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The role of dendrin in IgA nephropathy
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ABSTRACT

Background. Immunoglobulin A nephropathy (IgAN) and its
systemic variant IgA vasculitis (IgAV) damage the glomeruli,
resulting in proteinuria, hematuria and kidney impairment.
Dendrin is a podocyte-specific protein suggested to be involved
in the pathogenesis of IgAN. Upon cell injury, dendrin
translocates from the slit diaphragm to the nucleus, where
it is suggested to induce apoptosis and cytoskeletal changes,
resulting in proteinuria and accelerated disease progression
in mice. Here we investigated gene and protein expression of
dendrin in relation to clinical and histopathological findings to
further elucidate its role in IgAN/IgAV.

Methods. Glomerular gene expression was measured using
microarray on 30 IgAN/IgAV patients, 5 patients with mem-
branous nephropathy (MN) and 20 deceased kidney donors.
Dendrin was spatially evaluated on kidney tissue sections
by immunofluorescence (IF) staining (IgAN patients, n = 4;
nephrectomized kidneys, n = 3) and semi-quantified by im-
munogold electron microscopy (IgAN/IgAV patients, n = 21;
MN, n = 5; living kidney donors, n = 6). Histopathological
grading was performed according to the Oxford and Banff
classifications. Clinical data were collected at the time of biopsy
and follow-up.

Results. Dendrin mRNA levels were higher (P =.01) in IgAN
patients compared with MN patients and controls and most
prominently in patients with preserved kidney function and

fewer chronic histopathological changes. Whereas IF staining
did not differ between groups, immunoelectron microscopy
revealed that a higher relative nuclear dendrin concentration in
IgAN patients was associated with a slower annual progression
rate and milder histopathological changes.

Conclusion. Dendrin messenger RNA levels and relative
nuclear protein concentrations are increased and associated
with a more benign phenotype and progression in IgAN/IgAV
patients.

Keywords: chronic kidney disease, dendrin, IgA nephropathy,
immunoelectron microscopy, microarray

INTRODUCTION

Immunoglobulin A nephropathy (IgAN) is the most common
glomerulonephritis globally and one of the leading causes
of kidney failure (KF). IgAN, mainly affecting young adults,
is characterized by proteinuria and hematuria leading to a
successive loss of kidney function. Approximately 25-30% will
reach KF within 20 years from diagnosis [1], but the clinical
picture and progression rate vary widely. IgA vasculitis (IgAV;
formerly Henoch-Schonlein purpura) is a systemic variant of
IgAN, defined as a small-vessel vasculitis with IgA-dominant
immune deposits. Typically the skin, gut and joints are affected.
The kidney symptoms and the histopathological picture are
indistinguishable from that of IgAN [2].
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KEY LEARNING POINTS

What is already known about this subject?

glomerulosclerosis and decline of kidney function.

What this study adds?

dendrin RNA and protein concentrations in IgAN.

What impact this may have on practice or policy?

o Immunoglobulin A nephropathy (IgAN) is the most common primary glomerulonephritis, characterized by proteinuria,

o Dendrin has been detected in podocyte nuclei in biopsies from IgAN patients.

o In animal models, dendrin is suggested to induce podocyte apoptosis and rearrangement of cytoskeleton, causing
proteinuria, glomerulosclerosis and a decline of kidney function, but our understanding of the pathogenic link between
dendrin and human IgAN has been poor, requiring extended studies in this area.

o Although we report a positive association between glomerular dendrin gene expression and IgAN, dendrin podocyte
protein concentration is not significantly elevated compared with healthy controls, suggesting a nonlinear relation between

o Patient subgroups were identified presenting with mild disease manifestations, both in terms of clinical and
histopathological parameters and relatively higher dendrin protein nuclear concentrations.
 Dendrin captures differences in disease manifestations in patients with IgAN.

 Dendrin should be looked upon as a biomarker associated with better clinical outcome in IgAN.
o As a biomarker, dendrin could be used as a complement to the traditional classification of IgAN to stratify patients into
molecular subgroups, thus contributing to better phenotyping and precision medicine development.

As both the histopathological findings and the clinical
course of IgAN/IgAV vary, it is important to identify patients
with a high risk of disease progression. Persistent proteinuria
(>1 g/day) and high blood pressure are factors associated with
a rapid decline of kidney function [3]. Histopathologically, a
set of specific morphological parameters, referred to as the
Oxford classification scoring system (MEST-C), is used to
predict disease progression in IgAN. The four classification
markers are mesangial hypercellularity (M), endocapillary
hypercellularity (E), segmental glomerulosclerosis (S) and
tubular atrophy/interstitial fibrosis (T) [4, 5]. The presence of
crescents (C) was added to the scoring system in 2016 [6, 7].

