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Abstract

Aims/hypothesis Senescent renal tubular cells may be linked to diabetic kidney disease (DKD)-related tubulopathy. We studied
mice with or without diabetes in which hedgehog interacting protein (HHIP) was present or specifically knocked out in renal
tubules (Hhip®'-KO), hypothesising that local deficiency of HHIP in the renal tubules would attenuate tubular cell senescence,
thereby preventing DKD tubulopathy.

Methods Low-dose streptozotocin was employed to induce diabetes in both Hhip®T-KO and control (Hhip™™) mice. Transgenic
mice overexpressing Hhip in renal proximal tubular cells (RPTC) (Hhip®""“-Tg) were used for validation, and primary RPTCs
and human RPTCs (HK2) were used for in vitro studies. Kidney morphology/function, tubular senescence and the relevant
molecular measurements were assessed.

Results Compared with Hhip™™ mice with diabetes, Hhip®T-KO mice with diabetes displayed lower blood glucose levels,
normalised GFR, ameliorated urinary albumin/creatinine ratio and less severe DKD, including tubulopathy. Sodium—glucose
cotransporter 2 (SGLT2) expression was attenuated in RPTCs of Hhip®"-KO mice with diabetes compared with Hhip™™ mice
with diabetes. In parallel, an increased tubular senescence-associated secretory phenotype involving release of inflammatory
cytokines (IL-1{, IL-6 and monocyte chemoattractant protein-1) and activation of senescence markers (p16, p21, p53) in Hhip™"?
mice with diabetes was attenuated in HhipR®"™-KO mice with diabetes. In contrast, Hhip"" " “-Tg mice had increased tubular
senescence, which was inhibited by canagliflozin in primary RPTCs. In HK2 cells, HHIP overexpression or recombinant HHIP
increased SGLT2 protein expression and promoted cellular senescence by targeting both ataxia-telangiectasia mutated and
ataxia-telangiectasia and Rad3-related-mediated cell arrest.

Conclusions/interpretation Tubular HHIP deficiency prevented DKD-related tubulopathy, possibly via the inhibition of SGLT2
expression and cellular senescence.
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e  Tubular HHIP deficiency prevented DKD-related tubulopathy via the inhibition of sodium-glucose cotransporter 2

failure [1]. Better understanding of drugs that inhibit the renin—
angiotensin system and the sodium—glucose cotransporter 2
(SGLT2) has led to usages that are beneficial for slowing the
progression of DKD [2, 3]. However, use of these agents does
not prevent ultimate progression of DKD. Thus, identification
of new molecules and/or understanding molecular mechanisms
that might be useful for the development of targeted therapies
for individuals at risk of developing DKD are needed.

Fig. 1 (a—c) Generation of Hhip""™-KO (vs Hhip™") mice; genotyping of P>
Hhip"™ vs heterozygous Hhip®"-KO (Hhip®"-Het) vs Hhip®"-KO mice
(a), WB analysis in the isolated RPTs (b) and HHIP IF staining in the
kidneys (c) are shown. Scale bar, 50 um. (d—k) In an LDSTZ model in
mice (10-20 weeks old), body weight progression (d), longitudinal SBP
(e) and blood glucose (determined by an Accu-Chek Performa glucose
meter; maximal detectable level, 33.5 mmol/l) (f) were monitored,
together with the following variables: kidney weight/tibia length ratio
(g); glucose concentration in urine (h) and blood (i) (measured by the
glucose colorimetric kit); UACR (j); and GFR/body weight (k). Non-
diabetic groups were Hhip™-CON and Hhip®T-KO-CON mice;
diabetic groups were Hhip™"-STZ and Hhip®"-KO-STZ mice. Data are
shown as mean + SEM for the indicated numbers of mice. *p<0.05,
##p<0.01 and ***p<0.001 for indicated comparisons; 'p<0.05,
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What is already known about this subject?
e Senescent renal tubular cells may be linked to diabetic kidney disease (DKD)-related tubulopathy
e Elevated renal hedgehog interacting protein (HHIP) expression promotes cellular remodelling that subsequently
worsens kidney function in humans with type 2 diabetes and in diabetic murine DKD models
e HHIP might promote senescence-associated secretory phenotype (SASP) by the release of excessive soluble HHIP
and a variety of inflammatory cytokines in remodelled kidney cells
What is the key question?
e Whatis the role of HHIP in the renal tubule and how does this link to SASP and DKD pathology in murine type 1
diabetes models?
What are the new findings?
(SGLT2) expression and tubular cell senescence
®  HHIP overexpression or recombinant HHIP directly increased SGLT2 protein expression and promoted cellular
senescence by targeting both ataxia-telangiectasia mutated (ATM) and ATM- and Rad3-related-mediated cell
arrest
How might this impact on clinical practice in the foreseeable future?
e Novel therapeutic strategies that target HHIP may provide a means to prevent adverse DKD-mediated renal
tubular cell remodelling
LTL Lotus tetragonolobus lectin
MCP1 Monocyte chemoattractant protein-1
2-NBDG 2-(n-[7-Nitrobenz-2-oxa-1,
3-diazol-4-yl] amino)-2-deoxyglucose
OCT Optimal cutting temperature compound
PAS Periodic Acid Schiff
rHHIP Recombinant HHIP
RPT Renal proximal tubule
RPTC Renal proximal tubular cell
RT-qPCR Real-time quantitative PCR
SASP Senescence-associated secretory
phenotype
SGLT1 Sodium—glucose cotransporter 1
SGLT2 Sodium—glucose cotransporter 2
STZ Streptozotocin
Tg Transgenic
UACR Urinary albumin/creatinine ratio
WB Western blotting
Introduction

