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Introduction

Long noncoding RNAs (IncRNAs) are a heterogeneous class of
long (>200 nucleotides) transcripts with an apparent lack of pro-
tein-coding potential (1). It is evident that IncRNAs have a wide
range of biological functions, and their aberrant expression has
been associated with diverse pathologies including cancer as well
as cardiac, neurological, and metabolic diseases (2-4). Mech-
anisms underlying the broad functions of IncRNAs are rapidly
emerging. Several IncRNAs control gene expression by recruiting
regulating complexes to genomic sites located near (in cis) or far
(in trans), whereas some others appear to function as scaffolds or
act as decoys for proteins or miRs (5, 6). Despite all these advanc-
es, the molecular functions of IncRNAs in many human diseases
remain elusive, and more detailed functional studies are needed
to unravel the biological roles of IncRNAs.

Diabetic nephropathy (DN) is a microvascular complication of
diabetes and the leading cause of end-stage renal disease in the
United States (7). Among many factors implicated in the patho-
genesis of DN, the PPARy coactivator la (PGC-lu, encoded by
Ppargcla in mice), whose expression is typically reduced in diabe-
tes, has gained attention as a key mediator of mitochondrial dys-
function and progression of DN (8-12). The central role of PGC-1a
in mitochondrial bioenergetics and respiration is well known (13,
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The regulatory roles of long noncoding RNAs (IncRNAs) in transcriptional coactivators are still largely unknown. Here, we
have shown that the peroxisome proliferator-activated receptor y (PPARY) coactivator a. (PGC-10, encoded by Ppargcla) is
functionally regulated by the IncRNA taurine-upregulated gene 1 (Tug1). Further, we have described a role for Tug? in the
regulation of mitochondrial function in podocytes. Using a murine model of diabetic nephropathy (DN), we performed an
unbiased RNA-sequencing (RNA-seq) analysis of kidney glomeruli and identified Tug1 as a differentially expressed IncRNA in
the diabetic milieu. Podocyte-specific overexpression (OE) of Tug? in diabetic mice improved the biochemical and histological
features associated with DN. Unexpectedly, we found that Tug? OE rescued the expression of PGC-1a and its transcriptional
targets. Tug? OE was also associated with improvements in mitochondrial bioenergetics in the podocytes of diabetic mice.
Mechanistically, we found that the interaction between Tug? and PGC-1a. promotes the binding of PGC-1a to its own promoter.
We identified a Tug7-binding element (TBE) upstream of the PpargcTa gene and showed that Tug17 binds with the TBE to
enhance Ppargc1a promoter activity. These findings indicate that a direct interaction between PGC-1a and Tug7 modulates
mitochondrial bioenergetics in podocytes in the diabetic milieu.

14). This has been elegantly demonstrated in several gain- and
loss-of-function studies. Mice lacking PGC-1a display a signifi-
cant reduction in the expression of genes associated with oxida-
tive phosphorylation and reduced mitochondrial content (15-18).
In contrast, transgenic overexpression (OE) of Ppargcla leads
to a significant increase in mitochondrial content and increased
expression of mitochondrial genes (19-21).

PGC-la regulates, and is regulated by, a number of well-
known factors related to cellular energy and mitochondri-
al homeostasis (13). PGC-lu acts in an autoregulatory loop to
enhance its own transcriptional output (13, 22, 23). The tight and
multilayered regulation of PGC-1a is not surprising, given its criti-
cal role in linking many physiological stimuli to specific metabolic
programs associated with enhanced mitochondrial bioenergetics.
New mechanisms underlying the tight regulation of PGC-1a con-
tinue to emerge (24). However, despite these advances, the role
of IncRNAs in the regulation of PGC-1a remains largely unknown.

Here, we unexpectedly found that taurine upregulated gene
1 (Tugl), an evolutionarily conserved long intergenic noncoding
RNA, is a regulator of PGC-1la transcription and mitochondrial
bioenergetics in DN. We found that Tugl expression was signifi-
cantly repressed in the podocytes of diabetic mice and demon-
strate that podocyte-specific OE of Tugl in diabetic mice can
rescue PGC-la expression, leading to improved mitochondrial
bioenergetics, along with improvements in several key features
of DN. We provide mechanistic evidence for a direct interaction
between Tugl and PGC-1a protein. We also provide evidence indi-
cating that the interaction between Tugl and PGC-1a promotes the
binding of PGC-1a to its own promoter. We have also identified a
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Figure 1. Tug1 OE in podocytes protects against features of DN. (A) Scatter plot of RNA-seq values for individual transcripts classified as noncoding RNAs.
(B) Nephroseq expression data for TUGT in control subjects (n =13) and in subjects with DN (n =9). (C) Linear regression analysis of the same subjects in B,
with eGFR values. (D) In vivo time course analysis of TugT expression in podocytes from diabetic and nondiabetic mice (n = 6 mice/group). (E) Schematic

of Tug1™ construct. Tug? cDNA was cloned upstream of WPRE and hGH polyadenylation sequences. Expression is driven by the human NPHS2 (podocin)
promoter. These elements are flanked by H54 insulator sequences. lllustration shows the mating strategy to generate podocyte-specific diabetic Tug77™@
mice. Representative image of adult control diabetic (db/db) and diabetic Tug1?? mice. (F) gPCR analysis of RNA isolated from podocytes measuring Tug?
levels in 24-week-old db/m (n = 5), db/db (n =5), db/m Tug1? (n = 7), and db/db Tug1™®™ (n = 7) mice. (G) ACR analysis demonstrating a significant reduc-
tion in albuminuria in 24-week-old diabetic Tug7”™@ mice compared with that in controls, as in F. (H-K) Representative (H) PAS-stained image; (1) TEM
micrographs; (J) SEM micrographs; and (K) nephrin immunofluorescence confocal micrographs. Red asterisks on the TEM and SEM micrographs denote
effaced podocyte foot processes. Scale bars: 50 uM (H and K), 0.5 uM (1), and 1 uM ()). (L) Quantification of mesangial matrix expansion determined as the
percentage of PAS-positive area/glomerular area. (M) Quantification of GBM thickness. (N) Quantification of nephrin mean fluorescence intensity (MFI)/
glomerular area. (0) Quantification of WT1-positive cells/glomerular area. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001, by 2-tailed Student’s

t test (B), linear regression analysis (C), and 1-way ANOVA, followed by Tukey's post-hoc analysis (L-0). Data represent the mean + SEM.