Dendrin is an 81-kDa protein that under normal conditions
localizes at the podocyte slit diaphragm (SD) where dendrin
physically associates with the structural proteins nephrin [8]
and CD2AP [9], an adaptor protein known to suppress pro-
apoptotic transforming growth factor (TGF)-f signaling [10].
Whereas dendrin’s role at the SD remains to be unraveled,
experimental studies have revealed that glomerular injury
causes dendrin to translocate to the podocyte nucleus where
it seems to activate apoptosis and rearrangement of the cy-
toskeleton [9, 11]. Podocyte apoptosis leads to podocytopenia
and subsequently to segmental and global glomerulosclerosis
[12, 13], which are associated with poor outcomes in several
glomerular diseases [14].

In IgAN, the degree of podocyte loss correlates with
the extent of glomerulosclerosis and disease severity [15].
Dendrin has previously been detected in podocyte nuclei
in IgAN biopsies [16, 17], but whether it influences IgAN
disease progression is unclear. Inhibition of dendrin in a
mouse model of progressive glomerulosclerosis resulted in
less glomerulosclerosis, milder proteinuria and delayed onset
of KF [18], suggesting dendrin to be causatively linked to
glomerulosclerosis and proteinuria development. However, as
data from patients with minimal change disease (MCD), a
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kidney disease predominantly characterized by proteinuria
but not glomerulosclerosis, showed that dendrin podocyte
concentrations were not different to those of control subjects
[19], dendrin appears to be more related to the development of
glomerulosclerosis than to proteinuria.

The aim of our study was to investigate dendrin in
relation to histopathological and clinical findings, including
segmental and global glomerulosclerosis, proteinuria and
disease progression in IgAN/IgAV. For comparison, control
material from kidney donors and biopsy material from patients
with membranous nephropathy (MN) were used, the latter
as MN is typically associated with massive proteinuria and
impaired glomerular filtration rate (GFR), but less commonly
segmental sclerotic lesions in the glomeruli.

MATERIALS AND METHODS
Patients

Study inclusion criteria were clinical symptoms
of IgAN/IgAV or MN, diagnostic kidney biopsy and
histopathologically verified IgAN/IgAV or MN. A brief
description of clinical parameters in patients included in the
microarray and immunoelectron microscopy (iEM) analyses
is presented in Tables 1 and 2. In the microarray analysis, 30
patients with biopsy-verified IgAN/IgAV at either Karolinska
University Hospital (K) or Sahlgrenska University Hospital
(SU) were enrolled. The group with IgA nephropathies
consisted of 17 males and 13 females, the median age was 40
years (range 23-69) and the median estimated GFR (eGFR)
was 74 ml/min/1.73 m? (range 19-123). Five MN patients
were included (two males and three females, all from K) and
had a median age of 69 years (range 59-74) and a median
eGFR of 74 ml/min/1.73 m? (range 26-97). Twenty deceased
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Table 1. Baseline characteristics of patients and controls—microarray cohort

Characteristics

IgAN patients (n = 30)

Age (years), median (range) 40 (23-69)
Sex (male/female), n/n 17/13

BP medication (yes/no), n/n 18/12
RAAS; (yes/no), n/n 17/13
UACR (mg/mmol), median (range) 115 (0.6-560)°
Hematuria (yes/no), n/n 27/3
p-Creatinine (jumol/L), median (range) 93 (56-333)
eGFR® (ml/min), median (range) 74 (19-123)
CKD stage (1/2/3/4/5), n 8/15/4/3/0

MN patients (n = 5) Controls (n = 20) P-value
69 (59-74) 54 (28-72) .001
2/3 10/10 .75
4/0* UNK 12
5/0 UNK 13
726 (172-910) UNK .003
5/0 UNK 1.00
93 (57-169) UNK 98
74 (26-97) UNK 49
1/2/2/0/0 NA 49

Statistical comparisons between IgAN, MN and controls were performed with the Kruskal-Wallis test. Comparisons between IgAN and MN was performed with the Wilcoxon rank sum

test. Nominal variables were analyzed using Pearson’s chi-squared test.
*Data presented in 4/5 patients.

®Data presented in 29/30 IgAN patients.

€eGFR is estimated using the CKD-EPI equation.

BP, blood pressure; NA, not applicable; RAASI, renin-angiotensin-aldosterone-system inhibitor; UNK, unknown.

Table 2. Baseline characteristics of patients and controls—iEM cohort

Characteristics

IgAN patients (n = 21)

Age (years), median (range) 31 (8-57)
Sex (male/female), n/n 19/2

BP medication (yes/no), n/n 15/5%
RAAS:I (yes/no), n/n 11/92
UACR (mg/mmol), median (range) 158 (10-683)°
Hematuria (yes/no), n/n 20/1

106 (61-239)¢
75 (26-130)
7/8/3/3/0

p-Creatinine (jLmol/L), median (range)
eGFR (ml/min9), median (range), n
CKD stage (1/2/3/4/5), n

MN patients (n = 5) Living donors (n = 6) P-value
59 (35-70) 46 (42-63) 04

1/4 1/5 <.0002
4/1 UNK .87
3/2 UNK .00
386 (257-1254) UNK .03
4/1 UNK .35
64 (57-169) 73 (58-79) .02¢
88 (23-94) 82 (73-98) .61
2/1/1/1/0 NA .90

Statistical comparisons between IgAN, MN and control groups performed with the Kruskal-Wallis test. Comparison between IgAN and MN was performed with the Wilcoxon rank sum

test. Nominal variables were analyzed using Pearson’s chi-squared test.
*Data shown for 20/21 patients.

bData shown for 19/21 patients.

