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Growth hormone induces Notch1 signaling in podocytes and
contributes to proteinuria in diabetic nephropathy
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Growth hormone (GH) plays a significant role in normal renal
function and overactive GH signaling has been implicated in
proteinuria in diabetes and acromegaly. Previous results have
shown that the glomerular podocytes, which play an essential
role in renal filtration, express the GH receptor, suggesting the
direct action of GH on these cells. However, the exact mecha-
nism and the downstream pathways by which excess GH leads to
diabetic nephropathy is not established. In the present article,
using immortalized human podocytes in vitro and a mouse
model in vivo, we show that excess GH activates Notch1 signal-
ing in a vy-secretase—dependent manner. Pharmacological
inhibition of Notch1 by y-secretase inhibitor DAPT (N-[N-(3,5-
Difluorophenacetyl)-L-alanyl]-S-phenyl glycine ¢-butylester)
abrogates GH-induced epithelial to mesenchymal transition
(EMT) and is associated with a reduction in podocyte loss. More
importantly, our results show that DAPT treatment blocks cyto-
kine release and prevents glomerular fibrosis, all of which are
induced by excess GH. Furthermore, DAPT prevented glomer-
ular basement membrane thickening and proteinuria induced
by excess GH. Finally, using kidney biopsy sections from people
with diabetic nephropathy, we show that Notch signaling is
indeed up-regulated in such settings. All these results confirm
that excess GH induces Notchl signaling in podocytes, which
contributes to proteinuria through EMT as well as renal fibrosis.
Our studies highlight the potential application of y-secretase
inhibitors as a therapeutic target in people with diabetic
nephropathy.

Renal interstitial fibrosis is the hallmark of progressive
chronic kidney disease, which correlates well with renal failure
(1). Renal fibrosis is characterized by myofibroblast prolifera-
tion and activation, epithelial cell dysfunction, leukocyte migra-
tion, excessive production, and deposition of extracellular
matrix (2). In response to kidney damage, there will be infiltra-
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tion of mature myofibroblasts from various sources including
interstitial fibroblasts, pericytes, endothelial cells, and circulat-
ing fibrocytes (2). Previous studies have shown that multiple
pathways such as the transforming growth factor-8 (TGF-B)?/
Smad2/3 and Notch signaling are involved in epithelial cell dys-
function and fibroblast activation, which leads to the progres-
sion of kidney fibrosis (2).

In the early glomerular development, particularly at the
S-shaped body formation, podocyte fate determination is reg-
ulated by the highly conserved Notch signaling, which trans-
duces short-range signals between neighboring cells (3—6). The
Notch pathway comprises 4 transmembrane Notch receptors
(Notch 1-4) and 5 Notch ligands (Delta-like 1, 3, and 4, and
Jagged 1 and 2). After ligand binding, Notch receptors undergo
a series of cleavages catalyzed by the ADAM proteases and
y-secretase complex, which results in the release of the Notch
intracellular domain (NICD, Fig. S1); this process can be inhib-
ited by the +y-secretase inhibitor and dibenzoazepine (7). The
resulting NICD translocates into the nucleus (8), wherein it
forms a ternary complex by associating with the DNA-binding
protein, retinol-binding protein-jk and the coactivator, Master-
mind-like protein 1 and activates expression of target genes
(9-12).

Vooijs et al. (13) have reported that Notchl is highly active in
the developing kidney; however, in the mature kidney detection
of active Notchl is very little. Inhibition of Notch signaling
during early development of the mouse kidney results in a
severe deficiency of glomerular podocytes, indicating the im-
portance of Notch signaling during kidney development (3). On
the other hand, persistent activation of Notch signaling in the
mature kidney leads to podocyte damage and subsequent kid-
ney failure (14). Further studies had also shown that ectopic
Notch activation in terminally differentiated podocytes is cor-
related with both diffuse mesangial sclerosis and focal segmen-
tal glomerulosclerosis, which are associated with de novo Pax2
expression and p53-induced podocyte apoptosis, respectively
(14, 15). It was also observed that the genetic deletion of the
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ment; EMT, epithelial to mesenchymal transition; qRT, quantitative
RT; DAPT, N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl
ester; UACR, urinary albumin-creatinine ratio; GFR, glomerular filtration
rate; DN, diabetic nephropathy; PAS, periodic acid-Schiff; TEM, transmis-
sion electron microscope; DAPI, 4’,6-diamidino-2-phenylindole; a-SMA,
a-smooth muscle actin.
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Role of Notch signaling in GH-induced proteinuria

Notch pathway in tubular epithelial cells ameliorates renal
fibrosis in the unilateral ureteral obstruction murine model and
folic acid-induced renal fibrosis (16). These data reveal that
Notch signaling plays an essential role in the fibrotic pathogen-
esis. However, the precise underlying cellular mechanisms are
not fully understood.