Tugl-binding site upstream of the Ppargcla promoter region. The
Tugl interaction with this binding site, our data suggest, helps to
trigger increased transcription of Ppargcla mRNA.

The discovery that a IncRNA can regulate PGC-1a adds an
unexpected layer of complexity to PGC-1a regulation and expands
on the spectrum of transcriptional regulation of this key regulator
of energy metabolism.

Results
Evidence linking Tugl to DN progression in vivo. To identify which
IncRNAs are differentially expressed in DN, we performed
RNA-sequencing (RNA-seq) analysis of isolated kidney glomeruli
from type 2 diabetic (db/db) mice compared with glomeruli from
nondiabetic (db/m) control mice. Our analysis of transcripts clas-
sified as noncoding RNAs revealed several differentially regulated
noncoding RNAs (Figure 1A). IncRNAs were selected for further
analysis on the basis of whether they exhibited robust evolution-
ary conservation and whether their expression levels in mice were
relevant in human subjects with DN. Given these restricted cri-
teria, we selected Tugl, which was reduced in our RNA-seq anal-
ysis, exhibited robust conservation between several vertebrate
species, including humans (Supplemental Figure 1, A and B; sup-
plemental material available online with this article; doi:10.1172/
JCI87927DS1), and was significantly reduced in microdissected
glomeruli from subjects with DN based on a publicly available data
set from Nephroseq (Figure 1B) (25). From the same database,
lower expression levels of TUGI correlated with reduced levels of
estimated glomerular filtration rates (¢GFRs) in patients with DN
(Figure 1C). We next confirmed previous observations indicating
that Tugl was broadly and abundantly expressed in different tis-
sues and localizes to both the cytoplasm and the nucleus (Supple-
mental Figure 1, C and D) (26, 27). RNA ISH revealed Tugl to be
predominantly nuclear, with some cytoplasmic staining within
glomeruli and tubules (Supplemental Figure 1E). To confirm the
results of our initial screen, we assessed the temporal profile of
Tugl expression over several time points and found Tugl levels
to be significantly decreased over time in podocytes from diabet-
ic mice compared with levels in controls (Figure 1D and Supple-
mental Figure 1F). These results were verified in mouse podocytes
cultured under high glucose (HG, 25 mM) versus normal glucose
(NG, 5 mM) conditions (Supplemental Figure 1G).

To assess the contribution of Tugl to DN progression in vivo,
we generated podocyte-specific Tugl-transgenic mice under the
control of the human podocyte-specific podocin (NPHS2) promot-

er (Figure 1E, schematic). There are 3 isoforms for murine Tugl
(Tugl-a, -b, -c). We used the longest isoform, Tugl-c, which con-
tains all overlapping exon sequences, to generate Tugl™’ mice.
Two Tugl™ founder mice were generated. While we found no
difference in nonpodoctye Tugl levels between transgenic and WT
mice, quantitative PCR (qPCR) analysis revealed that Tugl RNA
levels were significantly higher in transgenic podocytes compared
with levels in WT control podocytes (Supplemental Figure 2A). To
investigate whether targeted OE of Tugl in podocytes rescues key
features of the DN phenotype, we crossed Tugl mice with Lepr®*
mice to generate diabetic Lepr®”® Tugl mice (hereafter referred to
as db/db Tugl™" mice) (Figure 1E). db/db Tugl™*" mice exhibited
similar BW, blood glucose, and kidney/BW ratios compared with
db/db controls (Supplemental Figure 2, B-D). qPCR analysis of
podocytes from nondiabetic and diabetic Tug™¢% mice revealed a
robust increase in Tugl expression compared with that observed in
controls (Figure 1F). Importantly, podocyte-specific Tugl OE led to
asignificant reduction in albuminuria as measured by the albumin/
creatinine ratio (ACR) (Figure 1G) and reduced mesangial matrix
expansion (Figure 1, H and L). Transmission electron microsco-
py (TEM) and scanning electron microscopy (SEM) micrographs
revealed improvements in podocyte foot process effacement and
reduced glomerular basement membrane (GBM) thickening (Fig-
ure 1, I-], and M). Additionally, we observed a rescue of nephrin
expression by immunofluorescence analysis and a significant
increase in the number of podocytes in diabetic db/db Tug™*®¢ mice
compared with controls (Figure 1, K, N, and O and Supplemental
Figure 2E). These findings provide strong evidence indicating that
Tugl plays a key role in the progression of DN.

