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Introduction
The kidney filtration barrier is composed of fenestrated endo-
thelial cells, the glomerular basement membrane, and the podo-
cytes. The podocyte is a terminally differentiated epithelial cell, 
which in concert with the rest of the filtration barrier filters solutes 
while retaining large–molecular weight proteins in circulation (1, 
2). Loss of kidney filtration barrier integrity results in the escape 
of proteins into the urine, accounting for approximately 80% of 
all chronic kidney disease (CKD) that afflicts over 500 million 
patients worldwide (3). Despite this, over 20 years have passed 
since the identification of novel therapeutic targets to impact the 
chronic course of proteinuric kidney diseases. Inhibition of the 
renin-angiotensin-aldosterone axis has remained the standard 
of care for patients, but as the incidence and prevalence of CKD 
and end-stage kidney disease (ESKD) continue to rise, alternative 
therapies are paramount to temper the progression of proteinuric 
kidney diseases (4, 5).

To identify novel pharmacological targets through mRNA pro-
filing, Connectivity Map databases have been developed using  
cancer cell lines to provide gene signature–based drug candidates 

(6, 7). More recently, systems pharmacology has shown the potential 
use of histone deacetylase inhibitors combined with angiotensin- 
converting enzyme inhibitors to promote a kidney protective effect 
(8). Histone acetylation is governed by 2 enzymes, the histone 
acetyltransferases (HATs) and the histone deacetylases (HDACs), 
which orchestrate the addition or removal of an acetyl group on the 
ε amino groups of lysine residues on the histone tail (9–11). In gen-
eral, the acetylation by HAT is thought to counteract the histone’s 
positive charge, resulting in relaxation of the chromatin structure 
and allowing for increased access for transcription factors to mod-
ulate their target genes. Conversely, in the presence of an HDAC,  
histone deacetylation preferentially suppresses transcriptional 
activity (9, 12). HAT and HDAC also modulate acetyl groups on 
nonhistone proteins, altering their stability and biological function 
(13, 14). Within the mammalian HDAC superfamily, in the genome, 
there are 11 proteins that are divided into 4 families (classes I, IIa, 
IIb, and IV), excluding sirtuins (class III), which uniquely require 
NAD+ as a cofactor for deacetylation (15, 16). Accumulating evi-
dence suggests that the ubiquitously expressed class I HDACs, 
HDAC1 and HDAC2, are important during not only tissue develop-
ment but the progression of diseases, such as cardiac hypertrophy, 
stroke, and Parkinson disease (17–19).

In this study, an unbiased gene profiling of glomeruli isolated 
from proteinuric mice revealed novel molecular “footprints” dys-
regulated in proteinuric diseases. Using a computational systems 
biology database, we observed that the differential expression of 

We identified 2 genes, histone deacetylase 1 (HDAC1) and HDAC2, contributing to the pathogenesis of proteinuric kidney 
diseases, the leading cause of end-stage kidney disease. mRNA expression profiling from proteinuric mouse glomeruli was 
linked to Connectivity Map databases, identifying HDAC1 and HDAC2 with the differentially expressed gene set reversible by 
HDAC inhibitors. In numerous progressive glomerular disease models, treatment with valproic acid (a class I HDAC inhibitor) 
or SAHA (a pan-HDAC inhibitor) mitigated the degree of proteinuria and glomerulosclerosis, leading to a striking increase 
in survival. Podocyte HDAC1 and HDAC2 activities were increased in mice podocytopathy models, and podocyte-associated 
Hdac1 and Hdac2 genetic ablation improved proteinuria and glomerulosclerosis. Podocyte early growth response 1 (EGR1) 
was increased in proteinuric patients and mice in an HDAC1- and HDAC2-dependent manner. Loss of EGR1 in mice reduced 
proteinuria and glomerulosclerosis. Longitudinal analysis of the multicenter Veterans Aging Cohort Study demonstrated a 
30% reduction in mean annual loss of estimated glomerular filtration rate, and this effect was more pronounced in proteinuric 
patients receiving valproic acid. These results strongly suggest that inhibition of HDAC1 and HDAC2 activities may suppress 
the progression of human proteinuric kidney diseases through the regulation of EGR1.

Podocyte histone deacetylase activity  
regulates murine and human glomerular diseases
Kazunori Inoue,1 Geliang Gan,2 Maria Ciarleglio,2 Yan Zhang,3,4,5 Xuefei Tian,1 Christopher E. Pedigo,1 Corey Cavanaugh,1,7  
Janet Tate,6 Ying Wang,1 Elizabeth Cross,1 Marwin Groener,1 Nathan Chai,1 Zhen Wang,1 Amy Justice,1,6 Zhenhai Zhang,3,4,5  
Chirag R. Parikh,8 Francis P. Wilson,1,7 and Shuta Ishibe1

1Department of Internal Medicine, and 2Yale School of Public Health, Department of Biostatistics, Yale Center for Analytical Sciences, Yale University School of Medicine, New Haven, Connecticut, USA. 3State 

Key Laboratory of Organ Failure Research, Nanfang Hospital, 4Department of Cardiology, Nanfang Hospital, and 5Center for Bioinformatics, School of Basic Medical Sciences, Southern Medical University, 

Guangzhou, Guangdong, China. 6VA Connecticut Healthcare System, West Haven, Connecticut, USA. 7Program of Applied Translational Research, Yale University School of Medicine, New Haven, Connecticut, 

USA. 8Department of Internal Medicine, Division of Nephrology, Johns Hopkins University, Baltimore, Maryland, USA.

Conflict of interest: The authors have declared that no conflict of interest exists.
License: Copyright 2019, American Society for Clinical Investigation.
Submitted: August 6, 2018; Accepted: January 10, 2019.
Reference information: J Clin Invest. 2019;129(3):1295–1313. 
https://doi.org/10.1172/JCI124030.

https://www.jci.org
https://www.jci.org
https://www.jci.org/129/3
https://doi.org/10.1172/JCI124030


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 2 9 6 jci.org   Volume 129   Number 3   March 2019

TetO-Cre mouse glomeruli isolated 2 weeks after completion of 
doxycycline induction (Figure 2A). Analysis of the gene expression 
microarrays from all batches identified 100 upregulated and 88 
downregulated genes in the Tln1fl/fl Pod-rtTA TetO-Cre mice (Fig-
ure 2B and Supplemental Table 1; supplemental material available 
online with this article; https://doi.org/10.1172/JCI124030DS1). 
To next probe for the differentially expressed genes, we used Drug 
Pair Seeker (DPS) (http://www.maayanlab.net/DPS/) to identify  
candidate pathways and drugs that could reverse the altered gene 
expression (6, 7). A generated Connectivity Map revealed that 
HDACs were among the most prominent pathways (Figure 2C), 
and DPS identified HDAC inhibitors as the perturbagen with 
potential to block these pathways (trichostatin A and VPA) (Sup-
plemental Table 2). Two weeks after completion of doxycycline 
induction, glomeruli isolated from the Tln1fl/fl Pod-rtTA TetO-Cre  
mice revealed an increase in total HDAC activity (except for 
the sirtuin family) when compared with controls at the end of 
doxycycline induction (time zero), which further increased at 2 
weeks after doxycycline completion (Figure 2D). However, no 
significant increase in Hdac mRNA expression (data not shown) 
or protein expression was observed (Figure 2E). Finally, specific 
examination of enriched podocytes isolated from Tln1fl/fl Pod-rtTA  
TetO-Cre mouse glomeruli revealed a striking increase in both 
HDAC1 and HDAC2 activity (Figure 2, F and G).

