The tubular injury marker expression in H19 KO mice following unilateral I/R-injury for 24h and 7d. 
KIM1 and NGAL were assessed after 24h (A&C) and 7d (B&D) of reperfusion. Each bar represents 
the mean ± SEM and the data are from 5 mice included per group. NS= Not significant. 

 
 

Figure S16 

 
miR-30a-5p expression in wildtype and H19 knockout mice at 24h (A) as well as 7d (B) of reperfusion 
following I/R-injury. Gene expression analysis was performed by qPCR analysis. Data were normalized 
to the endogenous control miR-16-5p. Each bar represents the mean ± SEM and the data are from 5 
mice included per group. * = p < 0.05, ** = p <0.01, *** = p < 0.001. NS= Not significant. 
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Figure S17 
 
 

 
Genotyping of constitutive H19 knockout mice (representative gel). Two separate PCR reactions were 
run using primers specified in the supplemental primer list. In knockout mice H19 is replaced by a neo 
cassette. Here, the neo cassette is positive, while H19 is negative. In wildtype mice H19 can be detected, 
while the neo cassette is negative.  
 
 
 
 
 
 
 