Diabetic kidney disease (DKD) is the leading cause of kidney
failure in the USA, representing ~44% of all cases of kidney
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#1p<0.001 vs Hhip®T-KO-CON (one-way ANOVA, followed by
Bonferroni’s post hoc test). BW, body weight; KW, kidney weight; TL,
tibia length; WT, wild type
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Fig.2 Glucose transporter gene expression (Sg/t/, Sgit2 and Glut2) in the
kidneys of mice at 20 weeks of age. (a—¢) RT-qPCR in isolated RPTs,
showing Sglt! (a), Sgit2 (b) and Glut2 mRNA (c¢). mRNA change in each
gene was determined and normalised to its own Rp//3a mRNA. (d-g)
Representative images of IF staining for SGLT2 (red), LTL (green) and
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GLUT?2 (red) in the kidneys are shown (d), together with semi-quantifi-
cation of IF staining for SGLT2 (e), LTL (f) and GLUT2 (g). Scale bar, 50
wm. Data are shown as mean + SEM, for the indicated numbers of mice.
*p<0.05, **p<0.01 and ***p<0.001 (one-way ANOVA, followed by
Bonferroni’s post hoc test)



Diabetologia (2023) 66:223-240

227

Tubular atrophy and tubulointerstitial fibrosis have been
recognised as hallmarks of chronic kidney disease, including
DKD [4, 5]. Stressed renal tubular epithelial cells, via an
epithelial-to-mesenchymal transition (EMT), are key to the
initiation and progression of kidney damage and repair [6].
Instead of fully committing to EMT, such cells demonstrate
‘epithelial plasticity’ and, potentially, may dedifferentiate [7].
Reparative EMT involves either p53 (a tumour suppressor)
and p21°! (a cyclin-dependent kinase [CDK] inhibitor) or
pl16™*? (a CDK inhibitor)-mediated cell-cycle arrest that
actively produces a senescence-associated secretory pheno-
type (SASP) [8-10]. In addition, the SASP induces senes-
cence in neighbouring cells (a process known as secondary
senescence) through the release of inflammatory cytokines,
growth factors and extracellular matrix proteins, and promo-
tion of local and/or systemic pathology associated with loss of
kidney function; however, the underlying mechanism(s) are
incompletely understood [8—10].

Hedgehog interacting protein (HHIP) encodes a protein
of 700 amino acids attached to the cell membrane via a
glycosylphosphatidylinositol anchor [11-13]. Both intra-
cellular HHIP and soluble HHIP regulate cellular function
via either canonical [11-13] and/or non-canonical hedge-
hog pathways [14, 15]. HHIP is essential in organ devel-
opment [12, 16] and aberrant HHIP expression has been
linked to several human diseases such as pancreatitis [17],
chronic obstructive pulmonary disease [18] and certain
tumours [19]. HHIP is detectable in renal endothelial and
epithelial cells in the normal, mature kidney, as we report-
ed previously [20, 21]. Of note, renal HHIP expression
increases markedly during hyperglycaemia in vivo and in
high-glucose milieu in vitro [20, 21]. Elevated HHIP
expression promotes cellular remodelling via TGF-31-
mediated EMT, which subsequently worsens kidney func-
tion in humans with type 2 diabetes mellitus and in mouse
models of diabetes and DKD (Akita and db/db mice) [20,
21]. Importantly, we found that urinary HHIP production is
elevated in early DKD prior to the development of
microalbuminuria. Furthermore, this increased urinary
HHIP production is positively associated with eGFR and
urinary cytokines (IL-1f3, IL-6, IL-8 and TGF-f1) in
humans with type 2 diabetes [20]. Taken together, these
data suggest that HHIP might promote SASP through the
release of excessive soluble HHIP and a variety of inflam-
matory cytokines in remodelled kidney cells, thereby exac-
erbating the progression of DKD. However, the molecular
basis of how and which renal HHIP-producing cells link to
SASP and worsen DKD pathology is poorly understood.

In the present work, focusing on renal tubular cells, we spec-
ulated that high-glucose-induced HHIP expression promotes

cellular senescence and subsequently worsens DKD-mediated
tubulopathy. By employing low-dose streptozotocin (LDSTZ)
to induce diabetes in mice that have renal tubule-specific Hhip
knockout (Hhip®"-KO) and in their control littermates (thpﬂ/ﬂ),
we studied the impact of renal tubule HHIP deficiency on overall
kidney function and the progression of DKD, including
tubulopathy. We validated tubular SASP phenotype in our trans-
genic (Tg) mice overexpressing HHIP in renal proximal tubular
cells (RPTCs) (HhipR* T -Tg). In addition, primary RPTCs and
human RPTCs (HK2) were used to elucidate the underlying
mechanism(s) in vitro.

Methods

Animal models Hhip®"-KO mice were generated by cross-
breeding Hhip™™ mice (Cyagen, USA; https://www.cyagen.
com/) (C57/BL6J) with a renal tubule-specific Cre deleter
mouse line (Pax8°™; B6.129P2 (Cg)-Pax8™!-1(Cre/Mbuyy,
The Jackson Laboratory, USA; https://legacystrain.jax.org/
strain/028196) [22, 23]. We would note that there is no
evidence that Pax8“™ affects HHIP expression in the brain
and thyroid gland, similar to findings in our Pax8“™ hnRNP
F-KO mice (data not shown) [23]. Both sexes of Hhip®"-KO
mice are phenotypically indistinguishable from Hhip™™ mice
as adults.