VPA treatment reduces albuminuria and progression of glomeru-
lar injury. Next, we examined whether inhibition of HDAC1 and 
HDAC2 with VPA would stabilize albuminuria or prevent the pro-
gression of glomerulosclerosis. VPA is an FDA-approved drug 
that has been in use for absence seizures since 1978 (21–23). Over 
the past 4 decades, observational and randomized trials have 
established its efficacy as an anti-epileptic, an anti-migraine, an 
anti-manic, and, more recently, an anti-proliferative chemother-
apy adjunct (24–27). To examine the effect of VPA on glomeru-
lar injury in Tln1fl/fl Pod-rtTA TetO-Cre mice, VPA (150 μg/d) was 
administrated i.p. for 4 weeks following the completion of doxycy-
cline induction — a time point at which albuminuria was already 
observed (Figure 3A and Figure 1B). Upon VPA treatment, urinary 
albumin levels plateaued and the rise of plasma creatinine was 
reduced (Figure 3, B and C). Histological analysis also demonstrated  
improved glomerulosclerosis, tubular dilation, and interstitial fibro-
sis in Tln1fl/fl Pod-rtTA TetO-Cre mice treated with VPA (Figure 3, D 
and E, quantified in G and H). Ultrastructural examination revealed 
reduced foot process effacement after VPA treatment in compari-
son with untreated mutant mice (Figure 3F, quantified in Figure 3I). 
Because of the compelling effect of VPA on progression of glomeru-
losclerosis in the Tln1fl/fl Pod-rtTA TetO-Cre mice, we administered 
vorinostat (SAHA; 20 mg/kg body weight) — another FDA-approved 
HDAC inhibitor for the treatment of cutaneous T cell lymphoma (28) 
— to examine whether there was a class effect with HDAC inhibitors. 
Similarly to treatment with VPA, treatment of the mutant mice with 
SAHA for 4 weeks following the completion of doxycycline induc-
tion resulted in stabilized albuminuria, mitigated the rise of serum 
creatinine, and inhibited glomerulosclerosis and interstitial fibrosis 
(Figure 4, A–E, quantified in G and H). Ultrastructural examination 
of podocytes after SAHA treatment also demonstrated a reduction in 
foot process effacement (Figure 4F, quantified in I). We next tested  
germline Pod-Tln1-KO and Pod-Dnm-DKO mice, which develop 

genes in microarrays from glomeruli of proteinuric mice could be 
influenced by increased HDAC1 and HDAC2 activity, and poten-
tially reversed by HDAC inhibitors. To test the potential effect of 
HDAC inhibitors, either of the FDA-approved drugs valproic acid 
(VPA) and suberanilohydroxamic acid (SAHA) was administered 
in different genetic and glomerular injury models. Administration 
of these drugs alleviated the degree of proteinuria and reduced 
progression to glomerulosclerosis. We further observed that mice 
lacking podocyte-associated HDAC1 and HDAC2 were resistant 
to progressive glomerulosclerosis, suggesting that one potential 
site where HDAC inhibition exerts its beneficial effect is at the  
podocytes. To provide further support for the hypothesis that 
HDAC inhibition might be an effective strategy for the treat-
ment of kidney disease in humans, we examined data from over 
120,000 veterans participating in the Veterans Aging Cohort 
Study, and found a strong protective effect of VPA exposure on the 
decline of estimated glomerular filtration rate over time, which 
was most pronounced in proteinuric kidney patients. These find-
ings were not observed with VPA comparator drugs, lamotrigine, 
carbamazepine, or levetiracetam, which do not inhibit HDAC 
activity. Collectively these results reveal a potential role of HDAC 
inhibitors in the therapeutic armamentarium for progressive 
human proteinuric kidney diseases.

Results
Bioinformatics analysis suggests that HDAC1 and HDAC2 inhibition 
can reverse differential gene expression in mouse glomeruli isolated 
from a proteinuric kidney disease model. First, we sought to gener-
ate an adult-onset mouse model of severe progressive proteinuric 
kidney failure, as toxin-induced models such as nephrotoxic serum 
(NTS), lipopolysaccharide (LPS), and adriamycin induce modest 
proteinuria and are often self-limited (20). Therefore, we generated  
an adult genetic mouse model of proteinuric kidney disease by 
ablating Tln1 in podocytes in a conditional doxycycline-inducible 
manner that was confirmed by the absence of podocyte-specific 
immunoreactivity (Figure 1A). Littermate mice lacking the TetO-Cre  
gene or the Pod-rtTA gene were used as controls. Compared with 
control mice, Tln1fl/fl Pod-rtTA TetO-Cre mice developed albumin-
uria (Figure 1B) and biochemical evidence of kidney failure with 
elevated creatinine levels (Figure 1C) 4 weeks after completion 
of doxycycline induction. Histological analysis of the kidneys 
demonstrated progressive glomerulosclerosis, dilated tubules 
with proteinaceous casts, and interstitial fibrosis evidenced by 
trichrome staining (Figure 1, D and E, quantified in G and H). 
Ultrastructural examination of these mutant kidneys by electron 
microscopy exhibited extensive podocyte foot process effacement 
4 weeks after completion of induction (Figure 1F, quantified in I). 
At 4 weeks after completion of doxycycline induction, the Tln1fl/fl  
Pod-rtTA TetO-Cre mice had a reduction in podocyte number 
by WT1 staining (Figure 1J) and also a loss of actin stress fibers,  
similarly to the germline podocyte-specific Tln1-KO mice (data 
not shown) (20).