“Data shown only for adult patients (IgAN patients, n = 17).

deGFR estimated using the Lund-Malmé formula.

kidney donors [10 males, median age 54 years (range 28-72)]
were included at SU as controls.

The four biopsies used for immunofluorescence (IF) came
from three males and one female [median age 50 years (range
36-75), median eGFR 40 ml/min/1.73 m?(range 7-64)].
Macroscopically unaffected tissue from three nephrectomies,
which were performed due to urologic cancer, were used as
controls. All these were enrolled at K.

The iEM cohort consisted of 21 patients with IgAN/IgAV,
19 males and 2 females [median age 31 years (range 8-57),
median eGFR 75 ml/min/1.73 m? (range 26-130)]. These
patients were chosen so that all parameters in the Oxford
score, different ranges of albuminuria as well as different stages
of chronic kidney disease (CKD) and progress of disease
were represented. For comparison, five patients with MN
[one male, median age 59 years (range 35-70), median eGFR
88 ml/min/1.73 m? (range 23-94)] as well as six living donors
[one male, median age 46 years (range 42-63), median eGFR
82 ml/min/1.73 m* (range 73-98)] were included. All patients
and controls in the iEM cohort were enrolled at K.

Histopathological evaluation

The histopathological diagnosis was based on light mi-
croscopy (stained with hematoxylin and eosin, periodic acid-
Schiff, Ladewig trichrome and periodic acid-silver) in com-
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bination with IF and electron microscopy findings. From
the biopsies in the iEM cohort, small pieces of the biopsy
material were saved and embedded in a low-temperature resin
(K11M) and analyzed with iEM. All biopsies were reexamined
to confirm the diagnosis. Biopsies from IgAN patients were
further evaluated according to the Oxford classification scoring
system [4, 5, 7]. The degree of inflammation and vascular
changes (intimal fibrosis in arteries and arteriolar hyalinosis)
were semiquantified using the Banff classification, system
[20] in both IgAN and IgAV patients. Since the Oxford
classification system is not yet validated in IgAV, biopsies
from IgAV patients were only evaluated according to the Banff
classification system as mentioned above. The degree of global
glomerulosclerosis was also estimated as a percentage of the
total number of glomeruli. Histopathological evaluation and
semiquantification were performed by two experienced renal
pathologists (A.W. and ].M.).

Clinical variables

Clinical data were obtained from the patient files. The
Chronic Kidney Disease Epidemiology Collaboration (CKD-
EPI) equation [21] was used to calculate eGFR in the IF and
the microarray cohort, but without modifying for race. In the
iEM cohort, eGFR was derived from the Lund-Malmé (LM)
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equation [22], as this formula has been found to show high
accuracy in children [23].

IgAN patients in the microarray and iEM cohorts were
followed prospectively for up to 19 years (median follow-up 7
years). Follow-up ended when reaching KF (9 of 51 patients).
Plasma creatinine measurements at the annual follow-up were
used to estimate GFR. By estimating annual GFR, a mean loss
of kidney function per year could be assessed, i.e. A-GFR.

The study protocol was approved by the Swedish Ethical
Review Authority and the study was conducted according to
the Declaration of Helsinki.

Microarray

Microdissection and RNA isolation. The tissue was
placed and stored in RNAlater (Qiagen, Venlo, The
Netherlands) immediately after the biopsy procedure.
Glomeruli were microdissected by hand and total RNA
was extracted using an RNeasy Mini Kit (Qiagen).

Microarray analysis of glomerular tissue. Conversion to
complementary DNA was performed using the Ovation Pico
WTA system (NuGen, San Carlos, CA, USA). Hybridization,
washing and staining was carried out on GeneChip HGU133
Plus 2.0 platform using a GeneChip Fluidics Station 450
(Affymetrix, Santa Clara, CA, USA), according to the manufac-
turer’s protocol. The fluorescence intensities were determined
with a GeneChip Scanner 3000 7G and analyzed using the
GeneChip operating software (Affymetrix) and expression
console.

Bioinformatics. Raw data were normalized using the
Bioconductor gcrma package (version 2.32.0), and significance
analysis of microarrays was performed to identify the signif-
icantly differentially expressed genes (Bioconductor siggenes
package, version 1.34.0).

IF

Antibodies. Primary polyclonal antibodies against den-
drin (host: rabbit) and nephrin (host: mouse) were previously
generated in-house by Patrakka et al. [24] and Hoechst 33342
(Thermo Fisher Scientific, Waltham, MA, USA) was used as a
nuclear stain.