We used LDSTZ (Sigma-Aldrich Canada, Oakville, ON,
Canada) as recommended by the NIH Animal Models of
Diabetic Complications Consortium (http:/www.diacomp.
org/, accessed 14 December 2015), in male mice at 10
weeks of age, administering i.p. injections of streptozotocin
(STZ) at a dose of ~45-50 mg per kg body weight daily for
five consecutive days. Four subgroups of mice were studied,
including non-diabetic control mice (Hhip™"-CON and
Hhip®T-KO-CON) and diabetic mice (Hhip™"-STZ and
Hhip®"-KO-STZ). Blood glucose levels (mmol/l) were
measured weekly with an Accu-Chek Performa glucose meter
(Roche Diagnostics, Laval, QC, Canada) [21, 23]. Mice with
blood glucose levels below 16 mmol/l (measured 72 h follow-
ing the last STZ injection) were excluded from our analyses.

As with several Tg lines overexpressing genes in RPTCs
that we have reported [24, 25], our Hhip®""“-Tg mouse line
(C57BL/6J) was generated by overexpressing mouse Hhip
(Myc-Hhip [NM_020259.4, 494-2596bp, 700 aa]-Flag) in
the RPTCs driven by the kidney-specific, androgen-
regulated protein promoter KAP2.

All mice were euthanised at 20 weeks of age by i.p. injec-
tion of 75 mg/kg sodium pentobarbital, and the kidneys were
removed immediately and either quickly frozen in optimal
cutting temperature compound (OCT) or fixed overnight in
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<« Fig. 3 The interaction of HHIP and SGLT2 in HK2 cells. (a—d) Cells
overexpressing mouse Hhip by transient transfection with the pcDNA3.1/
mHhip (vs pcDNA3.1) plasmid (1 pg/ul) were treated with either 5
mmol/l or 35 mmol/l p-glucose for 24 h. Representative images are
shown (HHIP, red; SGLT2, green; DAPI, blue) (a), together with semi-
quantification of IF staining for HHIP (b) and SGLT2 (c¢), and WB of
SGLT?2 expression (d). Scale bar, 50 um. Three separate experiments
(duplicated setting per experiment) were performed. (e—g) Cells were
treated with rtHHIP dose-dependently for 24 h. Representative images
are shown (SGLT2, green; DAPI, blue) (e), together with semi-
quantification of IF staining for SGLT2 (f), and WB of SGLT2
expression (g). Scale bar, 50 um. Three separate experiments
(duplicated setting per experiment) were performed. (h, i) Cellular
glucose uptake was measured in HK2 cells treated with rHHIP +
canagliflozin; four separate experiments (duplicated setting per
experiment). Data shown as mean + SEM for the indicated numbers of
mice. *p<0.05 and ***p<0.001 (one-way ANOVA, followed by
Bonferroni’s post hoc test). D-Glu, D-glucose; pcDNA3.1 5,
pcDNA3.1 at 5 mmol/l b-glucose; rtHHIP_0, rtHHIP 0 ng/ml

4% paraformaldehyde at 4°C before paraffin-embedding [21,
23]. Additional biological samples were processed, collected
and stored for analysis.

Animal care and experimental procedures were approved
by the Animal Care Committee at the Centre de recherche du
centre hospitalier de I’Université de Montréal (CRCHUM).
The mice were randomly separated in ventilated cages in
specific pathogen free (SPF) conditions under a 12 h light—
dark cycle with free access to chow and water at the
CRCHUM’s animal facility. Both number and suffering of
animals were minimised as much as possible.

Physiological studies Body weight (g) was recorded weekly.
Systolic BP (SBP, mmHg) was measured longitudinally from
10 to 20 weeks of age following 1 week of pre-training and
was monitored by the tail-cuff method with a BP-2000 Blood
Pressure Analysis System (Visitech Systems, Apex, NC,
USA), as reported elsewhere [21, 23]. Before euthanasia,
urine samples were collected from mice individually housed
in metabolic cages for 6 h; the GFR (ul min~' [g body
weight] ') was measured by the FITC—inulin method as
recommended by the Animal Models of Diabetic
Complications Consortium (http://www.diacomp.org/,
accessed 17 February 2014) [21, 23, 26].

Kidney weight (mg) and tibia length (mm) were recorded
after the mice were euthanised. Urinary albumin/creatinine
ratio (UACR) (mg/mmol) was assayed by ELISA-Albuwell
kit (Exocell, Philadelphia, PA, USA) and normalised by
urinary creatinine levels by Creatinine Companion ELISA
kit (Exocell, Philadelphia, PA, USA) under the manufactur-
ers’ protocols [21, 23, 26]. The glucose concentration

(mmol/l) in biological samples (plasma and urine) collected
from terminated mice was measured by the glucose colorimet-
ric kit (Cayman Chemical, Ann Arbor, M1, USA) [23].

Kidney pathology Periodic Acid Schiff (PAS) and Sirius Red
staining of paraffin-embedded kidney sections was accom-
plished through standard protocols [27, 28].
Glomerulosclerosis and tubular injury (based on PAS images,
semi-quantitative scale from 0 to 4) were assessed by a person
blinded to the experimental group. The senescence-associated
[3-galactosidase assay (New England Biolabs [Canada],
Whitby, ON, Canada) was performed in both frozen OCT-
kidney sections and in the in vitro setting based upon the
manufacturer’s instructions. Semi-quantification of the rela-
tive staining in kidney sections was carried out in a blinded
manner with the use of NIH Image J 1.51k software (http://
rsb.info.nih.gov/ij/) [21, 27-29].

Real-time quantitative PCR Real-time quantitative PCR (RT-
qPCR) was performed, using 7500 Fast real-time PCR system
(Applied Biosystems, Mississauga, ON, Canada), in freshly
isolated renal proximal tubules (RPTs) by the Percoll gradient
method as reported previously [23, 27]. The mRNA change in
each gene was determined and normalised to its own Rp/l3a
mRNA. Fold change in expression of target genes compared
with the reference group was calculated using the 2744
method. The primers used are shown in extra supplementary
material (ESM) Table 1.