As these genetically modified mice developed podocyte loss, 
glomerulosclerosis, and progressive kidney failure, which is sim-
ilar to progression of human glomerular diseases, we used this 
model to pursue differentially expressed genes following glomer-
ular injury through RNA profiling of control and Tln1fl/fl Pod-rtTA 
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Figure 1. Doxycycline-inducible podocyte-specific Tln1-KO mice have massive proteinuria with kidney failure. (A) Representative glomerular immunofluores-
cence images of talin-1 (green) and nephrin (red) in doxycycline-induced (Dox-induced) control and Tln1fl/fl Pod-rtTA TetO-Cre mice. Scale bar: 10 μm. (B) Quantifica-
tion of urine albumin/creatinine ratio in control and Tln1fl/fl Pod-rtTA TetO-Cre mice at 0, 2, and 4 weeks after completion of Dox induction. *P < 0.05 vs. control;  
n = 5. (C) Plasma creatinine (Cr) levels in control and Tln1fl/fl Pod-rtTA TetO-Cre mice treated with Dox at 0 and 4 weeks after completion of Dox induction. *P < 0.05 
vs. control; n = 5. (D) Representative light microscope images (H&E, periodic acid–Schiff [PAS], and trichrome) of Dox-induced control and Tln1fl/fl Pod-rtTA TetO-
Cre mouse glomeruli. Arrowheads show mesangial matrix deposition and mesangial cell proliferation. Scale bar: 25 μm. (E) Representative trichrome staining in 
control and Tln1fl/fl Pod-rtTA TetO-Cre mouse kidneys at representative time points. Arrowheads depict dilated tubules and proteinaceous casts, and arrows display 
interstitial fibrosis. Scale bar: 50 μm. (F) Representative transmission electron micrograph (TEM) in control and Tln1fl/fl Pod-rtTA TetO-Cre mouse foot processes 
after Dox induction. Arrowheads depict podocyte foot process effacement. Scale bar: 1 μm. (G) Quantification of glomerulosclerosis in D. *P < 0.05 vs. control. (H) 
Quantification of interstitial fibrosis in E. *P < 0.05 vs. control. (I) Quantification of foot processes in F. *P < 0.05 vs. control. (J) Quantification of WT1-positive 
number per glomerulus in control and Tln1fl/fl Pod-rtTA TetO-Cre mice treated with Dox at 0 and 4 weeks after completion of Dox induction. *P < 0.05 vs. control;  
n = 3. (B, C, and G–J) Statistically analyzed by 1-way ANOVA with Dunnett’s correction.
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Figure 2. HDAC1 and HDAC2 are potential regulators of candidate genes 
analyzed by glomerular DNA microarray in Dox-induced Tln1fl/fl Pod-rtTA 
TetO-Cre mice. (A) Cartoon schematic of the time course of glomerular 
mRNA isolation for microarray in Tln1fl/fl Pod-rtTA TetO-Cre mice after 
completion of Dox induction. (B) Heatmap representing color-coded differ-
entially expressed glomerular genes analyzed by Z ratio of Tln1fl/fl Pod-rtTA 
TetO-Cre mice to control mice 2 weeks after completion of Dox induction. 
(C) Connectivity Map analyzing the candidate genes obtained from the 
glomerular DNA microarray. (D) Total HDAC activity in control and Tln1fl/fl  
Pod-rtTA TetO-Cre mouse glomeruli 0 and 2 weeks after completion of Dox 
induction. *P < 0.05 vs. control; n = 3. (E) Representative immunoblots 
of HDAC1 and HDAC2 expression in control and Tln1fl/fl Pod-rtTA TetO-Cre 
mouse glomeruli. (F and G) HDAC1 (F) and HDAC2 (G) activity in control and 
Tln1fl/fl Pod-rtTA TetO-Cre mouse enriched podocytes 0 and 2 weeks after 
completion of Dox induction. *P < 0.05 vs. control; n = 3. (D) Statistically 
analyzed by 1-way ANOVA with Dunnett’s correction. (F and G) Statistically 
analyzed by 2-tailed Student’s t test.

https://www.jci.org
https://www.jci.org
https://www.jci.org/129/3


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

1 2 9 9jci.org   Volume 129   Number 3   March 2019

tive effects of Hdac1 and Hdac2 ablation, we examined a toxin- 
related podocyte injury model by injecting NTS in both control and 
Hdac1fl/fl Hdac2fl/fl Pod-rtTA TetO-Cre mice. Following NTS admin-
istration in control mice, an increase in glomerular total HDAC 
activity (Supplemental Figure 3A) was observed with concomi-
tant albuminuria and glomerular injury. Markers of glomerular 
injury, such as albuminuria and mesangial expansion, were mark-
edly reduced in doxycycline-induced Hdac1fl/fl Hdac2fl/fl Pod-rtTA  
TetO-Cre mice injected with NTS (Supplemental Figure 5, A and 
B). These data suggest that part of the striking reduction of podo-
cyte injury and progression of glomerulosclerosis after HDAC 
inhibitor treatment lies at the level of the podocytes.

Increased EGR1 expression is observed in Tln1fl/fl Pod-rtTA 
TetO-Cre mice and is reversed by VPA and SAHA. Because HDAC 
inhibitors appear to play a critical role in maintaining the integ-
rity of the glomerular filtration barrier following podocyte inju-
ry, we examined a microarray from glomeruli of Tln1fl/fl Pod-rtTA 
TetO-Cre mice with VPA in comparison with the original Tln1fl/fl  
Pod-rtTA TetO-Cre glomeruli microarray (Figure 6A), and iden-
tified 28 genes that were potentially reversible following VPA 
treatment. We confirmed by reverse transcriptase PCR the group 
of 28 genes that were ascertained from this second microarray 
(Figure 6A and Supplemental Table 3). Of these 28 genes, Egr1, 
which encodes the transcription factor early growth response 1 
and has been shown to modulate the actin cytoskeleton and cell 
death (30–32), was detected to be the most highly upregulated 
gene in Tln1fl/fl Pod-rtTA TetO-Cre mouse glomeruli compared 
with control and also to be expressed in enriched primary podo-
cytes (Figure 6B and Supplemental Figure 6A). We further val-
idated that the protein expression of EGR1 was increased at the 
completion of doxycycline induction (time zero) (Supplemental 
Figure 6B) and continued at 2 weeks after doxycycline comple-
tion, which temporally correlated with increased podocyte HDAC 
activity. The increased EGR1 expression observed in the Tln1fl/fl  
Pod-rtTA TetO-Cre mouse glomerulus was mitigated in VPA- or 
SAHA-treated mice, or in mice lacking podocyte-associated Hdac1 
and Hdac2 (Figure 6C, quantified in D). EGR1 expression was also 
increased in glomeruli isolated from Pod-Dnm-DKO and Pod-Tln1-
KO mice, which was improved following VPA treatment (Supple-
mental Figure 6, C and D). To confirm the importance of EGR1 in 
human proteinuric disease, kidney biopsy samples from patients 
with focal segmental glomerulosclerosis demonstrated increased 
podocyte EGR1 expression (Figure 6E, quantified in F). Further-
more, in vitro experiments using isolated primary podocytes from 
Pod-Cre Rosa-DTRflox mice treated with lipopolysaccharide (LPS) 
or protamine sulfate (PS), two agents that induce podocyte injury,  
resulted in increased HDAC activity and EGR1 expression, and 
the latter was reduced by VPA or SAHA (Supplemental Figure 
6E; and Figure 7A, quantified in B and C). To further elucidate 
how EGR1 expression is regulated following podocyte injury, we 
examined cAMP response element–binding protein (CREB) and 
serum response factor (SRF), which have been previously shown 
to bind to the Egr1 promoter (33). A chromatin immunoprecipita-
tion (ChIP) assay using CREB and SRF antibodies demonstrated  
increased CREB binding to CRE within the Egr1 promoter in 
LPS- or PS-treated primary podocytes, which was decreased by 
VPA or SAHA (Figure 7, D and E). SRF binding to serum response  

