Huang et al. Journal of Translational Medicine (2023) 21:428 J ourna | Of
https://doi.org/10.1186/512967-023-04298-x X .
Translational Medicine

Targeting RNA-binding protein HuR e

to inhibit the progression of renal tubular
fibrosis
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Abstract

Background Upregulation of an RNA-binding protein HUR has been implicated in glomerular diseases. Herein, we
evaluated whether it is involved in renal tubular fibrosis.

Methods HuR was firstly examined in human kidney biopsy tissue with tubular disease. Second, its expression and
the effect of HUR inhibition with KH3 on tubular injury were further assessed in a mouse model induced by a unilat-
eral renal ischemia/reperfusion (IR). KH3 (50 mg kg™') was given daily via intraperitoneal injection from day 3 to 14
after IR. Last, one of HuR-targeted pathways was examined in cultured proximal tubular cells.

Results HuR significantly increases at the site of tubular injury both in progressive CKD in patients and in IR-injured
kidneys in mice, accompanied by upregulation of HUR targets that are involved in inflammation, profibrotic cytokines,
oxidative stress, proliferation, apoptosis, tubular EMT process, matrix remodeling and fibrosis in renal tubulointerstitial
fibrosis. KH3 treatment reduces the IR-induced tubular injury and fibrosis, accompanied by the remarkable ameliora-
tion in those involved pathways. A panel of mMRNA array further revealed that 519 molecules in mouse kidney follow-
ing IR injury changed their expression and 71.3% of them that are involved in 50 profibrotic pathways, were amelio-
rated when treated with KH3. In vitro, TGF(1 induced tubular HUR cytoplasmic translocation and subsequent tubular
EMT, which were abrogated by KH3 administration in cultured HK-2 cells.

Conclusions These results suggest that excessive upregulation of HUR contributes to renal tubulointerstitial fibrosis
by dysregulating genes involved in multiple profibrotic pathways and activating the TGFR1/HuR feedback circuit in
tubular cells. Inhibition of HUR may have therapeutic potential for renal tubular fibrosis.
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transition (EMT) of tubular cells [1, 3]. Current therapies
indirectly for renal fibrosis mostly focus on regulating the
renin—angiotensin system including angiotensin-convert-
ing enzyme inhibitors and angiotensin receptor blockers,
and only slow CKD progression [4]. Other therapies have
also provided moderate results, such as the endothelin-1
receptor antagonist, atrasentan or the sodium-glucose
transporter 2 inhibitor [5]. Unfortunately, though, no
effective and direct strategies exist to block or reverse
CKD and prevent ESRD.

Human antigen R (HuR), known as embryonic lethal
abnormal vision-like 1 (ELAVL1), is a ubiquitously
expressed RNA binding protein [6]. Normally, HuR
is mainly localized within the nucleus of resting cells.
Under various forms of abnormal stimuli, HuR binds
to adenine and uridine rich sequence elements (AREs)
in mRNA 3’-untranslated region (3’-UTR), transports
mRNA to cytoplasm, and protects mRNA from rapid
degradation, and thereby enhancing those targets’ gen-
eration and action [7]. It has been shown that HuR regu-
lates mRNA turnover and translation of a variety of genes
involved in immune response, inflammation, angiogen-
esis, EMT, fibrosis, and oncogenic signaling pathways in
several types of cancer [8—11]. The role of HuR in organ
fibrosis has attracted increasing attention since all above
enhanced events occurred in cancer are also mainly
involved in the development and progression of organ
fibrosis. In fact, it has been observed that cytoplasmic
HuR expression was elevated in renal glomerular epi-
thelial cells, mesangial cells and tubular cells in human
and rodent diabetic and nondiabetic nephropathy speci-
mens along with abnormal proliferation, inflammation,
EMT changes compared to normal controls [12-17].
Therefore, selective inhibition of HuR might provide us
a promising way to simultaneously and directly inhibit
multiple profibrotic pathways involved in the develop-
ment and progression of CKD.

Recently, we have discovered a series of small mol-
ecule HuR inhibitors at nM to sub-uM Ki values, which
dose-dependently inhibit the action of HuR by specially
disrupting HuR-ARE interaction [18, 19]. The lead com-
pound KH3 (MW, 430.54) exhibits superior potency in
disrupting HuR-ARE with a Ki of 0.7 uM. Of note, the
MTT-based cytotoxicity of KH3 in a panel of cell lines
revealed that KH3 at optimal dose selectively inhibited
the viability of cells such as cancer cells that had high
levels of HuR (IC50<10 uM), but had no effect on nor-
mal cell line that had low HuR (IC50=46 uM) [19]. This
unique feature of KH3 that may not affect normal cells
may place it as an ideal candidate of HuR inhibitor for
future clinical application. Importantly, therapeutic effect
of KH3 has been observed in ameliorating pathological
cardiac hypertrophy and fibrosis and renal proteinuria
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and glomerulosclerosis and preserving cardiac and
renal function in animal models [17, 20]. However, lit-
tle is known about HuR expression and the effect of HuR
inhibition in the progression of renal tubulointerstitial
fibrosis. In this study, HuR was first examined in human
kidney biopsy tissues. In addition, renal warm ischemia/
reperfusion (IR) model in mice creates severe tubular
injury, interstitial infiltration of inflammatory cells and
renal fibrosis, which presents with many similarities to
the pathophysiology of progressive renal tubulointer-
stitial disease in patients [21]. Furthermore, it has been
widely recognized that ischemic renal failure is an impor-
tant risk factor leading to the occurrence and progression
of CKD [22]. Therefore, IR-induced kidney disease model
was used in the present study to examine HuR expression
and the therapeutic potential of HuR inhibition in the
pathophysiologic pathways that focus on renal tubular
injury and fibrosis. Furthermore, the mechanisms of anti-
fibrotic action of HuR inhibition involved were further
analyzed both in vivo and in vitro in cultured renal tubu-
lar epithelia cells in the present study. Our studies further
observed upregulation of HuR in tubular and tubuloint-
erstitial cells in both CKD patients and mouse models.
Inhibition of RNA-binding protein HuR protected kid-
ney from IR-induced injury and subsequent tubulointer-
stitial fibrosis via inhibiting inflammatory response and
the majority of fibrotic pathways, suggesting that HuR-
targeted inhibitory therapeutics offer a promising novel
treatment for preventing or reversing the progression of
CKD.

Methods

Reagents

The HuR inhibitor KH3 was synthesized as previously
described [18, 19]. KH3 powder was dissolved in DMSO
at 20 mM as stock solutions for in vitro assays, or in PBS
with 5% ethanol and 5% Tween-80 for in vivo animal
studies [19]. Unless otherwise stated, all other reagents
were purchased from Sigma-Aldrich Chemical Co. (St.
Louis, MO, USA).

Study 1. In situ changes of RNA-binding protein HuR

in progressive CKD patients

To observe HuR expression in CKD patients with tubular
injury and fibrosis, human renal tissue was obtained for
tubular HuR staining from archived paraffin-embedded
biopsy material that we used for glomerular HuR staining
previously [17]. Fifteen initial renal biopsy sections were
obtained from CKD patients with advanced mesangial
proliferative IgA nephropathy (IgAN, n=3), or diabetic
nephropathy (DN, n=3), or lupus nephritis (LN, n=3),
or focal segmental glomerulosclerosis (FSGS, n=3),
or thrombotic microangiopathy (TMA, n=3) before
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receiving any treatment but developed renal tubuloint-
erstitial fibrosis. Three or four-pum-thick renal sections
were stained for PAS and HuR described later and car-
ried out as described in Study 2. The tubular HuR levels
in CKD patients besides the enhanced glomerular HuR
levels determined previously were assessed by the relative
integrated pixel density of the staining of HuR specially
in renal tubulointerstitial area determined by Image-
J (National Institutes of Health, Bethesda, Maryland,
USA), and compared with normal kidney sections (NC,
n=3) that were obtained from three different normal
part of surgically removed tumor kidneys. Use of human
material was reviewed and approved by the Institutional
Review Board (IRB) of the University of Utah.

