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ABSTRACT: Nephrin is a core component of podocyte (glomerular epithelial cell) slit diaphragm and is required for
kidney ultrafiltration. Down-regulation or mislocalization of nephrin has been observed in diabetic kidney disease
(DKD), characterized by albuminuria. Here, we investigate t he role of protein kinase C and casein kinase 2 substrate in
neurons 2 (PACSIN2), a regulator of endocytosis and recyc ling, in the trafficking of nephrin and development of DKD.
We observe that PACSIN2 is up-regulate d and nephrin mislocalized in podocytes of obese Zucker Diabetic Fatty (ZDF)
rats that have altered renal function. In cultured podocytes, PACSIN2 and nephrin colocalize and interact. We show that
nephrin is endocytosed in PACSIN2-pos itive membrane regions and that PACSIN2 overexpression increases both
nephrin endocytosis and recycling. We identify rabenosyn-5, which is invol ved in early endosome maturation and
endosomal sorting, as a novel interaction partner of PACSIN 2. Interestingly, rabenosyn- 5 expression is increased in
podocytes inobeseZDFrats,and, invitro , itsoverexpressionenhances theassociationofPACSIN2andnephrin.Wealso
show thatpalmitate,which iselevated in diabetes,enhances t hisassociation.Collectively,PACSIN2 isup-regulatedand
nephrin is abnormally localized in podocytes of diabetic ZDF rats. In vitro , PACSIN2 enhances nephrin turnover
apparently via a mechanism involving rab enosyn-5. The data suggest that elevated PACSIN2 expression accelerates
nephrin trafficking and associates with albuminuria. —Dumont, V., Tolvanen, T. A., Kuusela, S., Wang, H., Nyman,
T. A., Lindfors, S., Tienari, J., Nisen, H., Suetsugu, S., Plomann, M., Kawachi, H., Lehtonen, S. PACSIN2 accelerates
nephrin trafficking and is up-regulated i n diabetic kidney disease. FASEB J. 31, 000–000 (2017). www.fasebj.org
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Diabetic kidney disease (DKD), the renal complication of
diabetes, accounts for 44% of all end-stage renal disease
cases requiring renal transplantation in the United States
(1). DKD occurs after decades of diabetes and is

characterized by persistent albuminuria and declined
glomerular filtration rate (GFR). The mechanisms un-
derlying DKD are not fully elucidated, but injury of
glomerular epithelial cells (podocytes) is involved.
Podocytes participate in the ultrafiltration of plasma into
urine together with the glomerular basement membrane
(GBM) and endothelial cells. Podocytes are highly spe-
cialized cells, and their foot processes interdigitate with
adjacent podocytes. The foot processes are connected by
special cell-cell junctions called slit diaphragms. Nephrin
is a key protein of the slit diaphragm, in which it func-
tions both structurally and via its signaling capacity
[reviewed by New et al. (2)]. Mutations in the nephrin
gene, NPHS1, induce severe kidney failure due to ex-
pression of a truncated form of nephrin or defective
trafficking of mutated nephrin to the plasma membrane
(3, 4). Similarly, a mutation in NPHS2, encoding podocin,
prevents efficient targeting of nephrin to the plasma
membrane (5), where nephrin normally locates in cav-
eolin-1–positive lipid rafts (6). This also results in de-
fective renal function, which shows that localization of
nephrin at the slit diaphragm is crucial.
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CIE, clathrin-independent endocytosis; CLC, clathrin light chain; CME,
clathrin-mediated endocytosis; DKD, diabetic kidney disease; EE/SE, early/
sorting endosomes; GBM, glomerular basement membrane; GFR, glomerular
filtration rate; PACSIN, protein kinase C and casein kinase 2 substrate in
neurons; PKC-a, protein kinase C a; PLA, proximity ligation assay; TIRF,
total internal reflection fluorescence; ZDF, Zucker Diabetic Fatty
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markers andslit diaphragmproteins. Clathrin heavy chain
was found to partially colocalize with nephrin-positive
punctate structures in glomeruli of obese 34-wk-old ZDF
rats (Supplemental Fig. 1A). No significant colocalization
of nephrin was observed with rab5, cathepsin D, or p62,
which are markers of early endosomes, lysosomes, and
autophagic cargo, respectively (Supplemental Fig.
1B–D). However, punctate accumulations of nephrin
colocalized with the slit diaphragm proteins CD2AP
and podocin, the latter showing a remarkably similar
granular pattern as nephrin (Supplemental Fig. 1E, F).
Collectively, in obese ZDF rats the expression pattern
of nephrin becomes aberrant, although its expression
level remains unchanged.

PACSIN2 and nephrin colocalize and interact
in vitro

Using podocytes stably overexpressing nephrin, we ob-
served that PACSIN2 and nephrin colocalize at the plasma
membrane and on vesicles spread throughout the cyto-
plasm, including the leading edges and the perinuclear
area (Fig. 3A). This supports the hypothesis that PACSIN2
regulates several steps of nephrin trafficking. Next, we
conjugated an antibody targeting the extracellular domain
of nephrin (5-1-6 antibody) to a fluorophore, hereafter re-
ferred to as 516-647N. In podocytes overexpressing
PACSIN2-eGFP, a 5-min pulse coupled with surface la-
beling of nephrin with 516-647N followed by high-
resolution structured illumination microscopy confirmed
the colocalization of PACSIN2 and nephrin at the plasma
membrane and on early endocytic tubules (Fig. 3B,

arrowheads). Moreover, PLA showed that endogenous
PACSIN2 associates with nephrin (Fig. 3C).