Immunohistochemical studies and reagents Western blotting
(WB), immunohistochemistry (IHC) and immunofluores-
cence (IF) were performed using standard protocols as previ-
ously reported [21, 23, 26]. The antibodies used are listed in
ESM Table 2.

KU-55933 (a specific ataxia-telangiectasia mutated [ATM]
inhibitor) and AZD1390 (a selective ATM- and Rad3-related
[ATR] kinase inhibitor) (www.selleckchem.com) are two
Selleckchem products purchased via Cedarlane Laboratories
(Burlington, ON, Canada), while canagliflozin (Invokana) (an
SGLT?2 inhibitor) was bought from Janssen (Toronto, ON,
Canada).

Cell culture Primary mouse RPTC cultures were performed as
reported previously [30, 31]. The mycoplasma-free HK-2 cell
line (catalogue no. CRL-2190) was obtained from American
Tissue Cell Collection (ATCC) (Manassas, VA, USA) (http://
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<« Fig. 4 DKD-related tubulopathy in vivo (a—g) and in vitro (h, i). (a)
Representative images of PAS, Sirius Red and Col 4 IF staining in the
kidneys of studied mice. Scale bar, 50 pm. (b, ¢) Semi-quantification of
glomerular (b) and tubular (c) injury score (based on PAS images, semi-
quantitative scale from 0 to 4). (d, e) Semi-quantification of
tubulointerstitial fibrosis (d, Sirius Red staining; e, Col 4 IF staining).
(f, g) Coll (f) and Col4 (g) mRNA expression in isolated RPTs. mRNA
change was determined and normalised to its own Rp//3a mRNA. (h, i)
WB analysis on the relevant fibrotic (Fnl, Coll and TgfB31) and apoptotic
(total and cleaved Casp3) genes in cells treated with rHHIP for 24 h.
Representative immunoblots (h) are shown with semi-quantification of
WB (i). Three separate experiments were performed. Data are shown as
mean + SEM for the indicated number of mice. *p<0.05, **p<0.01 and
##4p<0.001 (one-way ANOVA, followed by Bonferroni’s post hoc test),
CASP-3, caspase 3; Col 1/4, collagen I/IV

www.atcc.org). The plasmid, pcDNA3.1/mHhip (mouse) was
a gift from A. McMahon (Harvard University, Cambridge,
MA, USA) [12]. The transfection efficiency in HK2 cells
was verified by transient transfection with a plasmid contain-
ing full-length pEGFP/mHhip (vs control plasmid, pEGFP
N1; https://www.takarabio.com/) (ESM. Fig. 1a,b). HK2 cells
were cultured in either normal (5 mmol/l D-glucose plus 30
mmol/l D-mannitol) or high D-glucose (35 mmol/l D-glucose)
+ recombinant HHIP (rHHIP) or the relevant inhibitors. An
HK2 stable clone containing human hSGLT2 gene promoter
as reported previously [28] was tested by recombinant
proteins (tTGF-1 or rtHHIP) (R&D Systems, Burlington,
ON, Canada).

Cellular glucose uptake was assessed as 2-(n-[ 7-nitrobenz-
2-oxa-1,3-diazol-4-ylJamino)-2-deoxyglucose (2-NBDG)
(Invitrogen, Burlington, ON, Canada) entry into the cells as
previously described [27]. The 2-NBDG fluorescence intensi-
ty was detected by BioTek fluorescence microplate reader
with the filter of excitation 488 nm and emission 545 nm.

Statistical analysis For animal studies, groups of 612 mice
were used. A power analysis based on the ¢ test indicated that a
sample size of 6 mice per group would be required to detect a
statistically significant difference with a power of 80%
(a=0.05). In vitro, three or four separate experiments were
performed for each protocol. All values represent mean =+
SEM. Statistical significance between the experimental
groups was analysed by one-way ANOVA, followed by the
Bonferroni test using Prism 6.0 software (GraphPad, San
Diego, CA, USA). A probability level of p<0.05 was consid-
ered to be statistically significant (*p<0.05; **p<0.01,
*##%p<0.001) [21, 28, 29].

Results

A murine LDSTZ model in Hhip"™-KO mice The Hhip®"-KO
mice (Fig. 1a shows genotyping; Fig. 1b shows WB of isolated
RPTs; Fig. 1c shows IF staining) were generated by crossbreed-
ing Hhip"™ mice and Pax8“™ mice [22, 23]. Male mice with
and without diabetes (Hhip™™ and Hhip®"™-KO) were studied
from 10 weeks to 20 weeks of age. Diabetic mice weighed less
than non-diabetic mice throughout the lifespan, regardless of
whether they were HHIP deficient or not (Fig. 1d).
Longitudinal SBP measurement (Fig. le) showed a similar
pattern among the four subgroups of mice (non-diabetic vs
diabetic; Hhip™™ vs Hhip®"™-KO). Compared with the respec-
tive non-diabetic control mice, random checks of blood glucose
showed that hyperglycaemia was more pronounced in diabetic
Hhip""-STZ mice than in Hhip®"-KO-STZ mice (Fig. 1f).

Ten weeks after the induction of diabetes, diabetic mice
weighed less (ESM. Fig. Ic), had bigger kidneys (Fig. 1g,
kidney weight/tibia length [KW/TL] ratio; ESM Fig. 1d,
kidney weight/body weight [KW/BW] ratio), more
pronounced glucosuria (mmol/l) (Fig. 1h) and
hyperglycaemia (Fig. 11), and increased UACR (Fig. 1j) when
compared with non-diabetic mice, regardless of the presence
or absence of HHIP deficiency. However, compared with
diabetic Hhip""-STZ mice, diabetic Hhip®™-KO-STZ mice
had significantly less pronounced hyperglycaemia (Fig. 11)
and decreased UACR (Fig. 1j), although the degree of
glucosuria (Fig. 1h) was similar. Notably, GFR was only
elevated in the kidneys of diabetic Hhip”"-STZ mice, and
hyperfiltration was not evident in either of the non-diabetic
control groups (Hhip™™"-CON and Hhip®"-KO-CON) or in
the diabetic Hhip®"-KO-STZ mice (Fig. 1k).