Although many studies show that the role of Notch1 signal-
ing in glomerular diseases (17-19), the correlation between
activated Notch1 signaling and diabetic proteinuria remains to
be elucidated. Elevated levels of circulating growth hormone
(GH) are associated with the development of nephropathy in
“type 1 diabetes” and “acromegaly” (20, 21). Conditions of ele-
vated GH are typified by hyperfiltration, glomerulosclerosis,
and albuminuria. On the other hand, both decreased GH secre-
tion and action can protect from glomerular complications
(22). Previously, we have established the role of GH on glomer-
ular cells, particularly on podocytes (23, 24). Our present study
demonstrates that excess GH activates Notch signaling in
human podocytes as well as in the murine kidneys. Blocking the
activated Notch signaling through pharmacological inhibition
of y-secretase function reverted the excess GH-induced kidney
fibrosis, interstitial infiltration of plasma-lymphocytic cells and
proteinuria, hindered the glomerular basement membrane
(GBM) thickening with severe foot process effacement in mice
as well as epithelial to mesenchymal transition (EMT) and
fibrotic marker expression of podocytes. Our present study
demonstrates that an elevated level of circulatory GH after
embryonic development may compromise the podocyte func-
tion by activation of Notch signaling and could represent a new
pharmacological target.

Results

GH induces Notch1 activation in immortalized human
podocytes

To identify the biochemical pathways downstream of GH
signaling that are hyperactivated in podocytes in response to
excess GH, we previously performed microarray analysis (GEO
accession number GSE21327) on immortalized human podo-
cytes treated with GH and identified transcriptional activation
of EMT regulator “ZEB2” (24). By reanalyzing the same
microarray data, we now identified that in response to GH
treatment, Notchl signaling is up-regulated in human podo-
cytes (Fig. S2). To reconfirm the up-regulation of Notch signal-
ing pathway by GH in podocytes, we also analyzed the expres-
sion of Notchl and its targets Hesl and Jagl in nondiabetic
mouse kidney (n = 18) versus diabetic nephropathy mouse kid-
ney (n = 21) in the Hodgin diabetes mouse glomerulus data set
available at Nephroseq (https://nephroseq.org),® which shows
that diabetic nephropathy kidneys overexpress Notch1 and its
target genes, HesI and Jagl (Fig. 1A). Next, to validate the data
obtained in our microarray analysis as well as that from
Nephroseq, we measured the mRNA levels of both Notch1 and
its target genes by quantitative RT (qRT)-PCR, and as expected,
the levels of Notch1 (full-length) and its targets were up-regu-
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lated with GH treatment in the human podocytes (Fig. 18). GH
had induced the expression of activated Notchl (NICD1) and
its target proteins in both concentration (Fig. 1C) and time-de-
pendent (Fig. 1D) manners. y-Secretase is an intramembrane
protease that cleaves many membrane proteins including
Notchl, which generates the NICD1 (25). Accordingly, we also
observed a time-dependent increase in y-secretase activity with
GH treatment in human podocytes (Fig. 1E). All these data
suggests that Notchl signaling is up-regulated in response to
GH treatment in human podocytes.

y-Secretase activity is required for GH-mediated Notch
activation

To confirm the role of y-secretase in GH-induced Notchl
activation, we next treated the human podocytes with GH in
the absence or presence of well-established y-secretase inhibi-
tor, DAPT (N-[N-(3,5-difluorophenacetyl)-L-alanyl]-S-phenyl-
glycine t-butyl ester). As expected, DAPT treatment to the GH-
exposed human podocytes has decreased the +vy-secretase
activity in a time-dependent manner (Fig. 24). GH was not able
to induce the expression of Notchl or its target genes (HesI and
HeylI) in the presence of DAPT in human podocytes as mea-
sured by qRT-PCR (Fig. 2B), Western blotting (Fig. 2C), and
immunofluorescence (Fig. 2D). Furthermore, we continued our
quest of understanding the effect of GH on Notch signaling in
vivo. Similar to the observations in vitro, GH treatment led to
the induction of NICD1, Jagl, and NICD targets: Hesl and
Heyl in glomerular sections from mice as measured with
immunostaining (Fig. 3, A-D) and Western blotting (Fig. 3, E
and F). DAPT inhibited NICD1 accumulation and induction of
its targets in glomerular sections (Fig. 3, A, C, and D), glomer-
ular lysates (Fig. 3E), and primary podocytes (Fig. 3F) isolated
from GH-treated mice. However, the expression of Jagl was
unaffected by DAPT treatment (Fig. 3, B, E, and F). It should be
noted that the data from isolated podocytes corroborate with
that from glomerular lysate (Fig. 3, E and F). Together, the data
confirm that GH stimulates NICD1 expression in glomeruli
and podocytes, and functional y-secretase is required to acti-
vate GH-dependent Notch1 signaling.

Activated Notch signaling is required for GH-induced EMT in
podocytes

Previously, we established that excess GH elicits EMT in podo-
cytes (24). Thus, we analyzed the influence of Notch signaling in
GH-induced EMT in podocytes. GH treatment induced the EMT
markers (E-Cad, N-Cad, Snail, Slug, ZEB2, Vimentin, and a-SMA)
in human podocytes and mouse glomerulus as shown at both
mRNA (Fig. 44) and protein levels (Fig. 4, B and C). DAPT treat-
ment abrogated this effect of GH in human podocytes (Fig. 4, A
and B) and mouse glomerulus (Fig. 4C).