severe albuminuria and develop histological features of focal seg-
mental glomerulosclerosis, and interstitial damage evidenced by 
destroyed or dilated tubular segments (20, 29). By 6–8 weeks of age, 
80%–90% of both transgenic mice died secondary to severe kidney 
failure. We observed robust HDAC activity in the isolated glomeruli 
from these 2 transgenic mice (Supplemental Figure 1A and Supple-
mental Figure 2A) and thus initiated VPA treatment at 2 and 3 weeks 
of age, respectively, time points when albuminuria was already 
present. VPA treatment inhibited the progression of albuminuria 
and glomerulosclerosis in both mutant mice while body weight was 
maintained (Supplemental Figure 1, B–D, and Supplemental Figure 
2, B–D). Treatment of Dnm-DKO and Tln1-KO mice with VPA con-
ferred a remarkable survival benefit, likely due to the slower progres-
sion of kidney failure (Supplemental Figure 1E and Supplemental 
Figure 2E). Histological analysis also displayed reduced glomeru-
losclerosis and interstitial fibrosis in the VPA-treated mutant mice 
compared with the untreated mice (Supplemental Figure 1, F and G; 
Supplemental Figure 2, F and G, quantified in Supplemental Figure 
1, H and I; and Supplemental Figure 2, H and I). To also examine 
toxin-induced mouse models of podocyte injury, we treated wild-
type C57BL/6 mice with rabbit anti–mouse glomerular basement 
membrane serum (nephrotoxic serum [NTS]) and wild-type BALB/c 
mice with adriamycin, which induced glomerular total HDAC activ-
ity (Supplemental Figure 3A). Treatment of these mice with VPA or 
SAHA reduced albuminuria and improved glomerular lesions that 
were provoked following NTS or adriamycin administration (Sup-
plemental Figure 3, B–E).

Deletion of Hdac1 and Hdac2 in podocytes reduces glomerulo-
sclerosis and interstitial fibrosis in Tln1fl/fl Pod-rtTA TetO-Cre mice. 
Because HDAC1 activity and HDAC2 activity were increased 
in enriched podocytes obtained from Tln1fl/fl Pod-rtTA TetO-Cre 
mice, and because of the beneficial effect of HDAC inhibitors in 
the mice, we next wanted to identify whether podocyte HDAC1 
and HDAC2 activation contributes to progression of glomerular 
injury. As the deletion of only Hdac1 or Hdac2 in podocytes did 
not significantly improve glomerular lesions (data not shown), 
we tested whether loss of both HDAC1 and HDAC2 in podocytes  
mitigates the progression of glomerular injury. We initially con-
firmed that tissue-specific excision of HDAC1 and HDAC2 in the 
doxycycline-inducible podocyte-specific Hdac1- and Hdac2-KO 
mice (Hdac1fl/fl Hdac2fl/fl Pod-rtTA TetO-Cre mice) (Supplemen-
tal Figure 4A) displayed no kidney phenotype after completion 
of doxycycline induction, as demonstrated by kidney histology, 
urine albumin, and plasma creatinine (Supplemental Figure 4, 
B–E). We next examined whether podocyte-specific loss of Hdac1 
and Hdac2 would provide protection in the Tln1fl/fl Pod-rtTA  
TetO-Cre mice. Four weeks after completion of doxycycline induc-
tion in the Hdac1fl/fl Hdac2fl/fl Tln1fl/fl Pod-rtTA TetO-Cre mice, 
we observed stable urinary albumin/creatinine ratio and mark-
edly improved kidney function in comparison with the Tln1fl/fl  
Pod-rtTA TetO-Cre mice (Figure 5, A and B). Histological analysis 
also displayed reductions in glomerulosclerosis and interstitial 
fibrosis in the Hdac1fl/fl Hdac2fl/fl Tln1fl/fl Pod-rtTA TetO-Cre mice 
(Figure 5, C and D, quantified in F and G). Ultrastructural exam-
ination of foot processes demonstrated reduced foot process  
effacement in the Hdac1fl/fl Hdac2fl/fl Tln1fl/fl Pod-rtTA TetO-Cre 
mice (Figure 5E, quantified in H). To further validate the protec-
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element (SRE) within the Egr1 promoter was unchanged in LPS- or 
PS-treated primary podocytes (Supplemental Figure 6, F–I). Pre-
vious studies have shown that CRE binding in the target gene pro-
moter can be increased by the phosphorylation of CREB at Ser133 
residue (34). In primary podocytes treated with LPS for 3 hours 
or PS for 1 hour, we observed a robust increase in phosphorylated 
CREB (Ser133), which could be reversed by either VPA or SAHA 
treatment, suggesting that HDAC inhibitors may reduce CREB 
phosphorylation (Figure 7F, quantified in G and H).