SGLT2 expression in renal tubular cells in vivo and in vitro We
examined the expression of glucose transporters, including
sodium—glucose cotransporter 1 (SGLT1), SGLT2 and
GLUT?2, which are responsible for glucose handling in RPTs
[32]. Compared with the non-diabetic control mice, diabetic
Hhip"-STZ mice displayed significant elevation of Sgiz2
(also known as Slc5a2) mRNA in their RPTs (Fig. 2b), and
this increased Sg/f2 expression was further confirmed by the
co-localised IF staining of SGLT2 (Fig. 2d,e) and lotus
tetragonolobus lectin (LTL, a marker of RPTs) (Fig. 2d,f)
[27]. In contrast, diabetic Hhip®"-KO-STZ mice had expres-
sion levels of Sg/t2 in their RPTs similar to those in non-
diabetic control mice (Hhip™™"-CON vs Hhip®"-KO-CON)
(qPCR, Fig. 2b; IF, Fig. 2d—f). There were no apparent differ-
ences in Sgltl (also known as Sic5al) (QPCR, Fig. 2a) or
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Fig.5 Tubular cell senescence in vivo. (a) Representative IHC images of
relevant staining ((3-galactosidase and cellular senescence markers p16,
p21, p53 and MCP1) in the kidneys of studied mice. Scale bar, 50 um.
(b—f) Semi-quantification of the relevant IF staining: 3-galactosidase (b);
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Glut? (also known as Sic2a2) expression in RPTs between
any subgroups (qPCR, Fig. 2¢; IF, Fig. 2g).

We next validated changes in Sg/f2 gene expression
in vitro. In HK2 cells, high glucose (35 mmol/l vs 5 mmol/l
D-glucose) increased SGLT2 protein expression, also noted in
cells overexpressing mouse Hhip by transient transfection
with the pcDNA3.1/mHhip plasmid (IF staining, Fig. 3a—c;
WB, Fig. 3d and ESM Fig. 1e). This increased SGLT2 protein
expression was particularly evident in cells exposed to a high-
glucose milieu (Fig. 3a—d and ESM Fig. le). In addition,
rHHIP dose-dependently activated SGLT2 protein expression
(IF, Fig. 3e,f; WB, Fig. 3g and ESM Fig. 1f) and cellular
glucose uptake activity (Fig. 3h,i); and this increased cellular
glucose uptake activity was abolished by the administration of
canagliflozin at 500 nmol/l (Fig. 3h,i). Furthermore, rTGF-31
(from 0 to 0.5 ng/ml) dose-dependently stimulated hSGLT2
promoter activity at 6 and 12 h (ESM Fig. 2a,b), prior to the
effect of tHHIP (from 0 to 2 ng/ml) on hSGLT2 promoter only
at 12 h (ESM Fig. 2¢,d) in HK2 cells.

DKD-induced tubulopathy in vivo and in vitro Kidney
morphology displayed in the kidneys of adult Hhip""-KO-
CON mice was indistinguishable from that in kidneys of
Hhipﬂ/ f_CON mice after PAS, Sirius Red and collagen IV
(Col 4) IF staining (Fig. 4a). After 10 weeks of diabetes,
Hhip™"-STZ mice developed nephropathy including
tubulopathy (loss of brush border, detachment of tubular
epithelial cells from tubular basement membrane, dilated
tubules and tubulointerstitial fibrosis) (Fig. 4a—e).
Tubulointerstitial fibrosis was further confirmed by Co/! (also
known as Collal) and Col4 (also known as Col4al) mRNA
expression (Fig. 4f,g). In contrast, these RPTs abnormalities
were significantly less prominent in the kidneys of diabetic
Hhip®"-KO-STZ mice (Fig. 4a—g).

In vitro, rtHHIP directly stimulated the protein expression
of fibrotic genes (fibronectin [Fnl], Coll, Tgfi31) and apopto-
tic genes (total caspase 3 [Casp3] and cleaved Casp3) in a
dose-dependent manner, as assessed by WB (Fig. 4h,i).

DKD-induced tubular cell senescence in vivo and in vitro We
next examined senescence-associated (3-galactosidase activity
(Fig. 5a,b) and the expression of several cellular senescence
markers (pl6, p21, p53 and monocyte chemoattractant
protein-1 [MCP1] assessed by IHC in the different groups of
mice (Fig. 5a—f). There was no apparent difference in those
variables when comparing non-diabetic mouse groups (Hhip"™
_CON vs Hhip®T-KO-CON). The diabetic Hhip™1-STZ mice
developed apparent tubular senescence, assessed by

senescence-associated [3-galactosidase activity, accompanied
by an increase in the expression of certain senescence markers
(pl6, p21, p53 and MCP1) in their RPTs. In contrast, this
elevated tubular senescence was significantly attenuated in
the RPTs of diabetic HhipR"-KO-STZ mice (Fig. 5).

In HK?2 cells, high glucose (35 mmol/l b-glucose) directly
stimulated mRNA expression of HHIP and senescence
markers P16 (also known as CDKNZ2A), P21 (CDKNIA)
and P53 (TRP53) (Fig. 6a). As compared with the cells
transfected by pcDNA3.1 control plasmid (1 pg/ul), the cells
overexpressing mouse HHIP (pcDNA3.1/mHhip, 1 pg/ul)
displayed increased cellular senescence, with the number of
positive senescent cells being markedly pronounced in cells
exposed to a milieu of 35 mmol/l (vs 5 mmol/l) D-glucose
(Fig. 6b,c). Similarly, rHHIP triggered senescence-associated
[3-galactosidase activity in a dose-dependent manner (Fig.
6d,e).