Study 2. In vivo studies of changes and inhibition

of RNA-binding protein HuR in ischemia-
reperfusion-induced kidney injury and fibrosis in a mouse
model

Animals

Male mice (C57BL/6) at age of 10 weeks were obtained
from the Jackson Laboratory (Bar Harbor, ME, USA),
housed in standard cages with a 12 h light/dark cycle and
given water and normal diet ad libitum. Animal mainte-
nance and study procedures described herein were car-
ried out at University of Utah in accordance with Public
Health Service Policy on Use of Laboratory Animals and
approved by the Institutional Animal Care & Use Com-
mittee (IACUC) of the University of Utah.

Experimental design

All mice (n=10) at age of 12 weeks were received unilat-
eral renal ischemia—reperfusion (IR) surgery as described
previously [23]. Mice were then randomly assigned into
either vehicle-treated (n=5) or KH3-treated group
(n=5). KH3 at doses of 50 mg kg™' B.W.day ! deter-
mined previously [17] was given to treated mice daily via
intraperitoneal injection, started at 72 h (day 3) after IR
surgery when fibrotic reaction starts. Simultaneously,
the vehicle treated mice received daily intraperitoneal
injection of buffer alone. On day 14 after IR surgery, all
mice were euthanized under isoflurane anesthesia. Blood
and kidney samples were harvested in the same way as
described previously [23].

Determination of renal and liver function

Plasma BUN and creatinine (Cr) concentrations were
measured by using the QuantiChrom™ urea assay kit
and creatinine assay kit (BioAssay System, Hayward, CA,
USA). Plasma Alanine aminotransaminase (ALT) levels
indicating liver function were detected using the Heska
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Element DC Chemistry Analyzer (Heska Fuji Film Cor-
poration, Loverland, CL, USA).

Histological examination

Three-micrometer sections of paraffin-embedded kidney
tissues were stained with periodic acid-Schiff (PAS) and
Masson’s Trichrome (TRI) by the histology core facility
at University of Utah and scored in a blinded fashion with
a semi-quantitative ordinal scale as described previously
[23].

Immunofluorescent staining (IF) for HuR was per-
formed on paraffin-embedded kidney tissues as described
previously [17]. At the same time, Alexa Fluor' " 488-con-
jugated wheat germ agglutinin (WGA) (ThermoFisher
Scientific, USA) was used to counter-stain the glomeruli
and tubules to define the location of HuR-positive cells in
the kidney. DAPI-Fluoromount-G (SouthernBiotech, Bir-
mingham, AL, USA) was used to stain the nuclei DNA to
indicate cellular position of HuR. Control slides treated
with antibody diluent instead of primary antibody of
HuR showed no staining.

Immunofluorescent staining for a-smooth muscle
action (a-SMA) or CD31+4, or F4/80+ or Ki-67+ positive
cells were performed and quantified on frozen kidney
sections as described previously [23-25]. Either poly-
clonal rat anti-mouse F4/80 IgG (Bio-Rad Laboratories,
Inc., Hercules, CA, USA), or monoclonal rat anti-Ki-67
antibody, (Invitrogen) or rat anti-mouse CD31 IgG2a (BD
Biosciences, San Jose, CA, USA) served as the primary
antibody respectively. The Cy™3-conjugated goat anti-
rat IgG (Jackson ImmunoResearch Laboratories Inc.,
West Grove, PA, USA) was used as the secondary anti-
body. Control slides treated with antibody diluent instead
of primary antibody showed no staining. For immu-
nostaining of a-SMA, FITC-conjugated mouse anti-a-
SMA antibody was used directly. After staining, one drop
of DAPI-Fluoromount-G (SouthernBiotech) was applied
on the section to counter-stain the nuclei DNA. Ten ran-
dom fields from each section were analyzed under 200x
magnification. Digital morphometric measurement of
F4/80+, or Ki-67+, or CD31+-positive cells or a-SMA
positive staining was quantified separately using Image-
J (National Institutes of Health, Bethesda, Maryland,
USA).

Western blot measurement

Kidney protein from each animal of each group was iso-
lated, pooled at equal amount to represent the individual
group and then immunoblotted on immobilon-P trans-
fer membranes (ThermoFisher Scientific) as described
previously [17, 23]. Proteins of HuR, a-SMA, fibronec-
tin (FN), E-cadherin, N-cadherin, vimentin transform-
ing growth factor-81 (TGFf31), PAI-1, nuclear factor x-B
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p65 unite (NF-kB-p65), NADPH oxidase gp91P"™* (Nox2)
and its cofactor, p47P"°%, Nox4, phosphorylated and total
ERK1/2 and GAPDH were assessed on the blots. The
antibody information and analysis of the immunostaining
bands were described previously [17, 23, 24, 26, 27]. All
blots were run at least three times.

The resources and working dilution fold of the primary
and secondary antibodies used for immunofluorescent
staining and western blot measurement in detail were
listed in the Additional file 1: Table S1 (Part I and Part II).

RNA isolation and real-time RT-PCR assay

Total RNA from kidney tissue of each mouse was
extracted using TRIzol reagent (ThermoFisher Scien-
tific). Real-time RT-PCR was performed using the super-
script III first-strand synthesis kit, the power SYBR green
PCR master mix (ThermoFisher Scientific) and the ABI
7900 Sequence Detection System (Applied Biosystems)
as described previously [17, 23, 24]. Samples were run
as triplicates in separate tubes to permit quantification
of the target gene normalized to GAPDH and analyzed
by 2449, The relative mRNA levels of target gene were
expressed relative to the untreated contralateral kidney
control (CTL), which was set at unity. Sequences of prim-
ers used for targeted molecules including mouse and
human molecules (as noted later) were listed in Addi-
tional file 1: Table S2.

In situ cell death detection

A FITC-labelled the enzyme terminal deoxynucleotidyl
transferase-mediated dUTP nickend labeling (TUNEL)
assay that labels the damage DNA for the detection of
apoptosis was carried out in kidney sections in situ as
described previously [23]. The apoptotic index for each
kidney was calculated as the number of TUNEL-positive
cells/100 cells from 10 arbitrarily chosen higher power
fields.

NanoString mRNA expression assay

A digitalized multiplex NanoString nCounter mouse
mRNA expression assay (NanoString Technologies, Inc.,
USA) was performed with 100 ng of pooled RNA sam-
ples isolated from contralateral kidneys or IR-injury kid-
neys treated with or without KH3 as described previously
[23]. Briefly, RNA samples were added to the codeset
duplicated and hybridized to probes at 65 °C for 16 h.
The codeset comprised of reporter and capture probes
that were hybridized with the target mRNA sequences,
establishing a tripartite complex. After incubation, the
counts for the tripartite complex representing each mole-
cule’s mRNA expression were recorded. The gene expres-
sion data was analyzed by bioinformatic core faculty by
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normalization to the mean of positive control probes and
the geometric mean of reference genes.

Study 3. In vitro studies of the effect of inhibition

of RNA-binding protein HuR on TGF1-induced renal
tubular EMT

Cell culture

Human renal tubular epithelial cells (HK-2) were origi-
nally obtained from the American Type Culture Col-
lection (ATCC, Rockville, MD, USA) and maintained
in DMEM/F12 medium supplemented with 10% fetal
bovine serum (FBS), 100 pg/mL streptomycin and 100 U/
mL penicillin (all from Gibco, Thermo-Fisher Scientific,
Waltham, MA, USA) at 37 °C in a 5% CO, incubator.
Sub-confluent cells seeded on six-well plates were made
quiescent in serum-free DMEM/F12 medium for 24 h
before experimental studies. All cellular treatments were
carried out at University of Utah, as duplicates in sepa-
rate wells and repeated for three times.