Remodeling of actin filaments is necessary for EMT (26). To
confirm the physiological function of EMT induced by GH, we
next performed the phalloidin staining of the podocytes treated
with GH, with or without DAPT treatment. The results pre-
sented in Fig. 4D suggests that there is complete disorganiza-
tion of the actin filaments in the podocytes treated with GH,
and can be rescued by co-treatment with DAPT (Fig. 4D).
Quantification of F-actin stress fiber distribution revealed a sig-

SASBMB


http://www.jbc.org/cgi/content/full/RA119.008966/DC1
https://nephroseq.org

Role of Notch signaling in GH-induced proteinuria

A Least expressed Most expressed
] EEEEEEO000000DEEE DNt expressed[gaporr
HES1 H BN : | | [ 15205
JAG1 (1] 16449
NOTCH1 Il | 18128
Non-Diabetic Mouse Kidney Diabetic Nephropathy Mouse
(n=18) (n=21)
B
. C
s 4 i’ Podocyte Lysates
Y xxx GH
5 "i" ng/ml 0 100 250 500 12hr
§ i * Kk k Kk w —re
s xa.! = NOLChT(FL) | s s
e 2 . g2 . 250
z E 150
E [ 44 - —trd— B -k NICD1 | s —— —_—
2 . 100
o —50
x 0T 7 — [ — ; -
CTL GH CTL GH CTL GH CTL GH B-ACtm --- 37
Notch1 Jag1 Hes1 Hey1 (kDa)
Podocyte Lysates
D a4 e’ E
(500 ng/mpy - + + +
0 6 12 hr | ookl |
150
NOtChT(FL) | = e e e 2 A ool
250 )
. 150 g * k k%
NICD1 —— =" . 100 =&
75 ° ‘** [
Jagl | T T e e P S
50 5 *adse
— 50 5
Hes [ mmmm e d— | 25 2
— 50 - 0 T T T T
: CTL  GH GH GH
B-Actin w_;_ . Time (hr) 0 3 6 12
(kDa)

Figure 1. GH induces Notch1 activation in immortalized human podocytes. A, Nephroseq (University of Michigan O’Brien Renal Center, Michigan, Ann
Arbor, M) analysis comparing HEST, JAG1, and NOTCH1 expression levels from nondiabetic mouse kidney (n = 18) versus diabetic nephropathy mouse kidney
(n = 21) in Hodgin diabetes mouse glomerulus. Data indicate that expression of these genes increased >1.5-fold in the diabetic group. B, gqRT-PCR analysis
showing the expression of Notch pathway genes (Notch1, Jag1, Hes1, and Hey1) in human podocytes treated with GH (500 ng/ml) or without GH (CTL) for 30
min. mRNA levels were normalized to B-Actin levels and presented as fold-change on the y axis. ****, p < 0.0001. C, immunoblotting analysis showing the
expression of Notch1 full-length (FL), active Notch1 (NICD1), and B-Actin in human podocytes treated with GH (100 to 500 ng/ml) for 12 h. D, immunoblotting
analysis showing the expression of Notch1 (FL), NICD1, Jag1, Hes1,and B-Actin in human podocytes treated with GH (500 ng/ml) or the indicated time intervals
(0to 12 h). E, y-secretase activity in human podocytes treated with or without GH (500 ng/ml) for 0-12 h. **** p < 0.0001. Data represent the mean = S.D. (n =

6) and statistical significance was analyzed by Student’s t test.

nificant loss (60 = 5%) of stress fibers in podocytes exposed to
GH, whereas DAPT ameliorated GH-induced injury to the
actin stress fibers (Fig. 4E).

Furthermore, to confirm the role of Notch1 signaling in GH-
induced EMT in the podocytes, we also performed the cell
migration assay. Although GH treatment alone to the podo-
cytes completely covered the wound by 12 h, DAPT treatment
abrogated this GH-induced phenotype (Fig. 4F). Quantification
of wound coverage in response to CTL, GH, and GH + DAPT
exposure, GH solely enhanced the migration of podocytes
(90 = 8%, Fig. 4G). All these results confirm that excess GH
induces EMT in the podocytes and activated Notch signaling is
essential for GH-induced EMT in podocytes.

SASBMB

Activated Notch signaling is required for GH-induced
interstitial infiltration of plasma-lymphocytic cells
and fibrosis in kidneys

Diabetes is characterized by mild, but significant glomerulo-
sclerosis, and GH has been shown to contribute to the glomer-
ulosclerosis (27). Next, we treated the mice with GH and pre-
pared the paraffin-embedded kidney sections to look for
interstitial infiltration of plasma-lymphocytic cells. As previ-
ously noted, our hematoxylin and eosin staining of the kidney
sections showed interstitial infiltration of plasma-lymphocytic
cells in mice treated with the GH (Fig. 54). We also observed
enhanced fibrosis in the mice kidneys treated with the GH, as
analyzed by both periodic acid-Schiff (PAS) (Fig. 5B) and Mas-
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Figure 2. DAPT limits the hyperactive Notch signaling in human podocytes by inhibiting the y-secretase activity. A, y-secretase activity in human
podocytes treated with GH or GH + DAPT for the indicated time intervals (3-12 h). **** p < 0.0001, ns, not significant. B, qRT-PCR analysis showing the
expression of Notch1, Jag1, Hes1, and Hey1 in human podocytes treated with GH (500 ng/ml) + DAPT (5 wg/ml). B-Actin was used as an internal control. ****,
p < 0.0001. C, immunoblotting analysis showing the expression of Notch1 (FL), NICD1, Jag1, and Hes1 in CTL, GH, and GH + DAPT-treated (12 h) human
podocytes. D, immunofluorescence analysis for NICD1, Jag1, and Hes1in CTL, GH, and GH + DAPT treated (12 h) human podocytes (X630). Scale bar = 20 um.
Data presented as mean = S.D. (n = 6) and statistical significance was analyzed by Student’s t test.
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son’s trichrome (Fig. S3A) stainings. Quantification of the Mas-  with increased expression of cytokines (Fig. 5C) and fibrotic
son’s trichrome-stained area revealed that GH enhanced glo- marker in GH-treated mice, as measured at both mRNA and
merular fibrosis (50 == 10%, Fig. S3B). These data also correlated  protein (Fig. S3, C and D) levels.
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Figure 3. GH induces Notch signaling in glomerulus of mice kidney. A-D, representative images of immunostaining for NICD1 (4), Jag1 (B), Hes1 (C), and
Hey1 (D) in glomeruli from CTL, GH, and GH + DAPT mice (n = 6). We employed DyLight 594-conjugated secondary antibody for NICD1 and Jag1; Cy5-
conjugated secondary antibody for Hes1; and DyLight 488-conjugated secondary antibody for Hey1. These sections were counterstained with DAPI. Scale
bars = 20 um (X630). E, Western blot analysis showing the expression of pStat3a, total Stat3a, NICD1, Jag1, and Hes1 from CTL, GH, and GH + DAPT-treated
mice glomerular lysates (n = 6). Expression of B-Actin was used as an internal control. F, Western blot analysis showing the expression of NICD1, Jag1, and Hes1
in primary mouse podocytes isolated from CTL, GH, and GH + DAPT- treated mice. Expression of 3-Actin was used as an internal control. Data are presented
as mean = S.D. and statistical significance was calculated by using Student’s t test.