Tugl is a regulator of the PGC-la pathway. To unravel the
mechanism by which Tugl exerted its modulatory effect on DN,
we sought to determine the genome-wide transcriptomic conse-
quences of Tugl depletion in podocytes. We performed microarray
analysis on podocytes stably transfected with pGIPZ shTugl lenti-
viral constructs (Figure 2A). This approach revealed approximate-
ly 400 genes that were positively regulated and approximately
560 genes that were negatively regulated by Tugl (Figure 2B).
Gene ontology (GO) analysis for biological processes affected by
Tugl suggested its involvement in several metabolic and biosyn-
thetic pathways (Figure 2, C and D). Importantly, genes involved
in PGC-la pathways comprised a subset of genes whose levels
were significantly reduced following Tugl knockdown (KD) (Fig-
ure 2, E and F). Since PGC-1a is a well-known master regulator of
mitochondrial function, whose expression is significantly reduced
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Figure 2. Tug1 mediates expression of PGC-1a pathway genes. (A) Gene expression analysis of RNA from pGIPZ-shControl (shCtrl) or shTugT lentivirus-
transduced podocytes used for microarray analysis. (B) Volcano plot of microarray data generated from Tug7-KD podocytes compared with controls. A
cutoff of a log, fold-change greater than 2 and a -log, (P value) greater than 1was used for downstream pathway analysis. (C-E) Bioinformatics analysis of
differentially regulated Tug1? target genes. (C and D) Biological processes GO terms from genes differentially up- and downregulated by Tug?. (E) Pathway
analysis of Tugl-downregulated genes. (F) Hierarchical clustering analysis of RNA expression levels of PGC-1a-related genes in control podocytes compared
with podocytes harboring stable KD of Tug7. Yellow boxes highlight genes that are direct targets of PGC-1a, and red boxes highlight its upstream regula-
tors. (G) gPCR validation of several direct targets of PGC-1a. Expression values were normalized to Gapdh internal controls. Cell culture experiments were
repeated at least 3 times. *P < 0.05, **P < 0.01, and ***P < 0.001 by 2-tailed Student’s t test (A and G). See Supplemental Methods for the data analysis

steps related to B-F. Data are expressed as the mean + SEM.

in diabetes (28, 29), we next focused our efforts on establishing a
potential link between Tugl and PGC-1a. We first tested whether
Ppargcla RNA levels were affected by Tugl and found that Ppargcla
and several of its transcriptional targets (Tfam, Nrfl, Gabpa, and
Esrra) were significantly reduced in Tugl-KD podocytes compared
with controls (Figure 2G).

Tugl regulates mitochondrial bioenergetics. This unexpected
link between Tugl and PGC-1a prompted us to investigate wheth-
er Tugl also influences mitochondrial bioenergetics, a key feature
of PGC-1a. To evaluate the effect of Tugl on mitochondrial oxy-
gen consumption, mitochondrial ROS, and mitochondrial com-
plex activity, we generated 2 stable podocyte cell lines for OE and
KD of Tugl using modified versions of the CRISPR/Cas9 system
with guide RNA pairs targeted to the promoter region and exon 3
of Tugl (Supplemental Figure 3). We initially validated our find-
ings in cultured podocytes and observed that Tugl and Ppargcla
RNA levels were suppressed in podocytes cultured under HG
conditions (25 mM) (Figure 3, A and B). Importantly, Tugl-KD
cells cultured in NG conditions also exhibited reduced Ppargcla
expression, mimicking HG conditions. However, Tugl OE pre-
vented an HG-mediated reduction in Ppargcla mRNA and caused
OE of Ppargcla mRNA compared with controls (Figure 3, A and B).
Since it was important to assess the effect of Tugl on downstream
targets of PGC-1q, the relative expression levels for mRNA targets
of PGC-la were analyzed in cultured podocytes. We observed
that Tugl OE or KD modulated multiple downstream targets of
PGC-1a, including Tfam, Nrfl, Gabpa (also known as Nrf2), Esrra,
Cptlb, and Pdk4 (Figure 3C). To test whether this pattern of reg-
ulation is conserved in different tissues, we depleted Tugl levels
in C2C12 (a myoblast cell line) and AML12 (a hepatocyte cell line)
cells. Following Tugl KD in both cell lines, we observed a signif-
icant reduction in Ppargcla mRNA levels, similar to our observa-
tions in podocytes (Supplemental Figure 4). Furthermore, Tugl
KD in these cell lines led to similar reductions in several tran-
scriptional targets of PGC-1o (Supplemental Figure 4).

Next, we examined the effect of Tugl on HG-induced ROS
and apoptosis in Tugl-mutant podocytes. We found that Tugl
KD in NG conditions led to increased mitochondrial ROS and
apoptosis, similar to the effect observed in HG conditions. Tugl
OE, however, prevented HG-induced increases in mitochondrial
ROS and apoptosis (Figure 3, D and E). We also observed that
Tugl KD led to repressed complex I and III activity, whereas
Tugl OE in HG conditions restored complex activity to NG lev-
els (Figure 3, F and G). We found that changes in complex I and
III activity were not due to changes in protein expression levels
of these complexes (Supplemental Figure 5A). No changes were
observed in complex II or IV activity (Supplemental Figure 5, B

and C). Importantly, Tugl KD led to reduced ATP levels, similar
to what was observed in HG conditions, whereas Tugl OE res-
cued the HG effect on ATP levels (Figure 3, H). Finally, Tugl KD
led to a reduction in both basal and maximal oxygen consump-
tion rates (OCRs), whereas Tugl OE in HG conditions dramati-
cally increased basal and maximal OCRs (Figure 3, I-K). To test
whether Tugl-mediated changes in mitochondrial function are
linked to PGC-1a, we knocked down PGC-1a in cultured podo-
cytes and found that PGC-1a KD led to significant reductions in
complex I and III activity in NG conditions, mimicking HG and
Tugl-KD conditions (Supplemental Figure 5, D, E, and G). Con-
sistent with these findings, transient OE of PGC-1a in Tugl-KD
podocytes rescued Tugl-mediated reductions in basal OCR lev-
els (Supplemental Figure 5, F and H).