Effect of TGF31 on cellular HuR expression and cytoplasmic
translocation

The quiescent cells were treated with recombinant
human TGEB1 (5 ng/mL, R&D System, USA), and then
collected at 0, 3, 6, 12, 24,48 h after treatment for HuR
immunocytofluorescent staining as described above.
Forty-eight-hour incubation time was then chosen as an
optimal time for TGFf31 to induce cytoplasmic transloca-
tion of HuR with or without HuR inhibitor, KH3, in cul-
tured HK2. Briefly, the quiescent cells were incubated in
serum-free medium alone, or serum-free medium with
KH3 (10 pM), or TGEB1 (5 ng/mL) or TGEP1 (5 ng/
mL) plus KH3 (10 pM). KH3-treated cells were preincu-
bated with KH3 for 30 min before adding TGEB1. Cells
were harvested after 48-h incubation for HuR staining
(described above) and measurement of mRNA of HuR
and cytoplasmic/nuclear/total cellular HuR protein pro-
duction by real-time RT-PCR and Western blotting as
described above. Differently, cytoplasmic and nuclear
protein was isolated separately by using Thermo-Scien-
tific" NE-PER™ Nuclear and Cytoplasmic Extraction
Reagents kit (ThermoFisher Scientific). A rabbit anti-His-
tone H3 antibody and a goat anti-GAPDH antibody were
used to determine the equal loading of nuclear protein
and cytoplasmic protein respectively.

Effect of KH3 on TGFB1-induced renal tubular EMT

The quiescent cells were incubated in serum-free medium
with or without TGF81(5 ng/mL) in the presence or
absence of KH3 (10 pM) for 48-h and then harvested for
analysis of mRNA and protein expression of TGFf31, PAI-
1, Nox4, EN, a-SMA, E-cadherin and N-cadherin by real-
time RT-PCR and Western blotting as described above.
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Statistical analysis

All data are expressed as mean + SD. Software Power for
sample size calculation (www.clincalc.com) was used for
in vivo study, based the results of renal tubular injury
score in a pilot study. Each group contains 5 mice and the
study has at least 95% power to detect differences larger
than 2.2 units of standard deviation between treated
and untreated groups. Statistical analyses of differences
among the groups were performed by two ways-ANOVA
and subsequent Student—-Newman—Keuls or Dunnett’s
testing for multiple comparisons. Comparisons with p
values < 0.05 were considered significantly different.

Results
Elevated renal tubular HuR is detected in progressive CKD
patients
We have taken 15 renal biopsy tissues from CKD
patients with different pathological conditions. As
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per our previous report, glomerular HuR staining
has been significantly elevated in all the diseased glo-
meruli in comparison to normal glomeruli [17]. Here,
PAS-stained kidney sections showed a certain extent of
tubular injury and interstitial fibrosis (Fig. 1a). Notably,
IF staining using anti-HuR antibody revealed that tub-
ulointerstitial HuR (red) was increased and the cyto-
plasmic shift of HuR in tubular cells was also able to be
observed in those patients with advanced either IgAN,
or DN, or LN, or FSGS, or TMA (Fig. 1b and enlarged
photos with cytoplasm staining for HuR). The staining
levels of total tubular HuR in diseased kidneys quanti-
fied by Image-] were evidently augmented compared
to normal kidneys (Fig. 1c). Further evaluation of HuR
staining and analysis in a large number of CKD patients
is needed. Nonetheless, our results showed the over-
expression of renal HuR which might be correlated as a
key feature of progressive CKD in humans.

HuR/DAPI

Fig. 1 Renal tubulointerstitial HuR expression was elevated in progressive CKD patients. a, b. Representative microphotographs stained for PAS
(a) from kidney biopsy tissue of patients with progressive IgA nephropathy (IgAN, n=3), or diabetic nephropathy (DN, n=3), or lupus nephritis
(LN, n=3), or focal segmental glomerulosclerosis (FSGS, n=3), or thrombotic microangiopathy (TMA, n=3) (x400 magnification) and their
immunofluorescent stained for HuR (red) and DAPI (blue) (b), compared with normal kidneys (NC, n=3). Tubular cytoplasm staining for HuR was
clearly seen in the enlarged photos. Scale bars for HuR staining photos represent 50 um. ¢ Relative integrated pixel density of the staining of HUR
specially in renal tubulointerstitial area, as quantified by image-J. *P <0.05 vs. normal kidney (NC)
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Elevated HuR is observed in IR-injured kidneys in a mouse
model

As shown in Fig. 2a, HuR protein (stained red) was pre-
dominantly localized within the nucleus of all tubular
cells and its staining intensity was weak in the kidney
cells without IR injury (CTL). There was no cytoplas-
mic staining of HuR was observed in tubular cells of the
CTL kidneys. In contrast, HuR staining intensity was
markedly increased in the nucleus in tubular and tubu-
lointerstitial cells and the cytoplasmic staining for HuR

DAPI HuR
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HuR/DAPI/WGA
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was able to be observed in many of these cells in the IR-
injured mouse kidneys (as arrows indicated). Treatment
with KH3, both the number of cells in the tubulointersti-
tial area and the staining intensity of HuR were reduced
compared with those untreated disease controls. No sig-
nificant changes in IF staining intensity and pattern for
HuR were observed in glomerular cells with or without
IR injury, which was consistent with the fact that this ani-
mal model mainly caused renal tubular injury. Consistent
with this, immunoblots detected a significant increase

CTL+KH3 IR+KH3
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Fig. 2 Treatment with KH3 reduces renal tubulointerstitial HuR staining and protein expression in the ischemia-reperfusion (IR)-injured mouse
kidney. a Representative photomicrographs of renal immunofluorescent staining for HuR (red), DAPI (blue) and wheat germ agglutinin (WGA)
(green) (x200 magnification) from the un-injured contralateral kidney (CTL) and IR-injured kidney treated without (IR) or with KH3 (CTL+KH3,
IR+KH3). Cytoplasm staining for HuR was able to be seen in IR-injured kidneys as arrows indicated. b Representative Western blots illustrated protein
expression of HUR and 3-actin in the whole kidney tissue (n=>5/each group). ¢ Quantification of the band density is shown on the right of Western
blot. Protein values are expressed relative to normal control, which was set at unity. KH3 treatment resulted in a significant reduction in renal tubular
and tubulointerstitial HuR staining and protein production levels compared with IR-injured kidneys. *P <0.05, vs. CTL; #P<0.05, vs. IR
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in HuR protein levels in renal protein extracted from IR-
injured kidneys, compared with the CTL kidneys, which
were partially decreased by treatment with KH3 (Fig. 2b,
c). These results indicate that enhanced HuR expression
is observed in kidney cells at the site of injury following
IR in a mouse model.

Safety of KH3 administration

There was no difference in daily food intake, water intake
and body weight changes between KH3-treated and
untreated IR-injured mice. None of mice had diarrhea
or peritonitis. The plasma ALT activity in KH3-treated
mice was the same as that of mice without treatment,
which was less than 10 U/L, indicating no any liver dam-
age. In addition, serum BUN and creatinine (Cr) levels
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in KH3-treated mice were significantly lower than those
in untreated mice, suggesting KH3 treatment may ame-
liorate the impaired renal function induced by IR injury
(BUN, vs KH3 treated, 26.82 +4.26 vs 17.53 +2.39 mg/dL,
P <0.05; Cr, 0.302+0.03 vs 0.191+0.02 mg/dL, P <0.05).
These results suggest that KH3 given at the proper dose is
well-tolerated with no major safety concerns in the pre-
sent mouse model, as we observed in nephritic rats [17].

Treatment with KH3 protects kidney from IR-induced

injury and fibrosis in mice

The IR-injured kidney in mice showed kidney atrophy
as evident by decreased kidney weight index (ratio of
injured-kidney weight over control, uninjured-kidney
weight) (Fig. 3a), with markedly elevated tubular injury
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Fig. 3 Treatment with KH3 ameliorates mouse renal atrophy and IR-induced tubular injury and fibrosis. a-c kidney weight (a), mRNA expression of
tubular injury markers, NGAL (b) and KIM-1 (c) (n=5/group). d Representative microscopic images showing PAS staining and Masson’s Trichrome
staining of the kidney sections used to detect tubular injury, inflammation and collagen deposition (stained blue). Magnification, x200. e-f The
graphs summarized the results of tubular injury (e) and collagen deposition (f) quantified by image-J. *P < 0.05 vs untreated mice or contralateral

kidney (CTL). *P < 0.05 vs untreated IR-injured kidney (IR)
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markers such as sustained overexpression of neutrophil
gelatinase-associated lipocalin (NGAL) and kidney injury
molecule-1 (KIM-1) mRNA (Fig. 3b, c). The latter is usu-
ally correlated with the extent of renal tubular inflam-
mation and fibrosis. In addition, the IR-injured kidney
showed extensive tubulointerstitial injury, which was
characterized by structurally disordered, necrotic renal
tubular epithelial cells, detached brush border, various
tubular casts and massive infiltration of inflammatory
cells, disappeared physical back to back position with
enlarged spaces in between, and accumulated deposition
of collagen as determined by PAS staining and Masson’s
trichrome staining (Fig. 3d-f). In contrast, treatment
with KH3 resulted in a significant reduction in the NAGL
and KIM-1 expression levels in the IR-injured kidneys
compared to untreated injured kidneys, accompanied by
drastically reduced kidney atrophy, tubular injury, and
collagen deposition. On the other hand, treatment with
KH3 had no effect on normal kidneys. These results indi-
cate that tubular damage and fibrosis following IR injury
are reduced in KH3-treated mice.