Preparation and staining. Biopsies from patients and
controls were embedded in OCT cryomount (Histolab #45830,
Askim, Norway), snap frozen and cut in 4-pum thick sections.
Sections were thawed and washed with phosphate buffer saline
(PBS) at room temperature (RT), then fixed at —20°C in
aceton and thereafter blocked with 5% normal goat serum
(NGS) (Gibco #PCN5000, Waltham, MA, USA) in PBS at RT.
The sections were then incubated overnight with antidendrin
antibody in 0.5% NGS PBS solution at 4°C and for 45 min
at RT with secondary anti-rabbit Alexa Fluor 488 (Invitrogen,
Waltham, MA, USA) antibody. Antinephrin antibody was
added to the sections in 0.5% NGS PBS solution for 3 h at RT
and followed by secondary antibody anti-mouse Alexa Fluor
546 for 45 min at RT. Before the last washing step, the sections
were incubated with Hoechst 33342 dye against double-
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stranded DNA and then mounted with Aqua Mount (Thermo
Fisher Scientific #TA-125-AM). All in-between washing steps
were done with PBS. Confocal microscopy was performed
using a Leica SP8 (Leica Microsystems, Deerfield, IL, USA).

iEM

Antibody. Polyclonal antibody against dendrin produced
by Patrakka et al. [24] was used for iEM.

Preparation and staining. Kidney biopsies were de-
hydrated at low temperature in methanol and embed-
ded in Lowicryl K11M (Chemische Werke Lowi, Wald-
kraiburg, Germany). Ultrathin sections were mounted on
carbon/formvar nickel grids and incubated in 2% bovine
serum albumin (BSA) and 2% gelatin in 0.1 M phosphate
buffer (PB) at pH 7.4, followed by incubation overnight with
polyclonal antibody against dendrin as previously described
by Patrakka et al. [24]. Bound antibodies were detected
by gold-conjugated protein A (Biocell Laboratories, Rancho
Dominguez, CA, USA), diluted 1:100 in 0.1M PB containing
0.1% BSA and 0.1% gelatin (PBBG).

Semiquantification of dendrin expression in podocytes.
Sections were examined on a Tecnai 10 microscope (FEI
Eindhoven, The Netherlands) and digital images were taken
with a Veleta camera (SiS, Miinster, Germany). A cumulative
mean plot indicated that 10 images were needed from each
compartment in the glomerulus, but up to 30 images were
taken from the podocyte nuclei. The corresponding cytoplasm
was chosen in a random systematic sampling procedure at low
magnification along the glomerular capillaries. Prints at a final
magnification of 43 000x were examined and the number
of gold (Au) markers in the podocyte nuclei and cytoplasm
was counted. The area of corresponding compartment was
calculated by point counting, using a 1.5x1.5 cm square
lattice [25] and expressed as jum?. The dendrin concentration
(Au/pm?) was calculated by dividing the total number of Au
particles with the area. Since dendrin under normal conditions
is located in the foot processes, a line was drawn in the
cytoplasm, 1 pm from the glomerular basal membrane (GBM).
Au particles within this area were counted separately to assess
dendrin concentration in the so-called foot process area (FPA).
To avoid false differences in dendrin concentrations between
samples due to technical issues, the nuclei concentrations
were normalized to the concentration in the cytoplasm,
resulting in two different ratios: nuclear/cytoplasm (n/cyt) and
nuclear/FPA (n/FPA). An illustration of how the podocytes
were divided into different compartments is shown in Figure 1.

Statistics

Testing for a normal distribution was conducted with
the Shapiro-Wilk test. The Mann-Whitney U test, Fisher’s
exact test or Kruskal-Wallis one-way analysis of variance was
used to evaluate differences between groups. Spearman’s rank
correlation was used to evaluate correlations and Fisher’s exact
test/chi-squared test was used when comparing categorical
variables. P-values <.05 were considered statistically signifi-
cant. Statistical analyses were performed using JMP version
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FIGURE 1: Schematic illustrating how the immunoelectron
microscopy sampling procedure was performed. (a) Overview of a
podocyte, (b) the podocyte nucleus and (c) the podocyte foot
processes. A line was drawn 1 pm from the glomerular basal
membrane in the cytoplasm, the so-called FPA.

The role of dendrin in IgA nephropathy

14.1.0 (JMP, Cary, NC, USA), SPSS Statistics version 26.0.0.0
(IBM, Armonk, NY, USA) or GraphPad Prism version 9.0.0
(GraphPad Software, San Diego, CA, USA).

RESULTS
Patient disposition

Patient and control characteristics for the microarray cohort
and iEM groups are shown in Tables 1 and 2 and Supplemental
data, Tables la and 1b, respectively. In both cohorts there
was a statistical age difference between groups (P = .001 and
P =.04), where the IgAN/IgAV patients were younger than the
MN patients and controls. In the iEM cohort, sex distribution
differed between groups (P < .0002), with a larger proportion
of men among the IgAN/IgAV patients compared with MN
patients and controls. This was not observed between groups
in the microarray cohort. In both cohorts, MN patients had
significantly more proteinuria compared with IgAN patients
(P = .003 microarray and P = .03 iEM, respectively). In the
microarray group, all MN patients (data missing in 1 case)
and 18 IgAN/IgAV patients were treated with antihypertensive
drugs (Table 1), whereas 15 IgAN/IgAV patients (data missing
in 1 case) as well as 4 MN patients were on antihypertensive
treatment in the iEM group (Table 2).