Finally, to test whether PGC-1o.is necessary to mediate the effect
of Tugl on HG-induced podocyte injury, we performed siRNA loss-
of-function experiments targeting PGC-1a levels in TugI-OE cells
cultured in HG conditions. We found that PGC-1a KD partially abol-
ished the Tugl-mediated protection against HG-induced podocyte
injury (Supplemental Figure 6A). Conversely, OE of PGC-1a alone in
podocytes prevented HG-induced apoptosis compared with controls
(Supplemental Figure 6B). Taken together, these data suggest that
the Tugl /PGC-1a axis is important for the prevention of HG-induced
apoptosis in podocytes.

To confirm these observations in vivo, we analyzed isolated
podocytes from db/db Tugl™** and db/db control mice. In line
with our in vitro results, qPCR analysis revealed an increase in
Ppargcla mRNA levels in both nondiabetic and diabetic Tugl
mice compared with levels in controls (Figure 4A). RNA levels
of the well-known PGC-1a targets Nrfl, Gabpa, and Esrra were
similarly elevated in nondiabetic and diabetic TugI™ mice
compared with levels detected in controls (Supplemental Fig-
ure 7, A-C). Tugl OE in nondiabetic and diabetic mice led to
increases in total mitochondrial content and elevated ATP lev-
els compared with controls (Figure 4, B and C). Podocytes from
nondiabetic and diabetic Tugl™% exhibited an increase in bas-
al and maximal OCRs compared with that detected in controls
(Figure 4, D-F). Finally, mitochondria were more elongated
and the mitochondrial aspect ratio, a measure of mitochondri-
al fragmentation, was significantly improved in db/db Tugl™%
mice compared with controls (Supplemental Figure 8, A and B).
Taken together, these results demonstrate that Tugl expression
plays an important role in mitochondrial bioenergetics via its
regulatory effect on PGC-1a expression.

Tugl binds to an upstream PGC-la enhancer element. We were
interested in determining how Tugl interacts with PGC-la. We
used the genome-wide chromatin isolation by RNA purification-
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sequencing (ChIRP-seq) assay to map Tugl-binding sites genome
wide in mouse podocytes (30). We designed 44 biotinylated Tugl
oligonucleotides spanning the entire length of Tugl exons and pre-
pared chromatin from cultured mouse podocytes. We confirmed
a significant recovery of Tugl RNA in Tugl-pulldown samples
and did not observe recovery of LacZ RNA or nonspecific Gapdh
mRNA (Figure 5A). Peak calling by model-based analysis for ChIP-
seq (MACS) revealed approximately 3,000 putative Tugl-binding
sites genome wide (31). Localization of TugI-binding sites revealed
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V-FITC* cells. (F and G) Measurement of com-
plex | and Ill activity in mitochondria isolated
from cultured podocytes. (H) Relative ATP lev-
els in podocytes, normalized to total protein
content. (I-K) Mitochondrial OCR analysis of
cultured podocytes using the Seahorse XF24
Bioanalyzer device. Oligomycin (2 uM), FCCP
(2 uM), and rotenone (0.5 uM)/antimycin A
(0.5 uM) were added at the times indicated by
dashed lines. Basal and maximal respirato-
ry rates of podocytes were determined by
calculating the AUC. Cell culture experiments
were repeated at least 3 times. *P < 0.05,
**P < 0.01, and ***P < 0.001, by 1-way
ANOVA, followed by Tukey’s post-hoc analy-
sis. Data are expressed as the mean + SEM.
mOD, milli optical density.

enrichment in intergenic and repetitive regions with an average
size of 300 to 500 bp in length (Figure 5B). DNA motif analysis
of Tugl-binding sites revealed 3 significantly enriched motifs with
similar characteristics: the top 2 motifs consisted of AG-purine
stretches (e-value: 3.69e-115, e-value: 3.9¢e-79), and the third con-
sisted of a stretch of adenines (Figure 5C). GO analysis of genes
proximal and distal to TugI-binding sites demonstrated enrichment
in processes related to cellular metabolism, biosynthetic processes,
glucose transport, and response to insulin signaling (Figure 5D).
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and (F) maximal mitochondrial OCR rates compared with controls. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by 1-way ANOVA, followed by

Tukey’s post-hoc analysis. Data are expressed as the mean + SEM.

We next focused on a MACS peak approximately 400 kb
upstream of the Ppargcla transcription start site (TSS) (Figure
5E). Subsequent sequence analysis revealed that this stretch of
DNA consisted of the predicted AG repeats. We classified this
segment as a putative Tugl-binding element (TBE) and cloned
this element into a Ppargcla gene promoter-luciferase reporter
construct to test whether this element could enhance Ppargcla
promoter activity. We cloned the elements in forward or reverse
directions downstream of the promoter-luciferase cassette to
mimic the potential enhancer activity (Figure 6A, left panel).
The TBE elements alone did not elicit any changes in lucifer-
ase activity. However, when these elements were included on
constructs harboring the Ppargcla promoter (2 kb upstream of
the TSS), we observed a robust induction of luciferase reporter
activity compared with the reporter activity observed with the
Ppargcla promoter alone. To confirm that Tugl is necessary for
the increased promoter activity, we used Tugl-KD podocytes and
observed greatly reduced luciferase reporter activity in Tugl-KD
cells (Figure 6A, right panel). Finally, to verify the veracity of the
TBE to mediate the effect of Tugl on Ppargcla RNA, we target-
ed the TBE sequence in podocyte genomic DNA using CRISPR/
Cas9 gene-editing techniques (Figure 6B). We generated 29
clones, 3 of which demonstrated dramatic reductions in Ppargcla
mRNA levels (Figure 6C). Together, these data illustrate that a
TBE approximately 400 kb upstream of the Ppargcla promoter
can regulate PGC-1o expression.