Indeed, treatment of mice with DAPT had reversed the GH-
induced nonresident cell infiltration into the kidneys (Fig. 54)
and was able to reverse the fibrosis as evidenced by periodic
acid-Schiff (Fig. 5B) and Masson’s trichrome (Fig. S3A) stain-
ings. Mesangial expansion and glomerular damage score were
found elevated with GH treatment (Fig. 5, C and D). DAPT
treatment also inhibited the GH-induced cytokine and fibrotic
gene induction (Fig. 5E); and reversed podocyte-specific
marker genes expression as measured at both mRNA and pro-
tein levels (Fig. S3, C and D). To further evaluate whether the
cytokines released from these podocytes are indeed functional,
and DAPT blocked the function of these cytokines, we next
performed classical chemotaxis assay using J774A.1 macro-
phages. As expected, the macrophages were able to fill the gap,

SASBMB

when treated with conditioned medium collected from podo-
cytes treated with the GH, whereas this function was com-
pletely blocked when similar conditioned medium from podo-
cytes treated with GH + DAPT was used (Fig. S4A). The
conditioned medium from the untreated podocytes was used as
a control. Quantification of the wound coverage in response to
CTL, GH, GH + DAPT, and C5a exposure, GH-treated spent
medium solely enhanced the migration of J774A.1 macro-
phages (70 = 10% increase, p < 0.001, Fig. S4B).

Kidney fibrosis leads to thickening of the GBM, which con-
sequently results in podocyte foot process effacement (28). To
confirm whether a similar phenomenon also happens in our
GH-induced proteinuria mice model, we next performed trans-
mission EM studies to analyze the structural changes in the

J. Biol. Chem. (2019) 294(44) 16109-16122 16113
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Blocking activated Notch1 signaling abrogates GH-induced
proteinuria

Previously, we showed that GH treatment to rodents induces
loss of podocyte number (23). GH-treated mice kidney sections
were probed for WT1, which specifically express in podocytes.
Our data reconfirm that GH treatment results in depletion of
podocytes (Fig. 6, A and B). We also confirmed that GH treat-
ment reduced the physiological functional ability of the kidneys
in the mice as analyzed by an increase in urinary albumin-cre-
atinine ratio (UACR) (Fig. 6C), and decrease in glomerular fil-
tration rate (GFR) (Fig. 6D). We also assessed the extent of
proteinuria in GH-treated mice by analyzing the urinary pro-
tein content on SDS-PAGE and staining with silver nitrate. GH
treatment had increased the amount of protein in urine. Co-
treatment of mice with DAPT has rescued the decrease in
podocyte number induced by the GH (Fig. 6, A and B). We also
observed that DAPT ameliorated GH-induced UACR (Fig. 6C)
and GH-induced loss of GFR (Fig. 6D). Finally, DAPT also
blocked the proteinuria induced by the GH in these mice (Fig.
6E). Albumin influx assay (in vitro) revealed that DAPT has
prevented GH-induced albumin leakage across podocyte
monolayer (Fig. 6F). Together the data suggest that excess GH
impair the podocyte function and induces proteinuria through
activated Notchl signaling.

Notch signaling is hyperactivated in people with diabetic
nephropathy

Finally, to confirm the results obtained so far that excess GH
induces activated Notchl signaling in humans, we evaluated
the extent of NICD1 expression in people with diabetic
nephropathy (DN). As expected, urine from these people
showed higher albumin (Fig. S5A) and elevated serum creati-
nine (Fig. S5B) levels and decreased glomerular filtration rate
(Fig. S5C). We observed that there is more urinary protein in
these patients as observed by Coomassie Brilliant Blue staining
of the urine samples (Fig. 7A). Immunohistochemical analysis
of the kidney sections from people with diabetes showed
increased NICD1, Jagl, and Hesl expression compared with
the healthy controls (Fig. 7B). Furthermore, we observed ele-
vated expression of EMT markers a-SMA, N-Cad, and Vimen-
tin in glomerulus in patients with diabetic nephropathy (Fig. 7,
C-F). All these data confirm that people with diabetic nephrop-
athy have elevated functional Notch signaling in their kidney
glomeruli and enhanced expression of EMT markers.