Loss of Egr1 in Tln1fl/fl Pod-rtTA TetO-Cre mice reduces progres-
sive albuminuria and glomerulosclerosis. To next determine the 
importance of EGR1 in vivo, we generated Egr1–/– Tln1fl/fl Pod-rtTA 
TetO-Cre mice, to assess whether loss of this gene could rescue the 
Tln1fl/fl Pod-rtTA TetO-Cre mice. We found a striking reduction in 
albuminuria, kidney failure, glomerulosclerosis, and interstitial 
fibrosis (Figure 8, A–D, quantified in E and F) similar to what was 
observed following VPA treatment. To validate the effect of EGR1 
in a toxin-related podocyte injury model, Egr1–/– mice were treated 
with NTS. Compared with control mice, Egr1–/– mice had reduced 
NTS-induced albuminuria and glomerular lesions (Supplemental 
Figure 8, A and B). Next, to elucidate a role of EGR1 upregulation 
in podocyte injury, we examined F-actin staining patterns in pri-
mary podocytes and TUNEL staining in Tln1fl/fl Pod-rtTA TetO-Cre 
mice with doxycycline, as increased EGR1 expression has been 
shown to regulate the actin cytoskeleton and induce cell apopto-
sis (35–38). Loss of podocyte-associated EGR1 expression or VPA 
treatment resulted in stabilization and maintenance of actin stress 
fibers after LPS treatment (for 6 hours) and PS treatment (for 1 
hour) in comparison with controls (Figure 9A, quantified in B–D; 
and Supplemental Figure 7A, quantified in C). Conversely, the 
overexpression of EGR1 in LPS- and VPA-treated control primary 
podocytes resulted in loss of actin stress fibers (Supplemental Fig-
ure 7B, quantified in D). Furthermore, VPA treatment ameliorated 

LPS-induced cell spreading (increased cell surface area), while the 
overexpression of EGR1 in LPS- and VPA-treated control primary 
podocytes resulted in increased cell spreading (Figure 9E). VPA 
therapy also mitigated podocyte loss in comparison with untreated  
doxycycline-induced Tln1fl/fl Pod-rtTA TetO-Cre mice (Supple-
mental Figure 7E). However, TUNEL staining in kidneys 2 weeks 
after completion of doxycycline revealed apoptotic cells (TUNEL- 
positive cells) in the tubular segments but not in podocytes (stained 
with WT1) (Supplemental Figure 7F), suggesting that VPA treat-
ment may protect podocytes by stabilizing the actin cytoskeleton 
and preventing other forms of programmed cell death.

VPA treatment improves decline of estimated glomerular filtra-
tion rate in proteinuric patients. To support the hypothesis that 
HDAC inhibition may also be a potent therapeutic strategy against 
human proteinuric kidney disease, we next interrogated the Veter-
ans Aging Cohort Study. Among 122,870 veterans participating in 
the Study and eligible for analysis, the median (IQR) duration of 
follow-up was 9.0 (4.7–13.2) years. The mean rate of decline in esti-
mated glomerular filtration rate (eGFR) was –0.94 (standard error 
0.007) ml/1.73 m2/yr, which is consistent with several large, US 
population–based studies (39, 40). Veterans exposed to VPA were 
slightly younger than those who were not exposed. They also had 
higher baseline eGFR and were less likely to be infected with HIV 
or HCV. They were more likely to be diabetic and to have hyperten-
sion, and bore a strikingly higher rate of psychiatric comorbidities, 
with fully 76.5% of those in the VPA group carrying a diagnosis of 
bipolar disorder compared with 21.4% of those in the unexposed 
group (Supplemental Table 4). Exposure to VPA (n = 2269) was 
associated with a significantly attenuated rate of decline in eGFR, 
with an unadjusted mean annual change in eGFR of –0.61 (0.07) 
ml/1.73 m2/yr among those who received VPA compared with 
–0.94 (0.007) ml/1.73 m2/yr among those who did not receive the 
agent — a 35% reduction in the rate of decline. The fully adjusted 
difference was 0.16 (0.07) ml/min/1.73 m2/yr, P = 0.02 (Figure 
10A). Within-patient analyses (restricted to patients who initiated 
VPA while under observation) revealed that, before initiation of 
VPA, the average decline in eGFR was –0.93 (standard error 0.05) 
ml/1.73 m2/yr compared with –0.32 (standard error 0.09) ml/1.73 
m2/yr after the initiation of VPA (P < 0.0001) (Figure 10B).

Next, we analyzed the patients stratified by proteinuria. 
Among the patients with no or mild proteinuria (1+ or less on 
urine dipstick), the unadjusted mean yearly decline in eGFR was 
–0.92 (0.007) ml/1.73 m2/yr in the patients not receiving VPA, 
compared with –0.61 (0.07) ml/1.73 m2/yr in those receiving VPA 
(Figure 10C). In the patients with heavy proteinuria (2+ or more 
on urine dipstick), the unadjusted mean yearly decline in eGFR 
was –2.5 (0.05) ml/1.73 m2/yr in patients not receiving VPA, com-
pared with –0.56 (0.66) ml/1.73 m2/yr in those receiving VPA 
(Figure 10D). After full adjustment, this effect modification by 
proteinuria was statistically significant at P = 0.02, suggesting 
that the beneficial effect of VPA is more pronounced in patients 
with worse proteinuria.

These results were robust to multiple sensitivity analyses. 
After exclusion of all patients who ever received lithium (a known 
nephrotoxic agent that is used for similar indications to VPA 
in this population), the protective effect of VPA and the inter-
action between VPA benefit and proteinuria were maintained  