Dendrin gene expression in glomerular tissue

The gene expression of dendrin (DDN, normalized) was
significantly higher in IgAN/IgAV patients compared with
deceased donors (P = .01, Figure 2a). In contrast, there was
no difference between MN patients and deceased donors
in DDN expression. The IgAN/IgAV group demonstrated a
wide distribution of the DDN fold change. DDN expression
in relation to clinical features is presented in Table 3. DDN
expression was not associated with sex and did not correlate
to age, creatinine, urine albumin:creatinine ratio (UACR)
or global glomerulosclerosis (Table 3). Low expression of
DDN at the time of biopsy was evident in the more severe
CKD classes, as shown in Figure 3a, but longitudinal data
showed no association between DDN expression and AGFR
(Table 3). However, lower DDN expression was associated with
a poor 5-year prognosis, defined as doubling of creatinine,
50% reduction of eGFR or start of dialysis or transplantation
within 5 years (Figure 3c), partly explained by the fact that
patients with a poor 5-year prognosis had a significantly lower
eGFR at baseline. When stratifying IgAN patients according
to Oxford classification scores (Table 4), we found that IgAN
patients with segmental sclerosis (S1) had significantly lower
DDN expression (P = .03).

Dendrin protein expression in glomeruli by IF

IF double staining against dendrin and nephrin confirmed
dendrin’s podocytic localization close to nephrin along the
capillary loops. In control kidneys, the signal of both proteins
overlapped. In IgA kidneys, it appeared at first, as if the dendrin
and nephrin staining were of less intensity compared with
controls. However, this was only seen in areas with damaged
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FIGURE 2: Dendrin gene expression but not protein levels are higher in IgAN/IgAV kidneys. (a) Dendrin gene expression measured by
microarray in IgAN/IgAV patients (n = 30), MN patients (n = 5) and controls (n = 20). Dunn’s test revealed a significant difference between
IgA and controls (P = .007). There was no significant difference between IgAN and MN patients or between MN patients and controls. (b)
Total dendrin protein concentration evaluated with iEM in IgAN/IgAV patients (n = 21), MN patients (n = 5) and controls (n = 6). Statistical
differences between groups were analyzed with the Kruskal-Wallis and Dunn’s test.

Table 3. Univariate correlations between dendrin gene expression and
clinical variables in IgAN/IgAV patients (n = 30)

Variable 0 P-value
Age (years) —0.02 .93
Creatinine (jumol/L) 0.06 77
UACR? (mg/mmol) 0.12 .55
eGFR® (ml/min) 0.07 71
AGFR? (ml/min/year) 0.21 28
Global glomerulosclerosis (%) 0.004 .99

Correlations analyzed using the Spearman rank test.
*Data shown for 29/30 patients.
beGFR estimated using the CKD-EPI formula.

glomerular structure, whereas the signal intensity for dendrin
was of equal intensity where the glomerular structure was
retained. In these intact areas of the glomeruli, dendrin was
found to a greater extent in the podocyte nuclei compared with
nephrin (Figure 4, Supplementary data, Figure S1).

Dendrin protein expression in podocytic compartments

using iEM

The overall dendrin protein concentration detected in
podocytes did not differ between IgAN/IgAV patients, MN
patients and living donors (Figure 2b). However, subgroups
of IgAN/IgAV patients with the presence of M1, S1 or T1/T2
lesions had significantly lower relative nuclear dendrin con-
centrations compared with IgAN patients scoring MO (nucleus
relative to cytoplasm; Table 8), SO (nucleus relative to foot
processes and nucleus relative to cytoplasm; Tables 6 and 8)
and TO (nucleus relative to cytoplasm and nucleus relative to
foot processes; Tables 6 and 8). In addition, total podocyte
dendrin concentration was higher in patients with arteriolar
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hyalinosis, defined by the Banff classification, as shown in
Table 11 (P = .03). Other histopathological markers according
to the Oxford or Banft classification scores did not correlate
to dendrin protein concentrations (Tables 6-11). Furthermore,
dendrin protein concentrations were not associated with sex,
did not differ between IgAN and IgAV patients and no
correlations between dendrin protein concentrations and age
or measurements of kidney function were found in univariate
analyses (Table 5). However, significantly lower relative nuclear
dendrin concentrations (nucleus relative to foot processes and
nucleus relative to cytoplasm) were associated with a high
annual progression rate, i.e. AGFR (Table 5).