Discussion

In the present article, we show that GH activates Notchl
signaling in podocytes and pharmacological inhibition of -
secretase blocks the GH-induced EMT induction, infiltration of

Role of Notch signaling in GH-induced proteinuria

nonresident cells, fibrosis, GBM thickening, and podocyte foot-
process effacement. Glomerular sclerosis and albuminuria are
associated with failure of the normal kidney functions. GH
induces the albuminuria, whereas the +y-secretase inhibitor
treatment under similar conditions kept a constant check on
these parameters and thus protects the mice kidneys from
fibrosis. More importantly, GH treatment in mice leads to
proteinuria, a common symptom associated with diabetic
nephropathy, which was successfully abrogated with the
y-secretase inhibitor treatment.

Notch signaling is essential during nephrogenesis, i.e. during
the embryonic development of glomerular podocytes and prox-
imal tubules (29). On the contrary, Notch signaling is not
required for podocyte formation, beyond the stage of the
S-shaped body (29, 30). Although, Niranjan et al. (14) showed
that NICD1 induces apoptosis in rat podocytes, whereas in the
experiments performed by Waters et al. (15) show that the
podocyte-specific expression of NICD1 promoted severe pro-
teinuria and showed evidence of foot-process effacement and
progressive glomerulosclerosis. The differences in these two
reports can be attributed toward different mice strains used in
their studies. Lasagni et al. (31) demonstrated that persistent
activation of Notch signaling results in mitotic catastrophe and
inhibition of the Notch pathway in renal progenitors is prereq-
uisite for the differentiation toward podocyte lineage. Expres-
sion of Notch was undetectable in the glomeruli from healthy
adult kidneys, whereas a strong up-regulation was observed in
podocytes in patients affected by glomerular disorders. Inhibi-
tion of Notch signaling in mouse models of focal segmental
glomerulosclerosis reduced podocyte loss and improved pro-
teinuria (31). Mice with podocyte-specific deletion of Notchl
were shown to be protected from DN (32). Similarly, podocyte-
specific deletion of retinol-binding protein-jk, which is an
important downstream component of canonical Notch signal-
ing, has lowered the severity of proteinuria and reduced the
podocyte injury in DN rodent model (14). However, the mech-
anism by which NICD1 is induced during the DN conditions is
not yet known. The data presented in our study confirms that
excess GH, commonly observed during the DN (33), activates
Notch signaling in the podocytes and inhibition of this signal-
ing by y-secretase inhibitor blocks GH-induced proteinuria
and foot-process effacement in mice.

EMT, as well as renal fibrosis, are the shared pathological
hallmarks of progressive chronic kidney disease, which comes
with diverse etiologies. Hyperglycemia was demonstrated to
provoke podocyte EMT through several molecular mecha-
nisms, including activation of Notch signaling (34). Podocyte-
specific Notch activation leads to dedifferentiation and its
shedding (14, 15). In different models, either treatment with

Figure 4. Activated Notch signaling is required for GH-induced EMT in podocytes. A, gRT-PCR analysis showing the expression of EMT markers (E-Cad,
N-Cad, Snail, Slug, Zeb2, Vimentin, and a-SMA) in human podocytes treated with GH in the presence or absence of DAPT. B-Actin was used as an internal
control. **** p < 0.0001. B and C, Western blot analysis showing the expression of Zeb2, E-Cad, N-Cad, Vimentin, and a-SMA in (B) human podocytes and (C)
mice glomerular lysates (CTL, GH, and GH + DAPT treatments). D, phalloidin staining of podocytes showing F-actin arrangement and changes in stress fibers
(indicated by white arrow). E, phalloidin-stained F-actin stress fibers in podocytes are quantified by ImageJ and data are presented as mean = S.D. (n = 20). ****,
p < 0.0001. Scale bars = 20 um (X630). F, wound healing assay was performed to determine the extent of motility of podocytes from CTL, GH, and GH + DAPT
groups and images were captured at the indicated times (0-12 h) using an Olympus inverted microscope (X100) and scale bar = 100 um. G, the % area of
wound covered by cells was quantified by Imagel. ****, p < 0.0001. Data are presented as mean * S.D. and statistical significance was analyzed by Student’s

t test. Results shown are representative of three independent experiments.
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y-secretase inhibitors or reducing Notch transcriptional bind-
ing protein levels showed a significant amelioration of glomer-
ular injury and fibrosis, demonstrating the role of Notch signal-
ing in podocyte EMT (35, 36). Several upstream master
regulators like Wnt and TGEF-g etc., are shown to increase the
Notch activity (37-39).
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Our data indicate that GH induces activated Notch1 signal-
ing in podocytes, and since during DN, GH is up-regulated (20),
and we observed increased NICD1 in people with DN, we pre-
sume that during DN, GH activates Notch signaling in podo-
cytes. In mice treated with GH, we have shown enhanced glo-
merulosclerosis and more importantly, DAPT treatment had
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reduced the GH-induced glomerulosclerosis in these mice.
Furthermore, our data indicate that activated Notch1 regulates
the GH-induced EMT of the podocytes. We had shown previ-
ously that GH induces the expression of the EMT transcription
factor, ZEB2, which transcriptionally down-regulates P- and
E-cadherin expressions in the podocytes (24, 40). In the present
article, we show that GH induces NICDI1, and treatment of
podocytes with y-secretase inhibitor blocks GH-induced ZEB2
and thus EMT in podocytes.