Figure 3. VPA reduces podocyte injury in Dox-inducible Tln1fl/fl Pod-rtTA 
TetO-Cre mice. (A) Time course schematic of Dox-induced Tln1fl/fl Pod-rtTA 
TetO-Cre mice treated with or without VPA. (B) Urine albumin/creatinine 
ratio in control (black) and Tln1fl/fl Pod-rtTA TetO-Cre mice treated with 
vehicle or VPA (red: vehicle; blue: VPA) at 0, 2, and 4 weeks following Dox 
induction. *P < 0.05 vs. control mice, #P < 0.05 vs. vehicle-treated Tln1fl/fl  
Pod-rtTA TetO-Cre mice; n = 5. (C) Plasma creatinine in control and Tln1fl/fl 
Pod-rtTA TetO-Cre mice treated with vehicle or VPA 0 and 4 weeks follow-
ing Dox induction. *P < 0.05 vs. control mice, #P < 0.05 vs. vehicle-treated 
Tln1fl/fl Pod-rtTA TetO-Cre mice; n = 5. (D) H&E, PAS, and trichrome staining 
in control and Tln1fl/fl Pod-rtTA TetO-Cre mouse glomeruli treated with 
vehicle or VPA 0 or 4 weeks following Dox induction. Arrowheads show 
mesangial cell matrix deposition and proliferation. Scale bar: 25 μm. (E) 
Trichrome staining of control and Tln1fl/fl Pod-rtTA TetO-Cre mice kidneys 
treated with vehicle or VPA at 0 or 4 weeks following Dox induction. 
Arrowheads show dilated tubules and proteinaceous casts; arrows display 
interstitial fibrosis. Scale bar: 50 μm. (F) TEM in control and Tln1fl/fl Pod-rtTA 
TetO-Cre mice treated with vehicle or VPA at 0 or 4 weeks following Dox 
induction. Arrowheads depict podocyte foot process effacement. Scale bar:  
1 μm. (G) Glomerulosclerosis quantification in D. *P < 0.05 vs. control mice,  
#P < 0.05 vs. vehicle-treated Tln1fl/fl Pod-rtTA TetO-Cre mice. (H) Intersti-
tial fibrosis quantification in E. *P < 0.05 vs. control mice, #P < 0.05 vs. 
vehicle-treated Tln1fl/fl Pod-rtTA TetO-Cre mice. (I) Foot process quantifi-
cation in F. *P < 0.05 vs. control mice, #P < 0.05 vs. vehicle-treated Tln1fl/fl 
Pod-rtTA TetO-Cre mice. (B, C, and G–I) Statistics using 1-way ANOVA with 
Dunnett’s correction.
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Figure 4. SAHA reduces podocyte injury in Dox-inducible Tln1fl/fl Pod-rtTA TetO-Cre mice. (A) Time course schematic of Dox-induced Tln1fl/fl Pod-rtTA 
TetO-Cre mice with or without SAHA. (B) Urine albumin/creatinine ratio in control (black) and Tln1fl/fl Pod-rtTA TetO-Cre mice with vehicle or SAHA (red: 
+vehicle; blue: +SAHA) 0, 2, and 4 weeks following Dox induction. *P < 0.05 vs. control mice, #P < 0.05 vs. vehicle-treated Tln1fl/fl Pod-rtTA TetO-Cre mice; 
n = 5. (C) Plasma creatinine in control and Tln1fl/fl Pod-rtTA TetO-Cre mice treated with vehicle or SAHA at 0 and 4 weeks following Dox induction. *P < 0.05 
vs. control mice, #P < 0.05 vs. vehicle-treated Tln1fl/fl Pod-rtTA TetO-Cre mice; n = 5. (D) H&E, PAS, and trichrome staining in control and Tln1fl/fl Pod-rtTA 
TetO-Cre mouse glomeruli treated with vehicle or SAHA at 0 and 4 weeks following Dox induction. Arrowheads show mesangial cell matrix deposition 
and proliferation. Scale bar: 25 μm. (E) Trichrome staining of control and Tln1fl/fl Pod-rtTA TetO-Cre mouse kidneys treated with vehicle or SAHA at 0 and 4 
weeks following Dox induction. Arrowheads show dilated tubules and proteinaceous casts; arrows display interstitial fibrosis. Scale bar: 50 μm. (F) TEM 
in control and Tln1fl/fl Pod-rtTA TetO-Cre mice treated with vehicle or SAHA at 0 and 4 weeks following Dox induction. Arrowheads depict podocyte foot 
process effacement. Scale bar: 1 μm. (G) Glomerulosclerosis quantification in D. *P < 0.05 vs. control mice, #P < 0.05 vs. vehicle-treated Tln1fl/fl Pod-rtTA 
TetO-Cre mice. (H) Interstitial fibrosis quantification in E. *P < 0.05 vs. control mice, #P < 0.05 vs. vehicle-treated Tln1fl/fl Pod-rtTA TetO-Cre mice. (I) Foot 
process quantification in F. *P < 0.05 vs. control mice, #P < 0.05 vs. vehicle-treated Tln1fl/fl Pod-rtTA TetO-Cre mice. (B, C, and G–I) Statistics using 1-way 
ANOVA with Dunnett’s correction.
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Discussion
For the last 20 years, the mainstay of treatment of proteinuric 
kidney diseases that often lead to CKD has been to block the 
renin-angiotensin axis (41). However, various kinds of renin- 

(P = 0.008 and P = 0.07, respectively). Analyses that examined 
the effects of the comparator agents lamotrigine, carbamaze-
pine, and levetiracetam revealed no protection of eGFR associ-
ated with exposure (Figure 11, A–D).

Figure 5. Podocyte deletion of Hdac1 and Hdac2 improves glomerulosclerosis and kidney failure in Tln1fl/fl Pod-rtTA TetO-Cre mice induced with Dox. (A) 
Quantification of urine albumin/creatinine ratio in control (black), Tln1fl/fl Pod-rtTA TetO-Cre (red), and Hdac1fl/fl Hdac2fl/fl Tln1fl/fl Pod-rtTA TetO-Cre (blue) 
mice at 0, 2, and 4 weeks after completion of Dox induction. *P < 0.05 vs. control mice, #P < 0.05 vs. Tln1fl/fl Pod-rtTA TetO-Cre mice; n = 5. (B) Plasma cre-
atinine in control, Tln1fl/fl Pod-rtTA TetO-Cre, and Hdac1fl/fl Hdac2fl/fl Tln1fl/fl Pod-rtTA TetO-Cre mice after completion of Dox induction. *P < 0.05 vs. control 
mice, #P < 0.05 vs. Tln1fl/fl Pod-rtTA TetO-Cre mice; n = 5. (C) Representative light microscopy images (H&E, PAS, and trichrome) of control, Tln1fl/fl Pod-rtTA 
TetO-Cre, and Hdac1fl/fl Hdac2fl/fl Tln1fl/fl Pod-rtTA TetO-Cre mouse glomeruli 4 weeks after completion of Dox induction. Arrowheads show mesangial matrix 
deposition and mesangial cell proliferation. Scale bar: 25 μm. (D) Representative trichrome staining in control, Tln1fl/fl Pod-rtTA TetO-Cre, and Hdac1fl/fl 
Hdac2fl/fl Tln1fl/fl Pod-rtTA TetO-Cre mouse kidneys 4 weeks after completion of Dox induction. Arrowheads show dilated tubules and proteinaceous casts; 
arrows display interstitial fibrosis. Scale bar: 50 μm. (E) Representative TEM in control, Tln1fl/fl Pod-rtTA TetO-Cre, and Hdac1fl/fl Hdac2fl/fl Tln1fl/fl Pod-rtTA 
TetO-Cre mouse kidneys 4 weeks after completion of Dox induction. Arrowheads depict podocyte foot process effacement. Scale bar: 1 μm. (F) Quantifica-
tion of glomerulosclerosis in C. *P < 0.05 vs. control mice, #P < 0.05 vs. Tln1fl/fl Pod-rtTA TetO-Cre mice. (G) Quantification of interstitial fibrosis in D.  
*P < 0.05 vs. control mice, #P < 0.05 vs. Tln1fl/fl Pod-rtTA TetO-Cre mice. (H) Quantification of foot processes in E. *P < 0.05 vs. control mice, #P < 0.05 vs. 
Tln1fl/fl Pod-rtTA TetO-Cre mice. (A, B, and F–H) Statistically analyzed by 1-way ANOVA with Dunnett’s correction.
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investigators have also shown that following podocyte injury, 
HDAC4 and HDAC9 expression is increased, inhibiting autoph-
agy, and reducing nephrin and podocin expression, respectively 
(50, 51). Therefore, further studies examining each HDAC protein 
and the relationship between HDAC families in the pathogenesis 
of glomerular disease progression are required.