The immunofluorescent stained kidney sections for
a-SMA and its semi-quantitative analysis have been
shown in Fig. 4a, b. The IR-injured kidney sections
showed over-expression of a-SMA around renal tubular
cells, in addition to its staining normally in the vessels, as
compared to the uninjured CTL kidneys. However, KH3
treatment markedly suppressed the a-SMA expression.
This observation was further supported by Western-blot
data revealing an increased protein level of a-SMA in IR-
injured kidneys; along with increased renal protein levels
of FN, N-cadherin, and vimentin which are considered
as mesenchymal/fibrotic phenotypic markers (Fig. 4c—g).
KKH3 treatment significantly ameliorated these protein
levels (Fig. 4c—g). Consistently, elevated mRNA expres-
sion of collagen type Ial (Col-Ial), Col-1Ilal, and EN, as
fibrotic markers, determined by real time RT-PCR assay,
was further observed in the untreated and IR-injured
kidney, which was markedly reduced by KH3 treatment
(Fig. 4h—j). Together, these results revealed that KH3
treatment suggestively protects renal tissue against IR-
induced tubular EMT and fibrosis.

Treatment with KH3 attenuates HuR-targeted molecules
that are critical for renal inflammatory and fibrotic
responses following IR injury in mice

Both of TGFf31 and PAI-1, two key pro-fibrotic modula-
tors, have been identified as the HuR targets [14, 28]. As
expected, renal mRNA levels of TGFB1 and PAI-1 were
increased in IR-injured kidneys, compared with their
internal CTL un-injured kidneys (Fig. 5a, b). Consist-
ently, renal protein production of TGFf31 and PAI-1 was
much greater in IR-injured kidneys (Fig. 5{—h). However,
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both mRNA and protein levels of these two molecules
were reduced in IR-injured kidneys treated with KH3.

It has been shown that most proinflammatory tran-
scripts comprehend conserved or semiconserved AREs
in their 3'UTR of mRNA molecules [29]. Thus, enhanced
HuR may further upraise inflammatory mediators seen
in IR-injured kidney cells. We then examined renal
mRNA levels of NADPH oxidase-2 (Nox2), NF-kB-p65
and monocyte chemoattractant protein-1 (MCP-1) in
the kidney tissues of IR-injured mice. We found that
the above-mentioned markers were over-expressed in
IR-injured kidneys (Fig. 5c—e). Additionally, we found
the elevated renal protein levels of Nox2, its co-factor
p47PhoX NF-kB-p65 and Nox4 in IR-injured kidneys in
comparison to CTL kidneys, signifying substantial acti-
vation of NF-kB-mediated inflammatory pathway and
NADPH oxidases within the IR-injured kidney tissue.
Of note, KH3 treatment significantly decreased those
mediators (Fig. 5i-1). Moreover, renal phosphorylation
of ERK1/2 was found to be increased by IR-injury, which
was reduced, approaching normal levels, in KH3-treated
mice (Fig. 5f, m).

After the confirmation of substantial elevation of
inflammation and oxidative stress markers in IR-injured
kidney tissue, we found the significant accretion of mac-
rophages and inflammation in IR-injured kidneys which
was evidenced by an increase in the absolute number of
F4/80-positive macrophage cells in tubulointerstitial area
of IR-injured kidney tissues. The number of F4/80-posi-
tive cells were scant in renal vessels of CTL kidneys. Nev-
ertheless, F4/80-positive cells were markedly decreased
with KH3 treatment in IR-injured kidneys (Fig. 6a, c).
Ki-67 is a nuclear protein which assists as a cellular pro-
liferation marker [30]. In our study, we found a significant
upsurge of Ki-67-positive cells in tubulointerstitial area
in IR-injured kidney tissues. In contrast, KH3-treated
kidneys following IR injury had a much lower number of
Ki-67-positive cells (Fig. 6b, d). In total, aforementioned
data specify that inhibition of HuR with KH3 averts the
expression and function of HuR-targeted molecules
involved in IR injury-induced tubular inflammation,
oxidative stress and abnormal cell proliferation thereby
improving tubular fibrosis.

Treatment with KH3 reduces apoptosis and peritubular
capillary loss in the IR-injured kidney in mice

Extensive apoptosis of renal tubular epithelial cells is
also a pathological change of renal IR injury and was
assessed by TUNEL assay in the present mouse model.
As shown in Fig. 7a, a significant elevation in TUNEL+
cells, mainly in tubular cells (stained green) was observed
in IR-injured kidney sections, compared with the CTL
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kidneys, which was markedly reduced when treated with
KH3 (Fig. 7a, c).

Destruction of peritubular capillaries (PTC), known
as rarefaction, is believed to be one of major damages
and a key drive force of tubular fibrosis following IR
injury [31, 32]. Here, we briefly evaluated the changes

5/each group

of PTC by immunofluorescent staining using anti-cap-
illary endothelial cell marker, CD31 antibody. As shown
in Fig. 7b, d, the microvasculature in the normal kidney
cortex had normal density and architecture evident by
normal density and distribution of CD31% cell staining.
Following IR injury, the number of PTC significantly
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(blue) and analyzed using confocal microscopy. Magnification, x200. The graphs summarized the results of F4/80% (b) and Ki-67" cells (d) quantified
by image-J. *P < 0.05 vs. untreated contralateral kidney (CTL); *P <0.05 vs. untreated IR-injured kidney (IR)

decreased in the tubulointerstitial area, which was nearly
reversed by KH3 treatment. Such additional effect of
inhibition of HuR on apoptosis and peritubular capillary
re-generation also explains the reduced fibrosis seen in
KH3-treated mice with IR-induced chronic kidney injury.

Changes of profibrotic pathways involved in inhibition

of HuR in mice

As shown in Fig. 8a, a heatmap of mRNA expression,
differential mRNA expression (adjusted P<0.05) in
the IR-injured kidneys relative to their uninjured con-
tralateral kidneys (CTL) (WT-IR vs WT-CTL) for 519
genes (367 genes were up-regulated and 152 genes were
down-regulated) was clearly observed. The upregulated
367 genes include the molecules that we have observed
in their mRNA expression or protein production indi-
vidually described above and these genes encode for
fibrotic markers; EMT markers; inflammatory factors
and oxidative enzymes; growth factors and proliferation
markers, and the molecules that we did not measure
individually, for instance, caspase-4 (vs. CTL, 6.00-
fold 1, p=0.002), and — 12 (3.94-fold 1, p=3.11E-06)