TGEF-B1 is a pro-sclerotic cytokine and it is accepted that
TGF-B1 and its downstream SMAD signaling is involved in the
development and progression of renal fibrosis in people with
DN (41, 42). Studies from our laboratory report that GH regu-
lates the bioavailability of TGF-@1 via regulating the expression
of transforming growth factor-B-induced protein (TGFBIp)
(23) and induces the expression of Smad-interacting protein,
SIP1 (24). Recently, we identified that GH directly stimulates
TGF-f expression in podocytes.* Whereas DAPT treatment
successfully abrogated GH-induced Notch signaling, our data
shows that DAPT was not able to reverse GH-induced Jagl
expression. TGF-B1 has been shown to independently regulate
Jagl and Hey1 expression in renal epithelial cells (43, 44). Fur-
thermore, TGF-B—induced EMT can be inhibited by silencing
either Heyl or Jagl as well as by chemical inactivation of Notch
signaling (44). All these data suggest that there is a significant
cross-talk between Notch and TGF-f3 signaling in fine-tuning
the EMT phenomenon. How this cross-talk is specifically mod-
ulated during GH-depandant podocyte EMT and renal fibrosis
needs further studies.

Preclinical studies have shown that DAPT could suppress the
Notch signaling and also selective antibodies to preferentially
target Notch receptors and ligands have proven successful (44).
Based on our data that people with DN show stronger NICD1
staining in the podocytes, as well as blocking NICD1 function
through vy-secretase inhibitor abrogates the proteinuria in
mice, we believe that proteinuria and glomerulosclerosis in DN
can be repressed using y-secretase inhibitors. However, for the
utilization of y-secretase inhibitors, there are clinical concerns
remaining over normal organ homeostasis and significant
pathology in multiple organs. Because Notch signaling is not
essential for the podocytes after embryonic development, we
believe that tissue-specific administration of such inhibitors
may offer protection against diabetic nephropathy.

4 Mukhi D, Nishad R, Singh AK, Mungamuri SK and Pasupulati AK; unpublished
data.
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Experimental procedures
Reagents

The primary antibodies are as following: anti-activated
Notchl (ab8925), anti-WT-1(ab212951), anti-pSTAT3a (ab76315),
anti-t-STAT3a (ab5073), anti-cleaved Notchl (ab8925), anti-
FSP1 (ab41532), and anti-HEY1 (ab154077) were purchased
from Abcam (Cambridge, MA). Notch1 Full-length (FL) (num-
ber 3608), anti-E-Cadherin (number 3195), anti-N-Cadherin
(number 13116), anti-aSMA (number 19245), anti-cleaved
Notchl (number 4147S), anti-ICAM-1 (number 4915), and
anti-Actin (number 4970) were purchased from Cell Signaling
Technology (Danvers, MA). The anti-HES1 (sc-166410) and
anti-ZO-1 (sc-33725) were obtained from Santa Cruz Biotech-
nology (Dallas, TX). Anti-Vimentin (PAB040Hu01), anti-Col4
(PAA180HuO1), anti-Fibronectin (PAA037Hu01), and anti-
JAG1 (PAB807Hu01) were purchased from Cloud-clone
(Houston, TX). Anti-ZEB2 (PA5-20980) was purchased from
Thermo Fisher Scientific. DAPT (D5942), SIGMAFAST DAB
with Metal Enhancer Tablet Set (D0426), phalloidin fluorescein
isothiocyanate labeled (P5282), and glutaraldehyde solution
(G5882) were obtained from Sigma. Pink pre-stained marker
protein (ABIN5662611, Nippon Genetics Europe), Precision
Plus Protein Dual Color Standards (Bio-Rad, Hercules, CA),
and ProLong™ Diamond Antifade Mountant (P36961) were
purchased from Molecular Probes Life Technologies and
DyLight 488 and DyLight 564, and Cy5-conjugated secondary
antibody were obtained from Vector Laboratories (Burlingame,
CA). Primers used in this study procured from Integrated DNA
Technologies (Coralville, IA). cDNA reverse transcription kit
and SYBR Green Master Mix reagents were obtained from Bio-
Rad. All other reagents used were of analytical grade and
obtained from Sigma.

Animals and tissues

All the experimental procedures for the animals were pre-
approved by the Institutional Animal Ethics Committee of the
University of Hyderabad, India. 8-Week-old Swiss Webster
male mice weighing nearly 30 + 5 g were used in this study. The
mice were randomly assigned to three groups (6 mice per
group): 1) control group (CTL), 2) GH-treated group, and 3)
GH + DAPT-treated group. Experimental mice received a sin-
glei.p. dose of hGH (1.5 mg/kg/day), whereas control mice have
received an equal volume of saline for 4 weeks. The inhibitor
groups were received DAPT (10 mg/kg of body weight) per day
prior to the GH treatment. After 4 weeks of the experimental
period, the mice were placed in individual metabolic cages for
collecting 24-h urine to estimate albumin and creatinine. An