Moreover, overexpression of mouse HHIP (pcDNA3.1/
mHhip, 1 pg/ul) (Fig. 6f,g) directly increased SGLT2 protein
expression (Fig. 6f and ESM Fig. 2¢) and greatly upregulated
the mRNA expression of several cellular senescence markers
(p16, p21 and p53) (Fig. 6h) and inflammatory cytokines (/L6,
IL13 and MCP] [also known as CCL2]) (Fig. 6i). We further
confirmed that canagliflozin (500 nmol/l) inhibited rHHIP (2
ng/ml)-triggered senescence-associated (3-galactosidase activ-
ity in primary RPTCs from Hhip™™ mice (Fig. 6j.k).

In mammalian cells, ATM and ATR kinase are the central
regulators for cell-cycle arrest [33]. In HK2 cells, we found
that rtHHIP (2ng/ml) apparently triggered senescence-
associated {3-galactosidase activity, which was inhibited by
the administration of both ATM and ATR inhibitors (Fig.
7a,b). In addition, IF analysis showed that rHHIP (2 ng/ml)
inhibited CDK1 (Fig. 7c,d) and CDK2 (Fig. 7e,f) expression;
this inhibitory effect was prevented by the administration of
both ATM and ATR inhibitors (Fig. 7c—f).

Cellular senescence in Hhip*™¢-Tg mice We generated
HhipR"TC-Tg mice by overexpressing mouse Hhip in their
RPTCs (Fig. 8a—g and ESM Fig. 3). We confirmed that
compared with non-Tg littermates, Hhip®""“-Tg mice over-
expressed Myc-mHhip-Flag mRNA in the kidneys and in
isolated RPTs (ESM Fig. 3a,b). These findings were
confirmed by co-localised staining of HHIP and aquaporin 1
(a marker of RPTs) (Fig. 8a). Adult Hhip®""“-Tg mice at age
20 weeks were phenotypically indistinguishable from non-Tg
littermates, including monitored hyperglycaemia (Fig. 8b) and
measured GFR (Fig. 8c). Intriguingly, compared with non-Tg
littermates, Hhip®*T“-Tg mice displayed increased SGLT2
expression (co-localised with LTL) (Fig. 8d—f) and heightened
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<« Fig. 6 Tubular cell senescence in vitro. (a) qPCR analysis in HK2 cells
exposed to 5 mmol/l or 35 mmol/l D-glucose for 24 h. Four separate
experiments were performed. (b—e) (3-galactosidase staining in HK2
cells. HK2 cells overexpressing mouse HHIP were treated with either 5
mmol/l or 35 mmol/l D-glucose for 24 h (b, ¢). HK2 cells were treated
with tHHIP dose-dependently for 24 h (d, e). Representative images are
shown (b, d), together with semi-quantification of 3-galactosidase
staining (c, e). Scale bar, 50 um. Three separate experiments (triplicated
setting for each experiment) were performed. (f) WB analysis in HK2
cells overexpressing mouse HHIP. Three separate experiments were
performed. (g-i) qPCR analysis of expression of mouse Hhip mRNA
(g), cellular senescence marker mRNA (P16, P21 and P53) (h) and
inflammatory cytokine (mRNA /L1, IL6 and MCP1I) (i). Four separate
experiments were performed. (j, k) 3-galactosidase staining in primary
RPTCs from Hhip™" mice treated with rHHIP = canagliflozin.
Representative images are shown (j), together with semi-quantification
(k). Scale bar, 50 um. Three separate experiments (duplicated setting per
each experiment) were performed. Data are shown as mean + SEM for the
indicated number of mice. **p<0.01 and ***p<0.001 (one-way ANOVA,
followed by Bonferroni’s post hoc test). Cana, canagliflozin; Cana_0,
canagliflozin 0 nmol/l; D-Glu, D-glucose; pcDNA3.1 5, pcDNA3.1 at 5
mmol/l p-glucose; tHHIP_0, rHHIP 0 ng/ml; SA-f3-gal, senescence-
associated [3-galactosidase

SASP including 3-galactosidase activity and cellular senes-
cence markers (p16, p21 and p53) (Fig. 8g and ESM Fig. 3¢
f) in their RPTs. In addition, as compared with Hhip™™ mice,
the heightened 3-galactosidase activity was evident in prima-
ry RPTCs from Hhip®""-Tg mice (ESM Fig. 3g,h) and was
inhibited by the administration of canagliflozin (500 nmol/l)
(ESM Fig. 3g,h).

Discussion

In the present study, we demonstrated that renal tubule-
specific HHIP deficiency protected mice from the develop-
ment of DKD tubulopathy. The study showed that high-
glucose-induced HHIP expression/secretion stimulated Sglf2
gene expression, which further increased intracellular glucose
concentration. In parallel, this increased HHIP expression
exacerbated cellular senescence by releasing inflammatory
cytokines in RPTs. Both actions formed a vicious cycle, ulti-
mately leading to DKD tubulopathy. In contrast, renal tubule-
specific HHIP deficiency attenuated these changes, thereby
protecting the kidney. The hypothetical process by which this
may occur is depicted schematically in Fig. 8h.