and Bax (1.22-fold 1, p=0.0019) that regulate inflam-
mation and apoptosis. However, all these increased
molecules were attenuated in the KH3-treated and
IR-injured kidneys of mice (KH3-IR vs WT-IR). In this
model, downregulated genes were repeatedly observed
in this study as our previous report [23], including
SOD1 (superoxide dismutase 1) [33], Hmox1 (heme
oxygenase 1) [34] and Txnl, 2 (thioredoxin 1, 2) [35]
that belong to the antioxidant family and are associ-
ated with the enhanced oxidative stress occurred in the
IR-injured kidney. In addition, mRNA levels of Vegf-
a (vs. CTL, 0.66-fold |, p=1.69E-05), Vegf-b (0.74-
fold |, p=0.0035) and their receptor Fltl (0.71-fold |,
p =0.0018) were also reduced in the IR-injured kidneys,
which may be related to IR-induced destruction of
peritubular capillaries as observed in Fig. 8. However,
such reduction in mRNA expression of antioxidants
and modulators involved vasculature regeneration was
largely ameliorated in the KH3-treated and IR-injured
kidneys. In total, 247 of 367 upregulated genes were
reduced (total 67.3%], with adjusted P <0.05) and 123
of 152 downregulated gene were reversed to varying
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degrees (total 80.9%1, with adjusted P<0.05) in the
IR-injured kidney treated with KH3 compared to non-
treated (KH3-IR vs WT-IR). These molecules were
involved in 50 ameliorated annotated profibrotic path-
ways (shown in Fig. 8b, a heatmap of pathway scores).
Of them, the markedly upregulated 20 pathways seen in
the IR-injured kidney, are shown in Fig. 8¢, which com-
monly contribute to the development of renal fibrosis,
but were significantly ameliorated in the KH3-treated
and IR-injured kidney. Interestingly, this analysis fur-
ther revealed that renal tubular cell energy metabo-
lism (as shown in Fig. 8d), largely destroyed in the
IR-injured kidney, was persevered in the KH3-treated
and IR-injured kidney. Together, these results revealed

(See figure on next page.)

that the majority of molecules that are involved in renal
inflammation and fibrosis are inhibited directly or indi-
rectly by HuR inhibitor.

Treatment with KH3 abrogates the TGF1/HuR feedback
circuit in cultured HK-2 cells

TGE1 was elevated in the IR-injured kidney, which
was inhibited effectively by inhibition of HuR. Recently,
a few studies have shown that TGF{31 also induces HuR
cytoplasmic translocation to form a possible TGFf3/
HuR feedback loop thereby further enhancing HuR’s
function [36]. It is well established that export of HuR
to the cytoplasm is a key prerequisite for its stabiliz-
ing effects on the HuR-targeted mRNAs, although

Fig. 8 Heatmaps of differential mMRNA expression and related pathway dysregulation scores for 760 molecules in the kidney after ischemia—

reperfusion (IR) injury analyzed by the NanoString mouse nCounter Fibrosis Panel. a Differential mMRNA expression map in IR-injured kidney between
untreated (wild type, WT) and KH3-treated wild type mice(KH3) (n=5/each group) compared to uninjured contralateral kidney (CTL), generated by
using the limma software. b Dysregulation score map of 50 annotated profibrotic pathways in those kidneys generated by using nSlover™. ¢ The
top 20 upregulated profibrotic pathways and d Five down-regulated cellular energy metabolic pathways induced by IR injury, compared with the
pathway scores in uninjured contralateral kidney (CTL) are remarkably ameliorated when KH3 was given
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the mechanisms underlying HuR-nucleo-cytoplasmic regulates the fibrogenic responses in cultured human
trafficking are not completely understood yet. Here, renal tubular epithelial cells.

we investigated if inhibition of HuR was able to abro- As shown in Fig. 9, TGFf31 stimulation did not change
gate a possible TGF31/HuR feedback loop that further total cellular HuR at mRNA and protein levels in HK2
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Fig.9 TGFB1 induces cytoplasmic translocation of HuR in cultured HK2 cells, which is inhibited by KH3. a, b mRNA expression (a) and total
cellular protein production of HuR (b) in cultured HK2 cells. *P < 0.05, vs. cells without treatment. ¢ Representative photomicrographs of cellular
immunofluorescent staining for HUR (red) and DAPI (blue) (x400 magnification) from the un-treated HK2 cells (HK2), or HK2 cells treated with KH3
(HK24+KH3) or TGFB1 (KH2+TGFR1) alone or TGFR1 plus KH3 (HK2+TGFR1+KH3). Arrows indicate cytoplasmic staining of HuR. d Representative
Western blots illustrating cytoplasmic and nucleus HuR and GAPDH and histone protein expression in untreated and treated HK2 cells. e. The
graphs summarize the results of band density measurements for the ratio of cytoplasmic HuR over nucleus HuR. The ratio values are expressed
relative to untreated cells, which was set at unity. *P < 0.05, vs. untreated cells; *P < 0.05, vs. TGF1 alone treated cells
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cells (Fig. 9a, b). However, administration of TGFf31
caused remarkable HuR cytoplasmic translocation as
shown in Fig. 9c by cytoplasmic positive immunofluo-
rescent staining for HuR and increased ratio of cyto-
plasmic over nuclear HuR protein levels determined by
Western blot assay (Fig. 9d, e). Inhibition of HuR with
KH3 not only reduced baseline HuR mRNA and protein
expression but also blocked TGF{31-induced cytoplasmic
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translocation of HuR in cultured HK2 cells. Furthermore,
inhibition of HuR with KH3 reversed TGFf{}1-induced
overproduction of FN, a-SMA and N-cadherin and
TGEFR31-induced reduction of E-cadherin by HK2 cells,
representing the tubular epithelial-to-mesenchymal/
fibrotic phenotype transition (Fig. 10a—e). Moreover,
inhibition of HuR with KH3 inhibited TGFf31-induced
endogenous overexpression of TGF{31 and PAI-1 mRNAs
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Fig. 10 Treatment with KH3 abrogates TGF31-induced renal tubular cell EMT in cultured HK2 cells. a Representative Western blots illustrating FN,
a-SMA, E-cadherin, N-cadherin and GAPDH protein expression in untreated or treated HK2 cells. b—e The graphs summarize the results of band
density measurements for FN (b), a-SMA (c), E-cadherin (d) and N-cadherin (e), respectively. The protein values are expressed relative to untreated
cells, which was set at unity. *P < 0.05, vs. untreated cells; *P < 0.05, vs. TGF1 alone treated cells
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and production of PAI-1 and Nox4 in cultured HK2 cells
(Fig. 11a—e), which are involved in inflammation, EMT,
matrix remodeling and fibrosis. Specially, KH3 alone is
also able to inhibit FN but increase E-cadherin baseline
expression, which may be resulted from KH3-induced
decreases in baseline PAI-1 and Nox4 expression. Over-
all, these in vitro results revealed that inhibition of HuR
with KH3 inhibits not only cellular TGF{31’s generation
and profibrotic action but also the positive TGF31/HuR
feedback loop, which may effectively lead to reduction of
renal tubulointerstitial fibrosis in vivo.

Discussion

In the present study, we observed abnormal elevated
tubular HuR abundance and nucleocytoplasmic trans-
porting at the site of tubular injury besides glomeruli in
kidney biopsies from patients with progressive CKD. Fur-
thermore, we used the unilateral renal IR mouse model
with a typical ischemia time [37] and observed that HuR
was selectively upregulated at the site of IR-injured tubu-
lar and tubulointerstitial cells in mouse kidneys. A shift of
HuR to the cytoplasm, where it exerts its role in mRNA
stabilization, was also observed and increased there. This
finding is consistent with our and others’ previous find-
ings in diseased glomeruli and other kidney diseases,
showing that local cellular HuR is aberrantly increased
in kidney diseases in response to various forms of dam-
age/injury [12, 16, 17, 38, 39], and the kidney transcrip-
tome data that show mRNA expression levels of HuR in
kidneys from CKD patients are much higher than those
in healthy living donors (2.113-fold 1, p=0.006, www.
nephroseq.org). Although the mechanism of HuR over-
expression and enhanced cytoplasmic translocation has
not been investigated thoroughly in kidney diseases, the
concurrently elevated mRNA expression and function
of profibrotic and proinflammatory factors observed in
present and previous studies, as the putative targets of
HuR, suggest that excessive upregulation of HuR is caus-
ally linked to the onset or progression of kidney fibrosis
and might provide us with the better molecular target
to prevent or reverse kidney fibrosis. Importantly, the
HuR inhibitor, KH3, inhibits tubular HuR generation and
action and markedly attenuates IR-induced tubulointer-
stitial injury and fibrosis, further confirming a pro-injury
role of elevated HuR, as a key mediator, in kidney disease
and the therapeutic potential of inhibition of HuR for
inhibition of tubulointerstitial fibrosis and the progres-
sion of AKI to CKD.