DISCUSSION

In this study we demonstrate a significant 2-fold increase in
glomerular dendrin gene expression in IgAN/IgAV patients
compared with controls. Stratifying patients according to
disease severity, we revealed that this upregulation was most
prominent in patients who still had preserved kidney function
at the time of biopsy, but was less evident in patients
with severe CKD (CKD stage 4). On the protein level, the
spatial distribution and fluorescence intensity were similar
between healthy and diseased kidneys in the areas where
the glomerular capillary structure was preserved, whereas
damaged glomerular structure in patients displayed weaker
dendrin staining. Using ultrastructural analysis, we further re-
vealed three histopathological subgroups of IgAN patients with
higher relative nuclear concentrations of dendrin in podocytes:
patients without mesangial hypercellularity, without segmental
sclerosis and without significant tubular atrophy/interstitial
fibrosis (MO, SO and TO), all associated with milder forms

A. Levin et al.
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FIGURE 3: Dendrin gene expression and protein levels in relation to CKD stage and prognosis in IgAN/IgAV patients. (a) Dendrin gene
expression in patients with CKD stage 1 (n = 8), 2 (n = 15), 3 (n = 4) and 4 (n = 3) (P =.009). (b) Total dendrin protein concentration by iEM
and CKD stages. CKD stage 1 (1 =7),2 (n=38),3 (n=3),4 (n=3) and 5 (n = 0). (c) Dendrin gene expression and poor prognosis (poor
prognosis: yes, n = 4; no, n = 20; (P = .03). (d) Total dendrin protein concentration by iEM and poor prognosis (poor prognosis: yes, #n = 5; no,
n = 16). Poor prognosis was defined as doubling of creatinine, 50% reduction of GFR or start of dialysis, or transplantation within 5 years.
Statistical analyses were performed using the Kruskal-Wallis and Mann-Whitney U test.

of IgAN [26]. This is in line with our prospective follow-up
analysis showing that higher relative nuclear dendrin protein
concentration was associated with better preserved kidney
function over time in IgAN/IgAV patients.

Despite IgAN being the most common glomerulonephritis
worldwide [3], little is known about the molecular causes
of albuminuria and prognostic factors. Dendrin, a podocyte-
specific protein associated with podocytopenia and found in

podocyte nuclei from IgAN patients, is therefore an interesting
marker, potentially representing a mechanistic link between
glomerulosclerosis and progressive kidney disease.

Previous experimental studies have shown that dendrin,
under normal conditions, is located at the podocyte SD where
it colocalizes with nephrin and CD2AP [9]. The importance
of nephrin and CD2AP to maintain the SD, and hence a well-
functioning glomerular filtration barrier, is well documented.

Table 4. Dendrin gene expression in IgAN patients (n = 23) stratified by Oxford classification scores

Variable P-value
M 139.12 (7.61-9.42) 108.68 (3.05-9.69) 19

E 199.09 (6.13-9.69) 48.57 (3.05-9.42) 51

S 89.20 (8.51-9.42) 158.71 (3.05-9.69) 03

T 149.11 (7.36-9.69) 68.98 (8.71-9.32) 36.13 (3.05-8.35) 347

C 149.11 (7.36-9.39) 98.71 (3.05-9.69) 0 78

Values presented as median (range). Comparison between groups performed using the Mann-Whitney U test.
2Due to the small sample size, T1 and T2 were merged into one group when performing statistical analysis.
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FIGURE 4: IF staining against dendrin in human glomeruli of IgAN and controls shows intact staining along glomerular capillaries (arrows).

Lack of nephrin, as well as CD2AP, leads to heavy protein-
uria and eventually to podocyte loss and glomerulosclerosis
[27]. Urokinase-type plasminogen activator receptor (uPAR),
another protein within the SD anchoring complex, has been
shown to be associated with the development of segmental
sclerosis and CKD [28]. Overexpression of uPAR in mice
leads to a glomerular morphology resembling focal segmental
glomerulosclerosis [29] and increased urinary concentrations
of uPAR have been found in IgAN patients scoring S1
according to the Oxford classification system [30]. Since
dendrin is a part of the chain linking nephrin to the actin
cytoskeleton, it is likely that dendrin is necessary to maintain
the structure of the SD and associated with similar patho-
physiology. Yet, dendrin knockout mice have normal life spans
with no signs of proteinuria or morphological anomalies [31].

Table 6. Dendrin protein concentration (nucleus/foot processes) in IgAN
patients (n = 15) stratified by Oxford classification score

Variable
M n==_,;

0.54 (0.18-0.71)
E n=13;

0.52 (0.15-0.71)
S n=>5;

0.54 (0.52-0.71)
T =W

0.54 (0.39-0.71)
C n=29

0.54 (0.18-0.71)

n==17

0.39 (0.15-0.54)
n=2;

0.35 (0.26-0.43)
n=10;

0.39 (0.15-0.58)
=Y

0.26 (0.15-0.54)
n=6;

0.35 (0.15-0.58)

P-value

.07

.35

.01

n=1;044 .03*

.16

Relative dendrin protein concentration (nucleus/foot processes) is presented as median
(range). Comparison between groups performed using the Mann-Whitney U test.
2Comparison made between T0 and T1-T2 due to small sample size.