Tugl interacts with an arginine/serine-rich region of the C-terminal
domain of PGC-la. The identification of a unique TBE upstream of
PGC-lo led us to investigate how the interaction between the TBE
and Tugl could regulate PGC-1a expression. We sought to deter-
mine whether Tugl, by binding to the TBE, could recruit PGC-1a
protein to its own promoter, since it is known that PGC-1a enhanc-
es its own transcription via an autoregulatory loop (13, 22, 23) (Fig-
ure 7A). This idea was supported on the basis of the existence of
2 elements within the C-terminal domain (CTD) of PGC-1a, an
RNA recognition motif (RRM), and an arginine/serine-rich (R/S)
region, both of which are known to interact with RNA (32, 33). Bio-
informatics analysis predicted that the CTD of PGC-1a could form
potentially strong interactions with Tugl (Figure 7B).

To experimentally validate this prediction, we performed RNA
IP using biotinylated sense and antisense Tugl RNA mixed with
nuclear extracts from cultured podocytes. Immunoblot analysis for
PGC-la revealed that sense, but not antisense, Tugl interacts with
PGC-1a (Figure 7C). We confirmed this result by performing the
reciprocal IP using a biotin-conjugated PGC-1a antibody and mea-
suring RNA transcript levels of Tugl in PGC-1a-pulldown samples
compared with IgG controls (Figure 7D). Furthermore, this inter-
action was visualized in cultured podocytes using combined FISH
against Tugl and immunofluorescence against PGC-la (Supple-
mental Figure 9). Consistent with these observations, exogenous
OE and pulldown of a Flag-tagged WT PGC-1a construct or a Flag-
tagged construct harboring a CTD deletion (Flag-PGC-10-ACTD)
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Figure 5. ChIRP-seq analysis reveals genome-wide binding sites for Tug1, including a TBE upstream of the Ppargc1a promoter. (A) Biotinylated Tug?
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in HEK293T cells revealed that the CTD of PGC-1la is necessary
for PGC-1u binding to Tugl (Figure 7E). Next, we generated sev-
eral glutathione S-transferase-tagged (GST-tagged) deletion con-
structs of the CTD of PGC-1a, along with GST-R/S or GST-RRM
alone, to test which motifis necessary to mediate the Tugl-PGC-1a
interaction (Figure 7F and Supplemental Figure 10). We observed
that GST-PGC-10-ACTD was unable to bind Tugl compared with
pulldown with a GST-WT-PGC-1a construct. GST-ARRM resulted
in only a modest attenuation of Tugl binding, while GST-PGClo-
AR/S and GST-PGClo-AR/SARRM failed to bind to Tugl, imply-
ing that the R/S domain is necessary for the Tugl-PGC-1a inter-
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action. In support of this notion, GST-R/S alone revealed robust
binding to Tugl, whereas GST-RRM alone did not bind to Tugl
RNA (Figure 7G). ChIP of PGC-1u protein, followed by qPCR anal-
ysis, revealed substantial enrichment of the TBE element in Tugl
WT podocytes. In contrast, this enrichment was attenuated in
Tugl-KD podocytes (Figure 7H). No enrichment was observed in
an intergenic region located at the midpoint between the TBE and
the PGC-1a TSS. ChIP-qPCR using primers against the promoter
region of Ppargcla itself and Pdk4, a well-described PGC-1a target,
revealed a similar pattern of Tugl regulation (Figure 7H). This pat-
tern of PGC-1a binding was conserved for some (Pparg and Esrra)
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Figure 6. Tug1 enhances Ppargcla promoter activity via the TBE. (A) Schematic of Ppargcia promoter-luciferase constructs. Right, luciferase reporter
activity in control and Tug7-KD podocytes. Inclusion of the TBE leads to robust enhancement of promoter activity, which is significantly attenuated in
Tug1-KD cells. **P < 0.01, and ***P < 0.001, by 2-tailed Student’s t test. luc, luciferase; F, forward; R, reverse. (B) Schematic of the genomic context of
the TBE. The highlighted sequences refer to the sense strand of the TBE. The GA-repeat motif is located in the antisense strand. Genomic coordinates
refer to Ensembl mouse genome assembly GRCm38. Red arrows indicate the position of the sgRNAs designed to target the TBE element. gRNAs, guide
RNAs. (C) gPCR analysis of Ppargcia mRNA in control podocytes and 3 independent TBE targeted clones. Expression values normalized to Gapdh inter-
nal controls. Cell culture experiments repeated at least 3 times. Data are expressed as the mean + SEM. Ctrl, control.

but not all of the PGC-1a target genes analyzed (Supplemental
Figure 11). Taken together, these findings clearly indicate that
Tugl binds directly to an R/S-rich region of the CTD of PGC-1a,
thereby regulating its activity.

Discussion

Here, we describe what we believe to be a previously unrecognized
regulatory role of the Tugl/PGC-1a axis in the progression of DN.
Our findings suggest that Tugl, a IncRNA, positively regulates
Ppargcla gene transcription and its target genes in podocytes. We
also provide evidence indicating that Tugl binds to an R/S-rich
region of the CTD of PGC-1a. The binding of PGC-1a to the TBE
helps to enhance Ppargcla transcription.