Figure 5. Activated Notch signaling is required for GH-induced immune cell infiltration and fibrosis in kidneys. A, representative images of H&E staining
in glomerular sections from CTL, GH, and GH + DAPT-treated mice. Interstitial infiltration of plasma-lymphocytic cells can be noticed in the GH-treated group
(white arrows). Scale bars indicate 20 wm (X630). B, representative images of PAS staining in glomeruli from CTL, GH, and GH + DAPT-treated mice (n = 6). Scale
bars = 20 um (X630). C, mesangial expansion index from PAS-stained images was quantified using ImagelJ. Each dot represents the average value of 20
glomeruli from a single animal of each group (n = 6). ***, p < 0.004. D, glomerular damage score was derived from PAS-stained images by summing the
mesangial expansion (asterisks), glomerular capillary blockage, and adhesin of glomerular tuft to Bowman’s capsule (black arrowhead). Each dot represents the
average value of 20 glomeruli from a single animal from each group (n = 6). ***, p < 0.004. E, expression of cytokines and chemokines in human podocytes (CTL,
GH, and GH + DAPT) was analyzed gRT-PCR. Expression of B-Actin was used as an internal control. ¥, p < 0.05; **, p < 0.01; and ***, p < 0.004. F, TEM images
of glomeruli from CTL, GH, and GH + DAPT mice (n = 6). Thickening of GBM and effacement of podocyte foot processes was noticed predominantly in
GH-treated mice. Scale bars indicate 0.5 um. G, thickness of GBM was quantified as described under “Experimental procedures.” Data are presented as mean =
S.D. and statistical significance were analyzed by Student’s t test.
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GH, and GH + DAPT-treated mice (n = 6). ***, p < 0.004. E, urinary samples from CTL, GH, and GH + DAPT group mice were subjected to SDS-PAGE and silver
stained as described under “Experimental procedures.” BSA was used as a standard. F, quantification of albumin influx across human podocyte monolayer after
4 h followed by treatment with GH, DAPT, and GH + DAPT for 12 h. ***, p < 0.004; ns, not significant. Data are presented as mean = S.D. (n = 3) and statistical
significance were analyzed by Student’s t test.
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Figure 7. Elevated Notch pathway and EMT in podocytes and proteinuria in people with DN. A, urine samples from people with DN (n = 5) and healthy
volunteers (n = 3) were resolved on SDS-PAGE and stained with Coomassie Blue. B, representative images of immunohistochemical staining for NICD1, Jag1,
and Hes1 in glomerular sections from people with or without DN. Scale bars indicate 20 um (X630). C, representative images ofimmunohistochemical staining
for a-SMA, N-Cad, and Vimentin in glomerular sections from people with or without DN. Scale bars indicate 20 um (X630). Quantification of expression of

a-SMA (D), N-Cad (E), and Vimentin (F) in 20 glomeruli from each individual with DN compared with people without DN using Imagel. Data are presented as
mean = S.D. *** p < 0.004 and ****, p < 0.0001.
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aliquot of urine from mice was subjected to SDS-PAGE gel and
silver staining was performed to visualize proteins in the urine
(40). We have also estimated GFR in these mice, as described
previously (40). We performed immunohistochemistry and
Western blotting for analyzing the expression of several mark-
ers. For Western blotting, kidneys were collected, and glomer-
uli were isolated. Protein and RNA were prepared from the
glomerular lysate. For histological analysis, kidney cortex was
fixed with 4% paraformaldehyde before embedding in paraffin.
Paraffin-embedded tissues were sliced longitudinally into
3-um thick sections, subjected to staining with hematoxylin
and eosin, PAS, and Masson’s trichrome stainings. Transmis-
sion electron microscopic (TEM) images were obtained for glo-
merular sections from experimental mice groups as described
earlier (45).

Human kidney specimens

Kidney specimens were collected without patient identifiers
from archived kidney biopsies at Guntur Medical College and
Government General Hospital, Andhra Pradesh, India. We
selected cases with biopsy-proven diabetic nephropathy and
significant proteinuria. The study was approved by the Institu-
tional Review Board of Guntur Medical College and Govern-
ment General Hospital, Guntur, Andhra Pradesh, India (appli-
cation number GMC/IEC/120/2018). Our studies abide by the
Declaration of Helsinki principles.

Morphological studies

All histological quantifications were evaluated in a blinded
manner by two independent investigators. Using kidney sec-
tions from these mice (n = 6 each group), 20 consecutive glom-
eruli per mouse were examined for evaluation of glomerular
mesangial expansion and an average value of 120 glomeruli
from each group presented as a dot plot. The index of the
mesangial expansion was defined as the ratio of the mesangial
area/glomerular tuft area. The mesangial area was determined
by the assessment of the PAS-positive and nucleus-free area in
the mesangium using Image] (NIH). Ultrastructure of glomer-
ulus was recorded using TEM. For measurement of GBM thick-
ness, we have randomly selected 6 glomeruli per animal (z = 6
each group). In each glomerulus, we have selected 6 spots and
assessed the thickness of GBM using Image]. In the dot plot,
each dot represents the average thickness of GBM from a single
animal.

Estimation of glomerular filtration rate

GEFR in mice was performed at 8 weeks of age usinga FIT GFR
Test Kit for Inulin according to the manufacturer’s instructions
(BioPal, Worcester, MA). Briefly, 5 mg/kg of inulin was injected
intraperitoneally, followed by serial saphenous bleeds at 30, 60,
and 90 min. Next, serum isolation was done and quantified on a
inulin ELISA kit. Serum inulin clearance estimation was per-
formed by the nonlinear regression method using a one-phase
exponential decay formula (y = Be — bx), and GFR was calcu-
lated (GFR = ((I)/(B/b))/KW, where I is the amount of inulin
delivered by the bolus injection, B is y intercept, b is the decay
constant, x is time, and KW is kilo weight of the animal). Uri-
nary albumin (number COD11573) and creatinine (number
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COD11502) levels were estimated using available assay kits
(Biosystems, Barcelona, Spain).