There is a growing body of literature that demonstrates the
importance of tubular function in regulating glomerular filtra-
tion and glucose reabsorption in the context of diabetes [4].
The renal tubular epithelium is a key participant in a sequence
of cellular events from adaptive (hypertrophy) to maladaptive

(dedifferentiation, EMT, apoptosis and/or fibrosis) as a
response to kidney injury in diabetes [4]. We have systemati-
cally studied and reported that hyperglycaemia stimulated
renal HHIP expression in diabetic kidneys (i.e. glomerulus,
tubule, urinary casts and urine) in both humans [20] and
diabetic mice [21]. Our data showed that HHIP is involved
in the development of diabetic nephropathy. Here, with the aid
of our recently generated renal tubule-specific Hhip deletion
and overexpression mouse lines (Hhip®"™-KO and HhipRFT¢-
Tg mice), we aimed to study the role of renal tubule HHIP in
DKD tubulopathy.

As recommended by the NIH Animal Models of
Diabetic Complications Consortium, LDSTZ eliminates
or minimises potential STZ nephrotoxicity [34]. LDSTZ-
induced diabetic mice show the development of albumin-
uria and increased GFR but no hypertension; these DKD
features are more pronounced in male than in female
C57BL/6 mice [35, 36]. Notably, the adult Hhip®'-KO
mice are phenotypically indistinguishable from Hhip™?
mice (male or female), making the LDSTZ-induced
murine diabetic model ideal by excluding the impact of
STZ destruction of pancreatic beta cells, as we showed
the functional link of HHIP to pancreatic beta cell
dysfunction [37]. Here, we conducted all experiments in
male mice (Hhip®T-KO vs Hhip™™) rendered diabetic for
a period of 10 weeks. As previously reported [24, 38, 39],
features of LDSTZ-DKD, such as elevated blood glucose
levels, increased GFR and UACR, and overall DKD
degenerative pathologies including tubulopathy, occurred
in diabetic Hhipﬂ/ .STZ mice. In contrast, those changes
were substantially attenuated in diabetic Hhip®"-KO-STZ.
There was no hypertensive phenotype involved in the
current model.

Hhip™-CON and Hhip?T-KO-CON mice had similar
basal expression levels of Sgltl, Sglt2 and Glut2.
However, lower Sglt2 IF expression was evident in the
RPTs of diabetic Hhip®"-KO-STZ (vs Hhip™"-STZ) mice,
while Sgltl and Glut2 expression remained unchanged,
suggesting a functional interaction between HHIP and
SGLT2 in RPTs in the presence of diabetes. In diabetes,
excessive glucose uptake via SGLT2 (mediating more
than 90% of glucose resorption [40]) may contribute to
glucose toxicity, hyperfiltration and glomerular injury, as
well as to proinflammatory cytokine production [10].
Indeed, the cardio- and reno-protective effects of SGLT2
inhibitors have now been documented in large clinical
trials in individuals with type 2 diabetes [3, 41-44]. We
did not observe apparent changes in either SGLT1 and
GLUT2 expression (mRNA and protein) in our model,
although studies in rats and mice with STZ-induced
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4 Fig.7 ATM- and ATR-mediated cell arrest in HK2 cells. HK2 cells were
treated with rHHIP = ATM inhibitor (KU-55933) or ATR inhibitor
(AZD6738) for 24 h. (a, b) Representative images of (3-galactosidase
staining are shown (positive SA-f-gal staining indicated by
arrowheads) (a), together with semi-quantification of staining (b). Scale
bar, 50 um. Three separate experiments (triplicated setting for each
experiment) were performed. (c—f) Representative images of CDK1 (c)
and CDK2 (e) staining are shown (CDK1, green; CDK2, green; DAPI,
blue) staining are shown, together with semi-quantification of staining (d,
CDKI; f, CDK2). Scale bar, 50 um. Three separate experiments
(duplicated setting per each experiment) were performed. Data are
shown as mean + SEM for the indicated numbers of mice. *p<0.05,
**p<0.01 and ***p<0.001 (one-way ANOVA, followed by
Bonferroni’s post hoc test). Cont, no treatment; SA-3-gal, senescence-
associated [3-galactosidase

diabetes have indicated a concerted upregulation of lumi-
nal and basolateral GLUT?2 facilitating diffusion in contri-
bution of glucose reabsorption in RPTs [45-47].

In HK2 cells, both HHIP overexpression or treatment
with rtHHIP directly stimulated SGLT2 protein expression
and activity, and those elevations were further pronounced
in cells exposed to high-glucose milieu. With these results,
we concluded that the glucose-lowering property observed
in diabetic Hhip®"-KO-STZ (vs diabetic Hhip""-STZ)
mice might be due to lower SGLT2 expression in their
RPTs. Therefore, diabetic Hhip®"-KO-STZ mice displayed
glucosuria much like diabetic Hhip™"-STZ mice. Multiple
factors/pathways have been involved in the regulation of
Sglt2 gene expression/activity in DKD [5]. Among these
pathways, it is known that TGF-31, via phosphorylated
Smad3, increases SGLT2 expression in HK2 cells [48,
49]. Previously, we demonstrated that HHIP stimulated
TGF-pB1 promoter activity, protein expression and
TGFpB1-Smad2/3 cascade signal, mediating cellular
remodelling in both non-diabetic [29] and diabetic settings
[21]. Our present data demonstrated that rTGF-31-
stimulated hSGLT2 promoter activity takes place prior to
the effect of rtHHIP on hSGLT2 promoter, suggesting that
the HHIP-induced increase in SGLT2 expression may be
mediated via TGF-f31. Future studies will be needed to
identify the exact mechanism.

SGLT?2 inhibition, counteracting the diabetes-induced
production of proinflammatory cytokines, plays a key role
in kidney-protective effects [5, 50]. An increase in senes-
cent cells in DKD and the senescent tubular epithelial cell
appears to be an appealing target linked to DKD-related
tubulopathy [8, 9, 50]. Previously, we demonstrated that
excessive urinary HHIP production and the release of a

variety of inflammatory cytokines in both diabetic human
and mouse kidneys [20] underscore the occurrence of
SASP. Here, we aimed to investigate the molecular basis
of how RPTC HHIP promotes SASP, thereby advancing
DKD-related tubulopathy.