PGC-la is a well-characterized transcriptional coactivator
that plays an integral role in maintaining energy homeostasis
and mitochondrial biogenesis in response to a myriad of nutrient
and hormonal signals (34, 35). While it is well established that
PGC-1a expression levels and activity are regulated by a num-
ber of transcriptional and posttranscriptional mechanisms, the
role of IncRNAs in PGC-1a regulation was largely unknown. This
study unexpectedly uncovered an additional layer of complexity
of PGC-1a regulation through its interaction with Tugl. Our data
suggest that the interaction between PGC-la and Tugl leads to
enhanced Ppargcla RNA expression, increased mitochondrial con-
tent, enhanced mitochondrial respiration, increased cellular ATP
levels, and reduced mitochondrial ROS. Moreover, and through
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Figure 7. Tug1 and PGC-10 directly interact to enhance Ppargcla mRNA levels. (A) Proposed model for the Tug? mediated enhancement of Ppargcia
transcription. (B) Prediction of interaction propensity between the CTD and full length Tug? RNA. Positive interaction score predicts increased propensity
of binding. Control interaction plot (bottom panel) depicts experimentally validated interaction between the IncRNA Xist and its binding partner SRSF1.
Positive Interaction Score indicates predicted binding. (C) Western blot (WB) analysis of podocyte nuclear extract incubated with sense or antisense
biotinylated Tug7 demonstrating PGC-1a interaction with sense Tug? RNA. (D) Western blot analysis confirming IP of endogenous PGC-1a from podocytes.
qPCR analysis for Tug? RNA in PGC-1a or IgG immunoprecipitated extracts. (E) gPCR analysis of RNA isolated from IP with Flag antibody from HEK293T
cells transfected with Flag-tagged WT or the CTD deletion mutant (ACTD) PGC-1a. (F) Diagram of the GST PGC-1o. variants used in domain mapping. (G)
gPCR analysis of in vitro binding reactions using in vitro-transcribed Tug? RNA or a luciferase RNA control incubated with the fusion protein constructs
described in F. Agarose gel of qPCR products of Tug7 and luciferase. (H) Left: ChIP-gPCR analysis of PGC-1a.in control WT (Ctrl) and Tug?-KD cells at the
upstream TBE element, an intergenic region devoid of the predicted PGC-1a interaction, and the Ppargcia gene promoter (primers spanning the distal,
medial, and proximal regions of the promoter). Right: Positive control ChIP with primers designed to detect the promoter region of Pdk4. Data were
fold-enrichment normalized to IgG. Cell culture experiments were repeated at least 3 times. ***P < 0.001, by 2-tailed Student’s t test (D). RNA-protein
interaction scores were generated using catRAPID fragments software (33). ***P < 0.001, by 1-way ANOVA, followed by Tukey's post-hoc test (E). Data

are expressed as the mean + SEM.

a series of biochemical studies, we found that the R/S domain is
necessary for the binding of Tugl to PGC-1a. Our results are not
entirely surprising, since it has been previously shown that PGC-
1a, through its R/S and RRM domains, can interact with several
members of the transcriptional initiation, elongation, and splicing
complexes to modulate and enhance the expression of its target
genes (36, 37). However, it was unknown whether IncRNAs can
bind to these domains and, importantly, what the functional con-
sequences of such interactions are. We propose that Tugl might
be important in the autoregulatory action of PGC-1a by acting as
a bridge between TBE, on the one hand, and the R/S domain of
PGC-1a, on the other hand, to recruit PGC-1a to its own promoter,
thereby enhancing its transcription.

Our laboratory and others have recently characterized the role
of mitochondrial dysfunction in the progression of DN. Our results
reinforce the importance of mitochondria as one of the key compo-
nents of this complex and a major part of the multifactorial compli-
cations of diabetes (9, 10, 38, 39). This study underscores previous
observations by our group and others that improving mitochondrial
function, by targeting mitochondrial dynamics, activity, or numbers,
is renoprotective in different models of kidney injury, including DN
(12, 40-48). We provide evidence that PGC-1o. is a mechanistic tar-
get of Tugl in podocytes in the kidney, through which Tugl regulates
mitochondrial bioenergetics. We demonstrate that the inhibition
of Tugl alone, even in NG conditions, is sufficient to drive marked
reductions in PGC-1a expression, whereas OE of Tugl in HG condi-
tions overcomes these events, resulting in significant improvements
in several key elements of mitochondrial bioenergetics.

Perturbation of IncRNA expression in vivo, either by gain- or
loss-of-function mutations, has begun to provide some insight into
IncRNA function (49-52). However, there are only a limited num-
ber of mechanistic studies on the functions of IncRNAs in human
pathologies, and there are no studies examining the functional role
of IncRNAs in the kidney. In this regard, we believe our findings are
important for the further understanding of the effect of IncRNA
dysregulation in complex diseases such as DN in vivo. Ultimately,
our data indicate that OE of Tugl in podocytes in vivo mitigates the
severity of several key parameters related to the progression of DN.

Recently, ChIRP-seq and similar approaches have been
used to demonstrate that IncRNAs are able to physically bind
DNA in a genome-wide fashion, partly through the presence
of AG-purine-rich stretches acting as putative IncRNA-binding
motifs (30, 53). In our own ChIRP-seq analysis, we found that

the 2 most significantly enriched motifs within Tugl-binding
sites resembled these motifs (Figure 5B). The functional con-
sequences underlying this physical interaction are still rela-
tively unexplored. However, in this study, we propose that the
Tugl-binding site (TBE) serves as a genomic tether for Tugl,
whereby Tugl is able to bind and contribute to increased enrich-
ment of PGC-la at its own promoter. This finding is in line with
several emerging lines of evidence suggesting that the interplay
between IncRNAs and transcriptional coactivators constitutes
an integral aspect of both their biological activities (54-57).