PACSIN2 accelerates the trafficking of nephrin

To functionally assess whether PACSIN2 regulates neph-
rin endocytosis, we transiently overexpressed PACSIN2-
eGFP in podocytes stably overexpressing nephrin and
incubated the cells in complete medium containing 516-
647N.LiveTIRFmicrocopyvideos revealed thatnephrin is
internalized at large and stable or small and versatile
structures positive for PACSIN2-eGFP (Fig. 4A and Sup-
plemental Video 1). Additionally, nephrin endocytosis
was observed in areas devoid of PACSIN2-eGFP. We next
transiently overexpressed fluorescently tagged caveolin-1
and clathrin light chain (CLC) in podocytes over-
expressing nephrin and incubated podocytes with 516-
647N for 20 min prior to fixation. TIRF microscopy
revealed that nephrin occasionally colocalizes with both
caveolin-1–DsRedmonomer and CLC-eGFP (Supple-
mentalFig. 2).This indicates thatnephrin is present in both
caveolin-1– and CLC-positive coated pits and suggests
that it can be internalized via both CME and CIE. Also,
colocalization of caveolin-1 and CLC with PACSIN2
supports that PACSIN2 regulates both CIE and CME
(Supplemental Fig. 2).

To evaluate whether PACSIN2 regulates the presence
of nephrin at the plasma membrane, we transiently over-
expressed flag-PACSIN2 in podocytes overexpressing
nephrin. PACSIN2 overexpression doubled the level of
endogenous PACSIN2 without affecting the expression of
nephrin (Supplemental Fig. 3A–C). On-Cell Western assay

Figure 3. PACSIN2 colocalizes and associates with nephrin.A) Confocal microscopy shows colocalization of PACSIN2 and
nephrin at the plasma membrane and on intracellular vesicles (arrowheads).B) High-resolution structured illumination
microscopy of podocytes overexpressing PACSIN2-eGFP and pulsed with 516-647N for 5 min before surface labeling and� xation.
Arrowheads indicate colocalization PACSIN2-eGFP and nephrin.C) Duolink PLA reveals that PACSIN2 and nephrin interact in
mouse podocytes. PLA performed with nephrin 5-1-6 IgG alone is shown as a negative control. Total signal on microscope� elds
(n = 8), each containing 10–32 podocytes, was used for statistical analysis. Scale bars: 10mm (A, B), 25 mm (C). *** P , 0.001.

6 Vol. 31 September 2017 DUMONT ET AL.The FASEB Journalx www.fasebj.org
 Vol.,  No. , pp:, September, 2017The FASEB Journal. 128.214.59.163 to IP www.fasebj.orgDownloaded from 

http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601265R/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601265R/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601265R/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601265R/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601265R/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601265R/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601265R/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601265R/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601265R/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601265R/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601265R/-/DC1
http://FJ.fasebj.org/lookup/suppl/doi:10.1096/fj.201601265R/-/DC1
http://www.fasebj.org


revealed that overexpression of flag-PACSIN2 reduced
the amount of nephrin inserted at the plasma mem-
brane by 65% (Fig. 4B). Next, we knocked down

PASCIN2 using short interfering RNA. This increased
the amount of nephrin inserted at the plasma mem-
brane by 87% (Supplemental Fig. 3F), confirming that

Figure 4. PACSIN2 enhances nephrin endocytosis and turnover.A) Live-cell TIRF microscopy analysis of podocytes
overexpressing PACSIN2-eGFP and incubated with 516-647N reveals that nephrin undergoes endocytosis in PACSIN2-
eGFP–positive spots. Arrowheads point to nephrin molecules which are internalized at either large and stable (magenta), or
small and versatile (blue) PACSIN2-eGFP-positive spots. Arrowheads point at nephrin entering the cell in areas devoid of
PACSIN2-eGFP.B) On-Cell Western analysis shows that overexpression of� ag-PACSIN2 decreases the amount of nephrin
inserted at the plasma membrane (nwell = 33–34). The results are expressed as arbitrary units, representing the intensity of
nephrin staining normalized to the amount of cells measured using DRAQ5 staining intensity.C) In-Cell Western analysis
indicates that both empty-vector and� ag-PACSIN2 overexpressing podocytes have higher levels of nephrin stained after 60 min
of incubation with the antibody followed by 15 min incubation on ice compared with the 15-min incubation on ice only (0 min),
(nwell = 36). D) The ratio of nephrin stained at 60 and 0 min presented in C reveals that nephrin turnover at the plasma
membrane is higher in � ag-PACSIN2 overexpressing podocytes compared with empty vector -transfected cells. Each data point
represents the average of a single experiment (n= 3) in C. Scale bar, 2mm. *P , 0.05, ***P , 0.001.
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