Through our microarray analysis, we also determined that one 
of the likely targets regulated by HDAC1 and HDAC2 is a tran-
scription factor, EGR1. Genetic loss of Egr1 on a Tln1fl/fl Pod-rtTA  
TetO-Cre mouse background also reduced albuminuria and the 
progression of kidney disease, mimicking what was observed when 
these mice were treated with VPA. EGR1, one of the immediate- 
early response genes, was upregulated following several stimuli, 
such as growth factors and oxygen deprivation (52–54). Several  
studies have demonstrated that EGR1 upregulation induces 
mesangial cell proliferation, kidney interstitial fibrosis through 
the TGF-β signaling pathway, and cellular apoptosis in cancer 
cells (55–59). EGR1 upregulation may also be important for pro-
gression of glomerular disease not only in podocytes but also in 
other cell types. Interestingly, HDAC inhibitors have been shown 
to activate EGR1 in other cell types, suggesting cell-specific dif-
ferences in regulation. These findings motivate further analysis to 
understand the role of EGR1 expression in the progression of glo-
merular diseases by use of cell-specific conditional Egr1-knockout 
mice (60–62).

In our results, HDAC inhibitors decreased CREB phosphory-
lation induced by LPS or PS in control podocytes, which resulted 
in reduced CREB binding to Egr1 promoter. It has been shown 
that kinases such as PKA, PKC, CaMK, ERK, AKT, and PTEN  
can regulate CREB phosphorylation (63–68). Previous studies 
also revealed that HDAC inhibitors increase PTEN expression in 
293T cells (69), but further studies will be needed to elucidate 
the link between PTEN and CREB phosphorylation following 
HDAC inhibition.

Lastly, a strong benefit of VPA in reducing loss of eGFR was 
demonstrated in a large longitudinal cohort of patients taking this 
medication for nonrenal indications. The findings were particularly  
robust in patients with proteinuria, in whom VPA administration 
was associated with significantly preserved kidney function over 
many years. Though observational data are subject to confounding 
by indication, these results are strengthened by the fact that VPA is 
not used in the management of kidney disease nor is the medication 
dose-adjusted among those with worse kidney function. Though our 
observational results were consistent across multiple subanalyses 
and sensitivity analyses, observational data cannot infer causation, 
and residual confounding may explain some of the observed effects. 
However, the lack of effect seen in analyses of non–HDAC inhibitor 
comparator agents may attenuate this concern. In addition, the Vet-
erans Aging Cohort Study is predominantly male, limiting general-
izability of these findings to other populations, while some patients 
may have obtained medications outside the Veterans Affairs system, 
which may lead to misclassification bias. Yet this would tend to bias 
our results toward the null.

In conclusion, we establish that HDAC1 and HDAC2 acti-
vation plays an important role in progression of glomerular dis-
ease through EGR1 upregulation. Treatment with VPA not only 
improved kidney function in proteinuric mice, but also ameliorated  

angiotensin system inhibitors have been shown to have only a  
marginal beneficial effect on progression of proteinuria and CKD. 
The increasing global prevalence of ESKD indicates the need for 
novel therapies for proteinuric kidney diseases (4, 42). Therefore, 
in this study, we aimed to uncover novel molecular pathways that 
are potential targets for therapeutic intervention. From our unbi-
ased screen using microarray data from injured mouse glomeru-
li, we identified phosphorylated-CREB–induced upregulation of 
EGR1 that may be governed by increased HDAC1 and HDAC2 
activation resulting in foot process effacement. Inhibition by 
HDAC inhibitors protected podocytes and mitigated the progres-
sion and damage of the glomerular filtration barrier (Figure 12).

VPA is a common oral medication that has been in existence 
for close to 40 years, for the treatment of neurologic and psychi-
atric diseases (43). Our initial decision to pursue VPA following 
our bioinformatics analysis was based on the drug’s favorable side 
effect profile in relation to the stigmata of ESKD, which is a crit-
ical attribute in entertaining treatment options. Treatment with 
VPA, a class I HDAC inhibitor, as well as SAHA, an FDA-approved 
pan-HDAC inhibitor, strikingly improved both the progression 
of kidney disease, and VPA treatment improved the lifespan in 
2 lines of transgenic mice that died as a result of kidney failure. 
Previous studies have shown that HDACs promote progression of 
glomerular disease as well as kidney fibrosis through the TGF-β 
signaling pathway (44–46). It has been shown that HDAC inhib-
itors improve adriamycin-induced glomerular injury through 
downregulation of profibrotic and inflammatory genes (47), and 
combinations of HDAC inhibitor and renin-angiotensin system 
inhibitors improve kidney function in an HIV-associated glomer-
ular injury model (8). However, HDAC inhibitors’ sites of action 
have remained elusive. Through our study, we speculate that inhi-
bition of HDAC1 and HDAC2 activity specifically in podocytes is 
critical, as genetic ablation of Hdac1 and Hdac2 strikingly mitigat-
ed the progression of albuminuria and glomerulosclerosis. Dele-
tion of either podocyte Hdac1 or Hdac2 alone did not significantly 
improve proteinuria or kidney failure in Tln1fl/fl Pod-rtTA TetO-Cre 
mice. This lack of improvement is likely due to the redundant and 
compensatory roles of HDAC1 and HDAC2, as previous studies 
have shown that knockdown or deletion of either Hdac1 or Hdac2 
alone is not sufficient to block histone acetylation (48, 49). Other  

Figure 6. VPA treatment mitigates CREB-mediated EGR1 upregulation in 
Tln1fl/fl Pod-rtTA TetO-Cre mouse glomeruli. (A) Heatmap representing color- 
coded differential glomerular genes analyzed by Z ratio of Tln1fl/fl Pod-rtTA 
TetO-Cre mice with vehicle to those with VPA, 2 weeks after completion 
of Dox induction. (B) Reverse transcriptase PCR of the candidate genes in 
control, and Tln1fl/fl Pod-rtTA TetO-Cre mice treated or not treated with VPA 
2 weeks after completion of Dox induction. *P < 0.05 vs. control mice, #P < 
0.05 vs. Tln1fl/fl Pod-rtTA TetO-Cre mice; n = 3. (C) Representative immuno-
blots of EGR1 and GAPDH in glomeruli of control mice, Tln1fl/fl Pod-rtTA  
TetO-Cre mice treated or not treated with VPA or SAHA, and Hdac1fl/fl Hdac2fl/fl 
Tln1fl/fl Pod-rtTA TetO-Cre mice. (D) Quantification of EGR1 immunoblots in C. 
*P < 0.05 vs. control mice, #P < 0.05 vs. Tln1fl/fl Pod-rtTA TetO-Cre mice; n = 3. 
(E) Representative immunofluorescence images of EGR1 (green) and nephrin 
(red) in control and focal segmental glomerulosclerosis (FSGS) patient glom-
eruli. Arrows display podocyte EGR1 staining. Scale bar: 20 μm. (F) Quanti-
fication of podocyte EGR1 immunofluorescence intensity in E. *P < 0.05 vs. 
control; n = 3. (B and D) Statistically analyzed by 1-way ANOVA with Dunnett’s 
correction. (F) Statistically analyzed by 2-tailed Student’s t test.
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antibody (catalog A-11037) (Invitrogen) were purchased commercial-
ly. eGFP-EGR1 plasmid was purchased from Addgene.