Podocyte culture and experimentation

Conditionally immortalized HPC were cultured as described
earlier (24). Differentiated podocytes were maintained for
12-16 h in serum-free medium before treating with hGH
(Pfizer, NY), pegvisomant (Pfizer), and DAPT (Sigma). Unless
otherwise mentioned all the experimental conditions for podo-
cyte cells were given for 12 h. The cell lysate was prepared for
RNA isolation or immunoblotting. For immunofluorescence,
cells were cultured on coverslips, followed by treatment as
mentioned above, subsequent fixation with paraformaldehyde
(4%), and blocking with PBS containing normal BSA (5%)
before incubation with primary antibodies. The next day, the
samples were incubated with Alexa Fluor-conjugated second-
ary antibodies, and DAPI for 1 h. Images were acquired using a
confocal microscope (Zeiss). Albumin influx assay across podo-
cyte monolayer was performed as described earlier (23). Pri-
mary podocytes were isolated from mice kidney as described
earlier (46).

Immunoblotting

Glomerular lysate from kidney or human podocytes was pre-
pared with lysis buffer (150 mm NaCl, 1% Nonidet P-40, 0.1%
SDS, 2 ug/ml of aprotinin, 1 mm PMSF) for 30 min at 4 °C. The
homogenate was centrifuged at 12,000 X g for 25 min at 4 °C
and supernatant was collected. An equal amount of protein
from different groups was electrophoresed through 10 to 15%
SDS-PAGE gel and Western blotting was performed with cor-
responding primary and secondary antibodies. Blots were
developed using the ECL Western blotting substrate (number
1705060, Bio-Rad) and chemiluminescence device (Bio-Rad
Versa Doc 5000 MFP).

RNA extraction and qRT-PCR

The total transcripts were extracted by using TRIzol reagent
(Invitrogen) and isolated using RNA isolation kit (Qiagen).
Next, 1 ug of total RNA was reverse transcribed using the
c¢DNA synthesis kit (Thermo Fisher Scientific). gPCR analysis
was performed by the QuantStudio 3 system (Applied Biosys-
tem) with SYBR Green (KAPPABIOSYSTEM, USA) Master
Mix using three-step standard cycling conditions with se-
quence-specific primers. To ensure a single PCR product was
amplified, we examined the melting curve for each primer.
mRNA expression of each gene was normalized using the ex-
pression of B-actin.

Enzyme-linked immunosorbent assay

y-Secretase activity was quantified by fluorescent micros-
copy using a y-secretase activity kit according to the manufa-
cturer’s instructions (ImmunoTag, G-Biosciences, St. Louis,
MO). Briefly, the y-secretase activity was determined by quan-
tification of human APH1A (Gamma-Secretase subunit APH-
1A) with biotin-conjugated anti-APH1A antibody as a detec-
tion antibody. The cleavage-dependent release was measured at
450 nm by using a fluorescent microplate reader (Multiskan
GO Microplate Spectrophotometer, Thermo Scientific).
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Chemotaxis assay

J774A.1 macrophages were cultured as a monolayer and were
scratched using the sterile 10-ul tip and washed with PBS to
remove cell debris. Conditioned media from podocytes treated
with GH, GH + DAPT, or naive to any treatment was added to
J774A.1 macrophage. C5a was used as a positive control with a
concentration of 10 ng/ml (47). After the scratch, the images of
the wounded area were captured at different time intervals to
monitor J774A.1 macrophage migration into the wounded
area. The migratory abilities were quantified by measuring the
distance between cells in the scratch zone.

F-actin staining

Phalloidin staining for F-actin was performed to visualize the
distribution of stress fibers in differentiated podocytes as de-
scribed previously (48). Briefly, the cells were fixed in 4% para-
formaldehyde at room temperature for 15 min after washing,
and then permeabilized for 15 min with 0.3% Triton X-100 in
PBS followed by 5% BSA blocking. Cells were incubated with
rhodamine-phalloidin (Invitrogen Corp.) for 15 min at room
temperature to stain F-actin. The slides were examined using
confocal laser scanning microscopy. Fifty cells per group were
counted to calculate the ratio of cells retaining distinct F-actin
fibers. The slides were examined by Leica Microsystems trin-
ocular or Zeiss confocal microscopy.

Wound healing assay

The phenomenon of EMT in podocyte cells was assessed
using a wound healing migration assay. A confluent monolayer
of podocytes in 6-well plates was wounded with a 10-ul pipette
tip following two perpendicular diameters, giving rise to two
acellular clear areas per well. After washing with PBS, podocyte
cells were treated with GH and GH + DAPT and incubated for
0-12 h and images were captured at different time intervals.
The extent of migration of cells to cover wounded area was
determined by Image].

Statistical analysis

The data are presented as mean = S.D. of at least 6 indepen-
dent experiments unless otherwise mentioned. Prism software
(GraphPad Software Inc.) was used to analyze the data. Statis-
tical differences between the groups made using Student’s £ test.
Statistical significance was determined as p < 0.05.
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