In the present study, the senescence-associated [3-galacto-
sidase activity and gene expression of several SASP markers
(p16, p21 and p53) were significantly elevated in the RPTs of
diabetic Hhipmﬂ mice. In contrast, those SASP changes were
either inhibited or attenuated in the RPTs of diabetic Hhip®'-
KO-STZ mice, underscoring the importance of localised
HHIP deficiency in decreasing RPT’s senescence in the
context of diabetes. In vitro, overexpression of HHIP and
treatment with tHHIP directly triggered SASP in HK2 cells,
and this increased SASP was more pronounced in cells
exposed to high-glucose milieu. Together, these data highlight
the possible role of RPTC HHIP in cellular senescence.
Indeed, compared with non-Tg littermates, Hhip®" ' “-Tg mice
displayed higher expression levels of SGLT2 and increased
senescence activity in their RPTCs at the basal level, and their
increased [3-galactosidase activity was inhibited by
canagliflozin in primary RPTCs as well.

In mammalian cells, cellular responses to DNA damage
are coordinated primarily by two distinct kinase signalling
cascades, the ATM and ATR pathways, which are acti-
vated by DNA double-strand breaks and single-stranded
DNA, respectively [33]. Both kinases rapidly phosphory-
late p5S3 upon DNA damage, leading to the induction of
p21<"P! to inhibit CDKs. In addition to p53, p16™** also
leads to cell-cycle arrest via the inhibition of
CDK4/CDK6 [10]. To ensure cell integrity after cellular
senescence mediated by p53-p21<P! or p16™*? DNA is
checked during cell-cycle progression in the G1/S or G2/
M phases, a machinery process [9, 10]. As shown in the
simplified version of the ATM and ATR signalling map
(https://www.selleckchem.com/atm.html), ATM-CDK2
appears to mainly target the G1/S phase, while ATR-
CDKI1 targets the G2/M phase. Here, our in vitro data
revealed that both ATM and ATR inhibitors abolished
the rHHIP-induced cellular senescence, underscoring the
arrest of the G1/S or G2/M caused by HHIP-SASP in the
context of diabetes. However, the operation of ATM/ATR
machinery process in detail merits study.

In conclusion, our data suggest that, in the context of diabe-
tes, HHIP deficiency in renal tubular cells prevents DKD
tubulopathy, possibly by inhibition of Sglt2 gene expression
to maintain normal glucose haemodynamics and by inhibition
of cellular senescence to eliminate proinflammatory cytokine
production, a novel finding.

@ Springer


https://www.selleckchem.com/atm.html

238 Diabetologia (2023) 66:223-240

a Non-Tg Hh/pRPTC Tg b c
_ = 57 =y (n=10) —~ 2
: : 3 ° ‘E (n=9) (n=11)
_ £ o R . g 151 o
T -~ B o (=) o [ ]
5 o | =8 —=o = . .
?j 2 5 E °
(o)} T = [ ]
< '8 2 54
e
= 2 i
T 0 O
Non-Tg HhipRPTC-Tg Non-Tg HhipRPTC-Tg
d SGLT2 LTL SGLT2/LTL e PR A—
Ty e B~§ 200- (n.=6)
23
2o . :
S' 100{ tegpe— o
o]
52 ®
O w 501
n ]
ES
Non-Tg HhipRPTC-Tg
S 1804
3
28 1204 (n=6) (n=6)
@ . L4 oo
é lgv 1104
2t w2
FZ °
—%5 904 ° °
° L ]
S 80
Non-Tg Hhip®™-Tg

g SA-B-gal p16 p21 p53

L

A

N
3

Hhipfllfl /\ Hh':pRT_KO

RPTCs : RPTCs
Na* Na* Na* |_Mp
«— HHIP N |
1 SGLT2 1 1 ATPase Na+ Na* Na+

Glucose $ ¥ Na-

o ATPase
l I—» GLUT?2 Glucose

Glucose K*‘—,—
HHIP O
1secretlon o 1H|_l” l |—> GLUT2
o ?
* SASP¥ &g
Infl.cyto**

Tubulopathyf

@ Springer



Diabetologia (2023) 66:223-240

239

RPTC

<« Fig. 8 (a—g) Kidney analysis in male Hhip -Tg (vs non-Tg) mice at
20 weeks of age. Representative IF images of co-staining of kidney
sections for HHIP (red), AQP1 (green) and DAPI (blue) are shown (a).
Blood glucose was monitored by an Accu-Chek Performa glucose meter
(b) and GFR was measured (c). Representative IF images of co-staining
of kidney sections for SGLT2 (red) and LTL (green) are shown (d),
together with semi-quantification of staining (e, f). Data are shown as
mean + SEM for the indicated numbers of mice. *p<0.05 (one-way
ANOVA, followed by Bonferroni’s post hoc test). Representative IHC
images of staining for 3-galactosidase and several cellular senescence
markers (pl16, p21 and p53) are shown (g). Scale bar, 50 um. (h) A
schematic illustration of how HHIP deficiency in renal tubular cells
mediates a concerted effect by restoring Sg/¢2 gene expression to
maintain glucose reabsorption, limiting cellular senescence to
ameliorate renal haemodynamics, and inhibiting proinflammatory
cytokine production, in the context of diabetes. AQP1, aquaporin 1;
Infl. cyto, inflammatory cytokines; G1, cell cycle G1 phase; G2, cell
cycle G2 phase; M, cell cycle mitosis phase; Na*-K*-ATPase, sodium/
potassium-transporting ATPase; S, cell cycle synthesis phase; SA-3-gal,
senescence-associated [3-galactosidase
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