In this study, we briefly screened the mRNA changes of
HuR targets in KH3 treated IR-injured kidneys by using
the NanoString mRNA expression, in order to under-
stand the mechanism(s) of the KH3’s action. As expected,
the putative targets of HuR involved in multiple pathways
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such as the inflammatory process, promotion of cell pro-
liferation, EMT, matrix remodeling and tissue fibrosis
that have been identified in cancer traits and CKD [28,
39] are also upregulated in IR-injured kidneys but mark-
edly ameliorated when the interaction of HuR-mRNA of
HuR targets is specifically inhibited by KH3. In addition,
we further observed that TGFf{}1 induced the transloca-
tion of nuclear HuR into the cytoplasm in renal tubular
epithelial cells as Dr. Bai et al. observed in fibroblasts
[36]. Apparently, both TGFf31 and HuR form a positive
feedback circuit to exacerbate the fibrogenic responses
in renal tubular cells besides in fibroblasts, during the
process of kidney injury. Treatment with KH3 decreased
HuR expression in both mRNA and protein levels in vivo
and in vitro in the present study, similar to our previous
report [17]. HuR abundance is known to be auto-regu-
lated by a positive-feedback loop involving HuR interac-
tion with the 3’-UTR of its own mRNA [40]. KH3 is able
to disrupt HuR for binding to HuR own 3/-UTR, thereby
reducing HuR mRNA stability, abundance and nucleo-
cytoplasmic transporting directly. Therapeutic effect of
KH3 for IR-induced kidney injury and fibrosis may result
from not only downregulation of the common pro-injury
targets of HuR, but also downregulation of HuR own
abundance, and abolishment of the TGF{$1/HuR feed-
back loop.

Additionally, we observed that inhibition of HuR with
KH3 ameliorated IR-induced tubular and tubulointersti-
tial cell apoptosis and peritubular capillary loss. IR dam-
age of tubular cells is a complex process which involves
apoptosis and regeneration at the same time. When the
renal ischemia beyond a certain point such as 35 min that
we used for the mouse model may cause irreversible kid-
ney tubular injury and the transition of AKI to CKD. This
time is named as “a point of no return” ischemia time for
mice [21]. It is why we observed extensive inflammation
and cell apoptosis at 2 weeks after IR injury, accompanied
by overexpression of caspases 4 and 12 and Bax in the IR-
injured mouse kidney. Both caspases 4 and 12 are local-
ized mainly in the cellular endoplasmic reticulum (ER)
and can be activated by all the proinflammatory agents
and ER stress inducers and mediate ER stress-induced
cell death in many cells [41, 42]. Bcl-2-associated X (Bax)
is a proapoptotic member of the Bcl-2 family that gov-
erns mitochondrial outer membrane permeabilization
to elicit apoptotic cell death [43]. Overexpression of cas-
pases 4 and 12 and Bax is likely associated with increased
apoptotic and necrotic cell death as observed in the IR-
injured mouse kidney in this study. It is yet unknown
whether caspases 4 and 12 and Bax are the direct HuR
targets. However, that inhibition of HuR-mRNA interac-
tion with KH3 downregulates targeted proinflammatory
factors and ER-stress inducers should suppress caspase/
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Bax-mediated apoptotic cell death. This possible anti-
apoptotic role of HuR inhibition is consistent with the
role of HuR in promoting cell death observed in HeLa
cells under persistent stress beyond repair such as a lethal
stress [44], but conflicted with the role of HuR observed
in renal tubule cells during energy depletion [15]. Many
researchers have focused on understanding the proap-
optotic or anti-apoptotic role of HuR. Indeed, HuR may
function differently by targeting different targets during
the two characteristic steps of the cell stress response.
First, it participates in processes that activate pro-survival
pathways to facilitate cell recovery. Then, if the stress
becomes persistent, HuR promotes cell death via the cas-
pase pathway [44, 45]. Our group also observed similar
dual effects of HuR in apoptosis depending on the nature
of stimuli applied in cancer cells (unpublished data). The
proapoptotic effect of HuR revealed by the present study
may result from IR-induced persistent lethal damage and
stress to renal tubule cells. However, the cellular mecha-
nism by which HuR promotes apoptosis in the progres-
sion of CKD needs to be further delineated.

Destruction of peritubular capillaries (PTC) is believed
to be one of major damages and a key drive force of tubu-
lar fibrosis following IR injury due to exacerbated defi-
ciency of oxygen/nutrient supply to capillary cells [31,
32]. To maintain the integrity of PTC is mainly related to
several pro-angiogenetic modulators besides inhibition of
capillary cell apoptosis after damage. We observed down-
regulated modulators involved vasculature regeneration
such Vegf-a, Vegf-b and their receptor Fltl in IR-injured
kidneys but largely improved expression in KH3-treated
IR-injured kidneys. The improved expression of Vegf
and Vegf receptor likely contributes to ameliorated PTC
regeneration in this model. However, this effect is con-
flicted with the role of HuR involved in renal angiogen-
esis in tumor environment and diabetic nephropathy,
where HuR and AUF1 bind to Vegf-a-ARE promoting
angiogenesis under both normoxic and hypoxic condi-
tions [16, 46—48]. These discrepancies suggest that the
overall effect of HuR-regulated vasculature regeneration
in kidney tissue may vary in different situations. More
efforts are needed to clarify the detailed role of HuR in
the capillary regeneration of progressive CKD.

Energy depletion is a critical factor in the transi-
tion of renal AKI to CKD, even CKD to ESRD [49].
Although we did not measure renal ATP levels after IR
injury in untreated mice, our brief observation using
the NanoString gene expression in this model provides
the first evidence that the enhanced HuR function may
be involved in regulation of molecules that contribute to
renal tubular cell mitochondrial energy metabolism such
as mitochondrial fatty acid oxidation and lipotoxicity in
kidney diseases. Inhibition of HuR likely prevents cellular
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energy disorder thereby ameliorating cellular apopto-
sis and kidney fibrosis. Such new possible paradigm
of dysregulation of HuR-targeted and energy metabo-
lism-related molecules has not been identified yet and
deserves further investigation.

Conclusions

In summary, accumulated evidence indicates that local
cellular HuR is aberrantly increased in the kidney in
response to various forms of damage/injury. The pre-
sent study further demonstrates that HuR significantly
increases at the site of tubular injury both in progres-
sive CKD in patients and in IR-injured kidneys in mice,
accompanied by upregulation of HuR targets that are
involved in inflammation, profibrotic cytokines, oxida-
tive stress, proliferation, apoptosis, tubular EMT process
and matrix remodeling in renal tubulointerstitial fibrosis.
KH3, a potent HuR inhibitor that targets the HuR-AREs
interaction in the 3’-UTR of target mRNAs, significantly
reduces the IR-induced tubular injury and fibrosis by a
combination of mechanisms including inhibition of HuR
its own abundance and function, downregulation of the
generation and action of multiple HuR targets, and inter-
ruption of TGF{31/HuR feedback loop. The limitation of
this study is that the influence of HuR inhibition on renal
function was not able to be displayed directly in the pre-
sent animal model without contralateral nephrectomy.
The efficacy of HuR inhibition for IR-induced AKI such
as at day 3 also needs to be further determined. None-
theless, our results together with the therapeutic effect of
KH3 for glomerulosclerosis we reported before [17] sug-
gest that inhibition of HuR with KH3 holds great prom-
ise as a therapeutic agent for slowing/preventing the
progression of kidney disease including glomerular and
tubular fibrosis. Future clinical interventional trails are
needed to confirm or refute this hypothesis.