Interestingly, the biological activities of IncRNAs are also dic-
tated in part by their localization in the cell (58, 59). Consistent
with previously published data, our findings suggest that Tugl
localizes to both the cytoplasm and the nucleus. While we have
focused on the role of Tugl in the nucleus in this study, it has been
previously shown that cytoplasmic Tugl could act as a competi-
tive endogenous RNA (ceRNA) for certain miRs (60, 61), as well
as play a role in the translational stability of mRNAs (62). Further
studies are needed to unravel the cytoplasmic function of Tugl in
podocytes and the interplay between cytoplasmic versus nuclear
Tugl in regulating mitochondrial bioenergetics. Moreover, further
studies are needed to determine how Tugl is regulated in podo-
cytes exposed to an HG milieu.

In conclusion, our study indicates that Tugl interacts with
PGC-1a at its promoter, resulting in elevated Ppargcla tran-
scriptional output. This model predicts that a decrease in Tugl
in the diabetic milieu would decrease PGC-la expression,
resulting in decreased expression of downstream PGC-1a tar-
gets involved in regulating mitochondrial bioenergetics. The
fact that PGC-1a can be targeted by n IncRNA also opens new
possibilities for potential genetic and pharmacological inter-
ventions to improve mitochondrial dysfunction in micro- and
macrovascular complications of diabetes. Finally, this study
provides further evidence for an important regulatory crosstalk
between IncRNAs and mitochondria that could have broader
relevance beyond the pathogenesis of DN.

Methods

Tissue culture. Conditionally immortalized mouse podocytes, cultured
as previously described, were a gift of Jochen Reiser (Department of
Medicine, Rush University Medical Center, Chicago, Illinois, USA)
(38). Briefly, cells were cultured on BD BioCoat Collagen I plates (BD
Biosciences) at 33°C in the presence of 20 U/ml mouse recombinant
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IFN-y (Sigma-Aldrich) to enhance expression of a thermosensitive
T antigen. To induce differentiation, podocytes were maintained at
37°C without IFN-y for 10 to 12 days. Podocytes prepared for exper-
iments involving HG (25 mM) conditions were serum deprived for
24 hours prior to addition of HG. Likewise, control cells were serum
deprived and cultured with NG (5 mM). Cell culture experiments were
repeated at least 3 independent times. C2C12 (myoblast) and AML12
(hepatocyte) cell lines were obtained from ATCC.

Animal studies. Diabetic mice (db/db) and their control litter-
mates (db/m) were obtained from The Jackson Laboratory (strain
BKS.Cg-Dock7™/* Lepr®7). All mice used in the experiments were
male. The ages of the mice are reported in the figure legends or fig-
ure panels. Mice used for the experiments were 24 weeks old, unless
otherwise specified. No animals were excluded from the studies
performed. All animals were maintained on a normal chow diet and
housed in a room with a 12-hour light/12-hour dark cycle and an
ambient temperature of 22°C.

Transgenic mice. The 4,716-bp Tugl-c isoform ¢cDNA was PCR
amplified from the IMAGE cDNA (clone ID 4223183; Thermo Fisher
Scientific) and cloned into a modified mammalian expression vector,
PRKS5 (63). Two oligonucleotides with aptamer S1, meant to mimic
biotin and intended to retrieve transgenic Tugl (64), were synthe-
sized, annealed, and subcloned into the 3" end of the Tugl gene. The
2.5-kb human podocin promoter (hp2.5) was added to the 5’ end of
the Tugl gene, and the expression cassette was subcloned into a
T2-Adapt8 transgenic vector harboring 2 copies of the HS4 insula-
tor at both ends. The Ascl-linearized Tugl expression cassette was
injected into C57BL/6] blastocysts at the Genetically Engineered
Mouse Core at Baylor College of Medicine (http://www.bcm.edu/
research/advanced-technology-core-labs/lab-listing /genetically-en-
gineered-mouse/home.htm).

CRISPR/Cas9-mediated targeting. The double-nickase/CRISPR
technique was used to generate stable clones with KD of Tugl in cul-
tured podocytes. All guide RNAs were designed against sequences
obtained from the mouse genome. Specifically, paired sgRNAs target-
ing the Tugl upstream 250-bp promoter region or exon 3 (sg-1a/1b or
sg-2a/2b; see Supplemental materials for the targeting sequence) were
cloned into pX334 (Addgene) (65). These sgRNAs were also cloned into
the 4-sgRNA-based multiplex system (Addgene) (66) for Tugl KD or
OE (see Supplemental Figure 3B for the construct design). To mutate
(or delete) the TBE at the genomic level, 4 sgRNAs targeting different
sites of the TBE gene were cloned into the aforementioned multiplex
system. All constructs were sequence verified before transient trans-
fection into undifferentiated podocytes using Lipofectamine 2000
(Thermo Fisher Scientific). Puromycin-resistant colonies were picked
and analyzed for Tugl or Ppargcla expression levels by quantitative
real time-PCR (qQRT-PCR).