Table 5. Univariate correlations between dendrin protein concentrations by iEM and clinical variables in IgAN/IgAV patients

Nucleus/foot processes

Total cell

Variable 0 P-value
Age (years) 0.01 .95
p-Creatinine (jumol/L) —0.16 .50
UACR (mg/mmol)? —0.12 .62
eGFR (ml/min)® 0.20 39
AGFR (ml/min/year)* 0.46 .04
Global sclerosis (%) —0.16 51

Nucleus/cytoplasm
P-value
—0.03 .89
—0.20 .38
—0.04 .86
0.22 33
0.55 .01
—0.20 .39

—0.001
—0.03
0.10
—0.04
—0.17
0.06

.10
.89
.69
.86
47
.80

Correlations analyzed using the Spearman rank test.
*Data presented for 19/21 patients.

YeGFR estimated using the Lund-Malmg formula.
“Data presented for 20/21 patients.
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Table 7. Dendrin protein concentration (nucleus/foot processes) in IgAN/IgAYV stratified by Banff classification system

Variable

Inflammation® n=11; n==;

0.52 (0.24-0.71) 0.38 (0.15-0.54)
Intima fibrosis® n=11; n=3;

0.39 (0.15-0.71) 0.54 (0.26-0.58)
Hyalinosis* n=16; n=2

0.42 (0.15-0.71) 0.44 (0.18-0.54)

P-value

n=1; n=20

0.44

n=2; n=3; 49¢

0.40 (0.26-0.54) 0.40 (0.39-0.44)

n=20 n=1; 444
0.26

Relative dendrin protein concentration (nucleus/foot processes) is presented as median (range). Comparison between groups performed using the Mann-Whitney U test.

Data presented for 20/21 IgAN/IgAV patients.

Due to the small sample size, comparison was made between groups scoring 0 and groups scoring 1-2.

Data presented for 19/21 IgAN/IgAV patients.

4Due to the small sample size, comparison was made between groups scoring 0 and groups scoring 1-3.

Table 8. Dendrin protein expression (nucleus/cytoplasm) in IgAN patients
stratified by Oxford classification score

Variable P-value

M n==2,; =W .05
0.64 (0.22-0.88) 0.41 (0.16-0.53)

E n=13; n=2 31
0.53 (0.16-0.88)  0.35 (0.29-0.40)

S n=>5; n=10; .02
0.65 (0.53-0.88)  0.41 (0.16-0.68)

T n=7 n=7; n=1;0.48 .03*
0.65 (0.40-0.88)  0.29 (0.16-0.64)

C n=29; n==6; n=0 15

0.59 (0.22-0.88)  0.35 (0.16-0.68)

Table 10. Dendrin protein expression (total podocyte concentration) in
IgAN patients stratified by Oxford classification score

Variable P-value

M n==_,; n=73 .28
0.74 (0.38-1.52)  0.96 (0.67-1.40)

E n=13; n=2; .09
0.85(0.38-1.52)  0.63 (0.58-0.67)

S n=>5; n=10; .81
0.76 (0.38-1.52)  0.80 (0.58-1.40)

T n=7 n=7; n=1;136 .23%
0.70 (0.38-1.52)  0.93 (0.58-1.40)

C n=29; n==6; n=0 48

0.75(0.38-1.52)  1.03 (0.58-1.40)

Relative dendrin concentration (nucleus/cytoplasm) is presented as median (range).
Comparisons performed with the Mann-Whitney U test.
2Comparison made between T0 and T1-T2 due to small sample size.

However, upon glomerular injury, TGF-B, under regulation
of CD2AP, induces nuclear translocation of dendrin, where
it potentially contributes to apoptosis [9, 10] as well as
cytoskeleton rearrangement, resulting in proteinuria [10] and
impaired kidney function [18]. Apoptosis leads to podocyte
loss and subsequent podocytopenia and glomerulosclerosis
[32]. Although different mouse models evidently show that
dendrin is upregulated in kidney injury and correlates to
proteinuria, glomerulosclerosis and progress to KF [9-11, 18,
33-35], studies of dendrin in human IgAN have failed to
confirm these results.

In our human material, dendrin messenger RNA (mRNA)
levels were markedly higher in IgAN kidneys compared with

Total protein dendrin concentration is presented as median (range). Comparisons are
made with the Mann-Whitney U test or Kruskal-Wallis test.
2Comparison made between T0 and T1-T2 due to the small sample size.

controls. Within-group analyses demonstrated a significant
difference in dendrin gene expression between different CKD
stages and that, despite an overlap between patients, the
mRNA levels were predominantly and significantly higher in
IgAN patients with milder CKD stages. On the protein level,
we were unable to validate a significant difference in total
concentration between patients and controls, suggesting that
dendrin mRNA levels are not directly reflected in protein
concentrations, which may be explained by posttranscriptional
and posttranslational events [36]. On the other hand, in
line with the mRNA results, we did observe less intense
IF staining in areas with damaged glomerular structures
compared with controls. Our findings are also corroborated by

Table 9. Dendrin protein expression (nucleus/cytoplasm) in ISAN/IgAV patients stratified by Banff classification system

Variable

Inflammation® n=1I n=_,;

0.52 (0.24-0.71) 0.38 (0.15-0.54)
Intima fibrosis® n=11; n=3;

0.42 (0.16-0.88) 0.53 (0.28-0.68)
Hyalinosis® n=16; n=2;

0.49 (0.16-0.88) 0.48 (0.22-0.53)

P-value

P-value

0.44
n=2; n=3; 604
0.46 (0.29-0.64) 0.48 (0.47-0.48)

n=0; n=1; 294
NA 0.28

Relative dendrin concentration (nucleus/cytoplasm) is presented as median (range). Comparisons are made with the Mann-Whitney U test.