Abbreviations

CKD Chronic kidney diseases

ESRD End-stage renal disease

AKI Acute kidney injury

EMT Epithelial-to-mesenchymal transition
HuR Human antigen R

ELAVLT Embryonic lethal abnormal vision-like 1
IR Ischemia/reperfusion

CTL Contralateral

NC Normal control

AREs Adenine and uridine rich sequence elements
3-UTR 3’-Untranslated region

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

DMSO Dimethy! sulfoxide

IgAN IgA nephropathy

DN Diabetic nephropathy

LN Lupus nephritis

FSGS Focal segmental glomerulosclerosis
TMA Thrombotic microangiopathy

PAS Periodic acid-Schiff



Huang et al. Journal of Translational Medicine (2023) 21:428

BUN Blood urea nitrogen

Cr Creatinine

ALT Alanine aminotransaminase

TRI Masson’s Trichrome

IF Immunofluorescent staining

FITC Fluorescein isothiocyanate

WGA Wheat germ agglutinin

DAPI 4/,6-Diamidino-2-phenylindole

a-SMA a-Smooth muscle action

FN Fibronectin

TGFR1 Transforming growth factor-betal
PAI-1 Plasminogen Activator Inhibitor Type 1
NF-kB-p65 Nuclear factor k-B p65 unite

Nox2 NADPH oxidase gp91°"*

Nox4 NADPH Oxidase 4

ERK1/2 Extracellular signal-regulated protein kinase 1 and 2

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase

RT-PCR Reverse transcription-polymerase chain reaction

TUNEL The enzyme terminal deoxynucleotidyl transferase-mediated
dUTP nickend labeling

SD Standard deviation

NGAL Neutrophil gelatinase-associated lipocalin

KIM-1 Kidney injury molecule-1

Col-la1 Collagen type la1

Col-lllal  Collagen type il al

MCP-1 Monocyte chemoattractant protein-1

PTC Peritubular capillaries

SOD Superoxide dismutase 1

Hmox1 Heme oxygenase 1

N1 Thioredoxin 1

Vegf-a/b  Vascular endothelial growth factor A/B

Flt1 Fms Related Receptor Tyrosine Kinase 1

ER Endoplasmic reticulum

Bax Bcl-2-associated X

ATP Adenosine triphosphate

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512967-023-04298-x.

Additional file 1: Table S1. Antibody resource and working solution
information (Part I). Antibody resource and working solution information
(Part I1). Table S2. Primers used for real time PCR.

Acknowledgements
None.

Author contributions

ZH, AT and YH performed animal experiments and analyzed the data. SL per-
formed the cell culture, analyzed the clinical biopsy samples with HuR staining
and wrote the first draft of manuscript. XW, JA, and LX designed, synthesized,
purified and tested the KH3 in cancer cells and tumor growth. XW analyzed
the nanostring gene expression data. LX edited the manuscript. YH created
the study concept and design and supervised the whole study. YH wrote and
edited the manuscript and provided final approval and has overall responsibil-
ity for the published work. All authors read and approved the manuscript.

Funding

This study was fully supported by the NIH-NIDDK DK123727 (to Y.H.). Dr. Liang
Xu and Dr. Xiaoging Wu were also personally supported by the NIH-NCI,
CA191785 and CA243445 (to L.X.)

Availability of data and materials

Please contact author for data requests. These data were presented in part
at the annual kidney week of American Society of Nephrology; November 4
through 7, 2021.

Page 18 of 19

Declarations

Consent for publication
Not applicable.

Competing interests
All the authors declared no competing interests.

Received: 18 October 2022 Accepted: 23 June 2023
Published online: 30 June 2023

References

1. LiuY. Cellular and molecular mechanisms of renal fibrosis. Nat Rev Neph-
rol. 2011,7(12):684-96.

2. Nangaku M. Chronic hypoxia and tubulointerstitial injury: a final common
pathway to end-stage renal failure. J Am Soc Nephrol. 2006;17(1):17-25.

3. Eddy AA. Overview of the cellular and molecular basis of kidney fibrosis.
Kidney Int Suppl. 2014;4(1):2-8.

4. Gurley SB, Coffman TM. The renin-angiotensin system and diabetic
nephropathy. Semin Nephrol. 2007,27(2):144-52.

5. Tuttle KR, Cherney DZ, Diabetic Kidney Disease Task Force of the Ameri-
can Society of N. Sodium glucose cotransporter 2 inhibition heralds
a call-to-action for diabetic kidney disease. Clin J Am Soc Nephrol.
2020;15(2):285-8.

6. MaWJ, Cheng S, Campbell C, Wright A, Furneaux H. Cloning and charac-
terization of HUR, a ubiquitously expressed Elav-like protein. J Biol Chem.
1996;271(14):8144-51.

7. Mukherjee N, Corcoran DL, Nusbaum JD, Reid DW, Georgiev S, Hafner
M, et al. Integrative regulatory mapping indicates that the RNA-binding
protein HUR couples pre-mRNA processing and mRNA stability. Mol Cell.
2011;43(3):327-39.

8. SakaiK, Kitagawa Y, Hirose G. Binding of neuronal ELAV-like proteins to
the uridine-rich sequence in the 3’-untranslated region of tumor necrosis
factor-alpha messenger RNA. FEBS Lett. 1999;446(1):157-62.

9. FanJ,Ishmael FT, Fang X, Myers A, Cheadle C, Huang SK, et al. Chemokine
transcripts as targets of the RNA-binding protein HuR in human airway
epithelium. J Immunol. 2011;186(4):2482-94.

10. Dong R, Yang GD, Luo NA, Qu YQ. HuR: a promising therapeutic target for
angiogenesis. Gland Surg. 2014;3(3):203-6.

11. Wang J, GuoY, Chu H, Guan'Y, Bi J, Wang B. Multiple functions of the RNA-
binding protein HUR in cancer progression, treatment responses and
prognosis. Int J Mol Sci. 2013;14(5):10015-41.

12. Yu G XinW, Zhen J, LiuY, Javed A, Wang R, et al. Human antigen R medi-
ated post-transcriptional regulation of epithelial-mesenchymal transition
related genes in diabetic nephropathy. J Diabetes. 2015;7(4):562-72.

13. ShiQ Lee DY, Feliers D, Abboud HE, Bhat MA, Gorin Y. Interplay between
RNA-binding protein HuR and Nox4 as a novel therapeutic target in
diabetic kidney disease. Mol Metab. 2020;36: 100968.

14. Doller A, Gauer S, Sobkowiak E, Geiger H, Pfeilschifter J, Eberhardt
W. Angiotensin Il induces renal plasminogen activator inhibitor-1
and cyclooxygenase-2 expression post-transcriptionally via activa-
tion of the mMRNA-stabilizing factor human-antigen R. Am J Pathol.
2009;174(4):1252-63.

15. Ayupova DA, Singh M, Leonard EC, Basile DP, Lee BS. Expression of the
RNA-stabilizing protein HuR in ischemia-reperfusion injury of rat kidney.
Am J Physiol Renal Physiol. 2009;297(1):F95-105.

16. Danilin S, Sourbier C, Thomas L, Lindner V, Rothhut S, Dormoy V, et al. Role
of the RNA-binding protein HuR in human renal cell carcinoma. Carcino-
genesis. 2010;31(6):1018-26.

17. Liu'S,Huang Z Tang A, Wu X, Aube J, Xu L, et al. Inhibition of RNA-binding
protein HUR reduces glomerulosclerosis in experimental nephritis. Clin
Sci. 2020;134(12):1433-48.

18. Wu X, Lan L, Wilson DM, Marquez RT, Tsao WC, Gao P, et al. Identification
and validation of novel small molecule disruptors of HUR-mRNA interac-
tion. ACS Chem Biol. 2015;10(6):1476-84.

19. Wu X, Gardashova G, Lan L, Han S, Zhong C, Marquez RT, et al. Target-
ing the interaction between RNA-binding protein HuR and FOXQ1


https://doi.org/10.1186/s12967-023-04298-x
https://doi.org/10.1186/s12967-023-04298-x

Huang et al. Journal of Translational Medicine

20.

21

22.

23.

24.

25.

26.

27.

28.
29.

30.

31

32.

33

34.
35.

36.

37.

38.

39.

40.

41.

42.

(2023) 21:428

suppresses breast cancer invasion and metastasis. Commun Biol.
2020;3(1):193.

Green LC, Anthony SR, Slone S, Lanzillotta L, Nieman ML, Wu X, et al.
Human antigen R as a therapeutic target in pathological cardiac hyper-
trophy. JCI Insight. 2019;4(4): €121541.

Holderied A, Kraft F, Marschner JA, Weidenbusch M, Anders HJ.“Point of
no return”in unilateral renal ischemia reperfusion injury in mice. J Biomed
Sci. 2020;27(1):34.