RNA IP. The RNA IP (RIP) protocol was performed as previous-
ly described, with minor modifications (64, 67). To prepare the total
cell lysate, podocytes at a concentration of 2 x 10° cells/ml were cross-
linked with 0.37% formaldehyde and lysed in 1 ml RIP lysis buffer
(150 mM NaCl, 10 mM HEPES, pH 7.4, 3 mM MgCl,, 10% glycerol, 1%
NP-40, 2 mM DTT, 1 mM PMSF, 1x protease inhibitor cocktail [Sigma-
Aldrich], and RNase inhibitor [New England BioLabs Inc.]) on ice for 10
minutes, and total cell lysate was obtained by centrifugation at 17,950
g for 15 minutes. To prepare the nuclear lysate, podocyte pellets were
incubated with 2 packed cell volume (PCV) of cold hypotonic buffer
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(10 mM HEPES, pH 7.4, 100 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA,
1 mM PMSF, and 1x protease inhibitors cocktail) and subjected to
dounce homogenization for complete (>95%) cell lysis. After centrif-
ugation at 3,000 xg for 10 minutes, the pellets were incubated with
2 PCV NETN buffer (50 mM Tris-HCI, pH 7.4, 170 mM NaCl, 1 mM
EDTA, 0.5% NP-40, 1 mM PMSF, and 1x protease inhibitors cock-
tail) for sonication (30 seconds on, 59 seconds off, 15 times). Nuclear
lysate was collected from the supernatant after ultracentrifugation at
200,000 xg for 20 minutes at 4°C. For endogenous RIP assay using
antibodies, biotin-labeled anti-PGC-lo. (NBP1-04676B; Novus) or
normal rabbit IgG (sc-2027; Santa Cruz Biotechnology Inc.) was incu-
bated with total lysate at 4°C overnight, then Streptavidin Dynabeads
M-280 (Thermo Fischer Scientific) were added and incubated for 2
hours. The beads were washed 5 times with 1 ml RIP wash buffer (50
mM HEPES, pH 7.4, 400 mM Nacl, 0.1% Triton X-100, 10% glycerol,
2% NP-40,1 mM EDTA, 1 mM PMSF, and 1 mM DTT). Protein-RNA
complexes were eluted and treated with proteinase K at 45°C for 45
minutes. RNA samples were extracted with TRIzol, purified with a
PureLink RNA Mini Kit (Thermo Fischer Scientific), and detected by
qRT-PCR. Fold enrichment was calculated from an RIP-qRT-PCR
data analysis calculation shell (Sigma-Aldrich).

ChIRP. ChIRP experiments were performed using a previ-
ously described protocol (30). A total of 44 antisense oligonu-
cleotide biotinylated probes against Tugl (1 probe per 100 bp RNA
length) were designed using the Biosearch Technologies Stellaris
FISH Probes online probe designer (singlemoleculefish.com). LacZ-
specific probes were used as negative controls (See the Supplemental
Table 1 for the probe sequences) (68). Briefly, 2 x 107 podocytes were
cross-linked by incubating with 1% glutaraldehyde for 10 minutes at
room temperature and then lysed in lysis buffer (50 mM Tris-HCI,
pH 7.0, 10 mM EDTA, 1% SDS, protease inhibitors cocktail, PMSF,
and RNase inhibitor). The lysate was sonicated for 2 hours at 4°C
with a Bioruptor (UCD-200; Diagenode) and incubated with bioti-
nylated probes in hybridization buffer (750 mM NaCl, 1% SDS,
50 mM Tris-HCl, pH 7.0, 1 mM EDTA, 15% formamide, protease
inhibitors cocktail, PMSF, and RNase inhibitor) for 4 hours at 37°C.
RNA-chromatin complexes were recovered by incubation with
MyOne Streptavidin C1 Dynabeads (Thermo Fischer Scientific),
and bead-associated RNA and DNA were purified and analyzed by
qRT-PCR and qPCR, respectively.

Mitochondria functional assays. Mitochondria were isolated from
podocytes (cultured or freshly isolated from mouse kidneys) using
the Mitochondria Isolation Kit (Pierce Biotechnology, Thermo Fish-
er Scientific). Mitochondria were assayed for complex activities, ATP
production, oxygen consumption, or mitochondria DNA copy number
(see Supplemental Methods for details). A fraction of the mitochondria
was also subjected to protein extraction and SDS-PAGE, followed by
immunoblots of different complex subunits, using the Total OXPHOS
Rodent WB Antibody Cocktail (ab110433; Abcam).

ChIRP-seq. ChIRP DNA (10 ng) was prepared for Illumina
sequencing as follows: 1) DNA samples were blunt ended with T4
DNA polymerase and Klenow polymerase (New England BioLabs
Inc.); 2) a dA base was added to the 3’ end of each strand by Klenow
(exo minus) polymerase; 3) Illumina’s genomic adapters were ligated
to the DNA fragments; 4) PCR amplification was performed to enrich
ligated fragments; 5) after electrophoresis, products of approximately
200 to 400 bp were cut out from the gel and purified with a QIAquick
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Gel Extraction Kit (QIAGEN). Completed library yields were quanti-
fied by the Agilent 2100 Bioanalyzer. The libraries were denatured
with 0.1 M NaOH to generate single-stranded DNA molecules, cap-
tured on an Illumina flow cell, and amplified in situ. The libraries were
then sequenced on the Illumina HiSeq 2000 following the Illumina
TruSeq Rapid SBS Kit protocol.

Statistics. Group data are expressed as the mean + SEM. Compari-
sons of multiple groups were performed using 1-way ANOVA followed
by Tukey’s multiple comparisons test. Comparisons between 2 groups
were performed using the Student’s ¢ test. All tests were 2-tailed, with a
Pvalue of less than 0.05 considered statistically significant. Tests were
performed with GraphPad Prism, version 6.0b (GraphPad Software).

Study approval. All animal studies were performed in accordance
with NIH guidelines and were approved by the IACUC of the Institute
of Biosciences and Technology of Texas A&M University Health Sci-
ence Center (Houston, Texas, USA).

Accession numbers. The RNA-seq (GSE77717), ChIRP-seq (GSE77493),
and microarray (GSE77506) data discussed herein were deposited in and
are accessible through the NCBI’s Gene Expression Omnibus (GEO).
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