*Data shown for 20/21 IgA patients.

®Due to the small sample size, comparison was made between groups scoring 0 and groups scoring 1-2.

“Data shown for 19/21 IgA patients.

4Due to the small sample size, comparison was made between groups scoring 0 and groups scoring 1-3.

The role of dendrin in IgA nephropathy

319



Table 11. Dendrin protein expression (total podocyte concentration) in IGAN/IgAV patients stratified by Banff classification system

Variable

Inflammation® n=11; n==;

0.70 (0.38-1.52) 0.94 (0.54-1.40)
Intima fibrosis® n=11; n=3;

0.70 (0.38-1.21) 0.96 (0.85-1.40)
Hyalinosis® n=16; n=2;

0.71 (0.38-1.52) 0.96 (0.93-1.36)

P-value

n=1; n=20

1.36

n=2; n=3 494

0.65 (0.58-0.72) 0.75 (0.54-1.36)

n=0 n=1; 034
1.40

Total protein dendrin concentration is presented as median (range). Comparisons are made with the Mann-Whitney U test or Kruskal-Wallis test.

*Data shown for 20/21 IgA patients.

Due to small sample size, comparison was made between groups scoring 0 and groups scoring 1-2.

“Data shown for 19/21 IgA patients.

4Due to small sample size, comparison was made between groups scoring 0 and groups scoring 1-3.

Kodama et al. [16], reporting higher nuclear staining in milder
forms of IgAN compared with biopsies with severe lesions, as
well as the study by Mizdrak et al. [17] that observed fewer
dendrin-positive glomeruli in IgAN patients with lower eGFR
and more tubulointerstitial damage.

To further investigate the clinical relevance of dendrin in
IgAN kidneys, we evaluated histopathological features and
longitudinal clinical data in relation to the cellular distribution
of dendrin. The IgAN biopsies were scored according to
the Oxford classification system, which is a widely accepted
scoring system for classifying disease severity and predicting
prognosis [26]. M and S correlate to progression of disease,
whereas T correlates to severity of the disease at the time of
biopsy [6]. We found that biopsies scoring MO0, SO and TO,
thus classified as milder lesions, had a higher relative nuclear
concentration of dendrin. Further ultrastructural evaluation
showed that a higher relative nuclear concentration in patient
biopsies was significantly associated with a slower annual
decline in eGFR (AGFR) and thus a better prognosis. These
results lend support to further explore dendrin as a clinically
relevant biomarker candidate that could be used as a comple-
ment to histopathological classification of IgAN patients, as
well as a potential target for pharmaceutical intervention. In
contrast to available data from mice studies describing dendrin
as a key mediator for both apoptosis and proteinuria [9, 33, 37],
our study, together with the results from previous studies on
human IgAN [16, 17], indicate that dendrin may be a marker of
a more favorable outcome. Further studies in larger cohorts as
well as mechanistic studies are needed to support and delineate
the biological causes underlying these observational data.

This study has some limitations. Although we performed
analyses in, to our knowledge, the largest and most compre-
hensively described human IgAN cohort in the context of
dendrin, the sample size was still relatively small and may
thus have affected the sensitivity of the study. Furthermore,
patients and control groups were not matched for age and
sex and even if no statistical association was detected between
dendrin expression and age or sex, we cannot rule out the
possibility that it may have influenced our results. Moreover,
due to the scarcity of patient material, we had no possibility
to validate our microarray data with quantitative polymerase
chain reaction. Nevertheless, as other well-known podocyte
markers (nephrin, podocin and synaptopodin) derived from
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the same microarray dataset behaved as expected without
upregulation in diseased kidneys (Supplementary data, Figure
2), we believe our dendrin findings are reliable. It should
also be mentioned that the microarray control material came
from deceased kidney donors, often associated with ischemic
injury. Thus it is possible that ischemic changes present in the
control tissue may have affected the results by masking the true
difference in gene expression between patients and controls. In
the iEM analyses, the control material was obtained from living
kidney donors, which is known to be of much better quality
with only minor ischemic changes.

To conclude, in the present study we describe the expression
profile of dendrin both at the RNA and protein level in human
IgAN/IgAV kidneys in relation to clinical and histopatholog-
ical parameters. The combined data suggest that dendrin is
increased in patients with milder histopathological lesions and
better kidney function over time. More supportive data from
larger patient cohorts are needed to further define the role of
dendrin and whether dendrin can be used for clinical purposes
predicting outcomes in individual patients.

SUPPLEMENTARY DATA

Supplementary data are available at ndt online.
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