Lameire NH, Bagga A, Cruz D, De Maeseneer J, Endre Z, Kellum JA,

et al. Acute kidney injury: an increasing global concern. Lancet.
2013;382(9887):170-9.

Huang Z, Liu S, Tang A, Al-Rabadi L, Henkemeyer M, Mimche PN, et al. Key
role for EphB2 receptor in kidney fibrosis. Clin Sci. 2021;135(17):2127-42.
Tian M, Tang L, Wu Y, Beddhu S, Huang Y. Adiponectin attenuates kidney
injury and fibrosis in deoxycorticosterone acetate-salt and angiotensin
II-induced CKD mice. Am J Physiol Renal Physiol. 2018;315(3):F558-71.
Tian M, Carroll LS, Tang L, Uehara H, Westenfelder C, Ambati BK, et al. Sys-
temic AAV10.COMP-Ang1 rescues renal glomeruli and pancreatic islets in
type 2 diabetic mice. BMJ Open Diabetes Res Care. 2020;8(1): e000882.
Zhou G, Cheung AK, Liu X, Huang Y. Valsartan slows the progression

of diabetic nephropathy in db/db mice via a reduction in podo-

cyte injury, and renal oxidative stress and inflammation. Clin Sci.
2014;126(10):707-20.

Zhou G, Wu J, Gu C, Wang B, Abel ED, Cheung AK, et al. Prorenin indepen-
dently causes hypertension and renal and cardiac fibrosis in cyplal-
prorenin transgenic rats. Clin Sci. 2018;132(12):1345-63.

Abdelmohsen K, Gorospe M. Posttranscriptional regulation of cancer
traits by HuR. Wiley Interdiscip Rev RNA. 2010;1(2):214-29.

Shang J, Zhao Z. Emerging role of HuR in inflammatory response in
kidney diseases. Acta Biochim Biophys Sin. 2017;49(9):753-63.

Starborg M, Gell K, Brundell E, Hoog C. The murine Ki-67 cell prolifera-
tion antigen accumulates in the nucleolar and heterochromatic regions
of interphase cells and at the periphery of the mitotic chromosomes

in a process essential for cell cycle progression. J Cell Sci. 1996;109(Pt
1):143-53.

Lin SL, Chang FC, Schrimpf C, Chen YT, Wu CF, Wu VC, et al. Targeting
endothelium-pericyte cross talk by inhibiting VEGF receptor signaling
attenuates kidney microvascular rarefaction and fibrosis. Am J Pathol.
2011;178(2):911-23.

Kida'Y, Duffield JS. Pivotal role of pericytes in kidney fibrosis. Clin Exp
Pharmacol Physiol. 2011,38(7):467-73.

Fukai T, Ushio-Fukai M. Superoxide dismutases: role in redox sign-

aling, vascular function, and diseases. Antioxid Redox Signal.
2011;15(6):1583-606.

Poss KD, Tonegawa S. Reduced stress defense in heme oxygenase 1-defi-
cient cells. Proc Natl Acad Sci USA. 1997,94(20):10925-30.

Holmgren A. Antioxidant function of thioredoxin and glutaredoxin
systems. Antioxid Redox Signal. 2000;2(4):811-20.

Bai D, Gao Q, Li C, Ge L, Gao Y, Wang H. A conserved TGFbeta1/HuR feed-
back circuit regulates the fibrogenic response in fibroblasts. Cell Signal.
2012,24(7):1426-32.

Zager RA, Johnson AC, Becker K. Acute unilateral ischemic renal injury
induces progressive renal inflammation, lipid accumulation, histone
modification, and “end-stage”kidney disease. Am J Physiol Renal Physiol.
2011;301(6):F1334-45.

Shang J, Wan Q, Wang X, Duan Y, Wang Z, Wei X, et al. Identification of
NOD2 as a novel target of RNA-binding protein HuR: evidence from
NADPH oxidase-mediated HuR signaling in diabetic nephropathy. Free
Radic Biol Med. 2015;79:217-27.

Feigerlova E, Battaglia-Hsu SF. Role of post-transcriptional regulation of
MRNA stability in renal pathophysiology: focus on chronic kidney disease.
FASEB J. 2017;31(2):457-68.

Dai W, Zhang G, Makeyev EV. RNA-binding protein HuR autoregulates its
expression by promoting alternative polyadenylation site usage. Nucleic
Acids Res. 2012;40(2):787-800.

Hitomi J, Katayama T, Eguchi Y, Kudo T, Taniguchi M, Koyama Y, et al.
Involvement of caspase-4 in endoplasmic reticulum stress-induced
apoptosis and Abeta-induced cell death. J Cell Biol. 2004;165(3):347-56.
Momoi T. Caspases involved in ER stress-mediated cell death. J Chem
Neuroanat. 2004;28(1-2):101-5.

43.

44,

45.

46.

47.

48.

49.

Page 19 of 19

Wei Q, Dong G, Chen JK, Ramesh G, Dong Z. Bax and Bak have critical
roles in ischemic acute kidney injury in global and proximal tubule-
specific knockout mouse models. Kidney Int. 2013;84(1):138-48.
Mazroui R, Di Marco S, Clair E, von Roretz C, Tenenbaum SA, Keene JD,

et al. Caspase-mediated cleavage of HuR in the cytoplasm contributes to
pp32/PHAP-I regulation of apoptosis. J Cell Biol. 2008;180(1):113-27.

Lal A, Kawai T, Yang X, Mazan-Mamczarz K, Gorospe M. Antiapoptotic
function of RNA-binding protein HuR effected through prothymosin
alpha. EMBO J. 2005;24(10):1852-62.

Xin H, Brown JA, Gong C, Fan H, Brewer G, Gnarra JR. Association of the
von Hippel-Lindau protein with AUF1 and posttranscriptional regulation
of VEGFA mRNA. Mol Cancer Res. 2012;10(1):108-20.

Amadio M, Bucolo C, Leggio GM, Drago F, Govoni S, Pascale A. The PKC-
beta/HUR/VEGF pathway in diabetic retinopathy. Biochem Pharmacol.
2010;80(8):1230-7.

Amadio M, Pascale A, Cupri S, Pignatello R, Osera C, et al. Nanosystems
based on siRNA silencing HuR expression counteract diabetic retinopa-
thy in rat. Pharmacol Res. 2016;111:713-20.

Jang HS, Noh MR, Kim J, Padanilam BJ. Defective mitochondrial fatty acid
oxidation and lipotoxicity in kidney diseases. Front Med. 2020;7:65.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Targeting RNA-binding protein HuR to inhibit the progression of renal tubular fibrosis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Reagents
	Study 1. In situ changes of RNA-binding protein HuR in progressive CKD patients
	Study 2. In vivo studies of changes and inhibition of RNA-binding protein HuR in ischemia–reperfusion-induced kidney injury and fibrosis in a mouse model
	Animals
	Experimental design
	Determination of renal and liver function
	Histological examination
	Western blot measurement
	RNA isolation and real-time RT-PCR assay
	In situ cell death detection
	NanoString mRNA expression assay

	Study 3. In vitro studies of the effect of inhibition of RNA-binding protein HuR on TGFß1-induced renal tubular EMT
	Cell culture
	Effect of TGFß1 on cellular HuR expression and cytoplasmic translocation
	Effect of KH3 on TGFß1-induced renal tubular EMT

	Statistical analysis

	Results
	Elevated renal tubular HuR is detected in progressive CKD patients
	Elevated HuR is observed in IR-injured kidneys in a mouse model
	Safety of KH3 administration
	Treatment with KH3 protects kidney from IR-induced injury and fibrosis in mice
	Treatment with KH3 attenuates HuR-targeted molecules that are critical for renal inflammatory and fibrotic responses following IR injury in mice
	Treatment with KH3 reduces apoptosis and peritubular capillary loss in the IR-injured kidney in mice
	Changes of profibrotic pathways involved in inhibition of HuR in mice
	Treatment with KH3 abrogates the TGFß1HuR feedback circuit in cultured HK-2 cells

	Discussion
	Conclusions
	Anchor 36
	Acknowledgements
	References