Generation of mice. Pod-rtTA TetO-Cre mice on a C57BL/6 back-
ground were a gift from Alda Tufro (Yale University) (70). The mice 
were mated with our Tln1fl/fl mice on a C57BL/6 background (20) to 
generate doxycycline-inducible podocyte-specific Tln1-knockout 
mice (Tln1fl/fl Pod-rtTA TetO-Cre mice). Valproic acid (VPA) (Epi-
gentek) (150 μg) or vorinostat (suberanilohydroxamic acid [SAHA]) 
(Sigma-Aldrich) (20 mg/kg body weight) was administered i.p. for 4 
weeks after completion of doxycycline induction. Hdac1fl/fl, Hdac2fl/fl  
mice were obtained as a gift from Eric Olson (University of Texas 
Southwestern Medical Center, Dallas, Texas, USA) (71), and the mice 
were mated with Pod-rtTA TetO-Cre mice or Tln1fl/fl Pod-rtTA TetO-Cre 
mice to generate doxycycline-inducible podocyte-specific Hdac1- and 
Hdac2-KO mice (Hdac1fl/fl Hdac2fl/fl Pod-rtTA TetO-Cre mice) or Hdac1-,  
Hdac2-, and Tln1-KO mice (Hdac1fl/fl Hdac2fl/fl Tln1fl/fl Pod-rtTA TetO-Cre 
mice). Egr1+/– mice on a C57BL/6 × 129 background were purchased 
from The Jackson Laboratory, and the mice were mated with Pod-Cre 
Rosa-DTRflox mice on a C57BL/6 background, a gift from Lloyd Cant-
ley (Yale University) (72), or Tln1fl/fl Pod-rtTA TetO-Cre mice to gen-
erate Egr1–/– Pod-Cre Rosa-DTRflox mice and Egr1–/– Tln1fl/fl Pod-rtTA  

eGFR decline in proteinuric kidney disease patients. This provides 
compelling evidence for whether progression of proteinuric kid-
ney diseases can be altered using VPA in a prospective manner 
and further motivates studies for drug repurposing of this class of 
agents for successful treatment of human progressive proteinuric 
kidney diseases in the not so distant future.

Methods
Antibodies and plasmid. Mouse anti–Wilms tumor 1 (anti-WT1) (EMD 
Millipore Corp., catalog 05-753); rabbit anti-WT1 (Santa Cruz Biotech-
nology, catalog sc-192); mouse anti-HDAC1 (catalog 5356), mouse 
anti-HDAC2 (catalog 5113), rabbit anti–serum response factor (anti-
SRF) (catalog 5147), rabbit anti–CRE-binding protein (anti-CREB) 
(catalog 9197), rabbit anti–phosphorylated CREB (Ser133) (catalog 
9198), rabbit anti-EGR1 (catalog 4154), and rabbit anti-GAPDH (cat-
alog 5174) (Cell Signaling Technology); mouse anti–talin-1 (Bio-Rad, 
catalog MCA4770); guinea pig anti-nephrin (Progen, catalog GP-N2); 
rabbit anti-EGR1 (Protein Tech, catalog 55117-1-AP); Alexa Fluor 594 
phalloidin (catalog A12381), Alexa Fluor 488 goat anti-mouse IgG 
antibody (catalog A-11001), Alexa Fluor 594 goat anti–guinea pig IgG 
antibody (catalog A-11076), and Alexa Fluor 594 goat anti-rabbit IgG 

Figure 7. VPA treatment mitigates CREB-mediated 
EGR1 upregulation in primary podocytes treated 
with LPS or PS. (A) Representative immunoblots of 
EGR1 and WT1 in primary podocytes with or without 
LPS or PS, treated or not treated with VPA or SAHA. 
(B and C) Quantification of EGR1 immunoblots in 
primary podocytes with LPS (B) or PS (C) treated or 
not treated with VPA or SAHA. *P < 0.05 vs. control, 
#P < 0.05 vs. LPS- or PS-treated primary podocytes; 
n = 3. (D and E) ChIP assay using CREB antibody and 
primer sets for Egr1 promoter in primary podocytes 
with LPS (D) or PS (E) treated or not treated with 
VPA or SAHA. DNA binding was determined by 
PCR. *P < 0.05 vs. control, #P < 0.05 vs. LPS- or 
PS-treated primary podocytes; n = 3. (F) Repre-
sentative immunoblots of phosphorylated CREB 
(p-CREB), CREB, and WT1 in LPS- or PS-treated 
primary podocytes with or without VPA or SAHA. (G 
and H) Quantification of p-CREB immunoblots in 
primary podocytes with LPS (G) or PS (H) treated or 
not treated with VPA or SAHA. *P < 0.05 vs. control, 
#P < 0.05 vs. LPS- or PS-treated primary podocytes; 
n = 3. (B–E, G, and H) Statistically analyzed by 1-way 
ANOVA with Dunnett’s correction.
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Urine albumin was quantified in duplicates using an Albumin ELISA  
Quantitation kit according to the manufacturer’s protocol (Bethyl 
Laboratories Inc.). Plasma and urine creatinine were measured in 
duplicate for each sample at the time points above using a colorimet-
ric quantification kit (Bioassay Systems) at an absorbance of 490 nm 
(Microplate Reader; Bio-Rad).

Cell culture. Isolation of podocytes from day 1–3 control and Egr1–/–  
Pod-Cre Rosa-DTRflox pups was performed as described previously 
(72). Medium including diphtheria toxin (Sigma-Aldrich) was changed 
every other day 2 days after seeding of glomerular cells as previously  
described (72). Podocytes in culture were pretreated with VPA (0.5 

TetO-Cre mice, respectively. All generated mice were backcrossed 
more than 10 times before experiments. For podocyte injury models 
in vivo, nephrotoxic serum (NTS) (150 μl) was injected i.v. 5 days after 
adjuvant injection i.p. in control C57BL/6 mice at 8 weeks of age with 
or without i.p. VPA or SAHA administration 3 days after NTS injection. 
For another podocyte injury model, adriamycin (Sigma-Aldrich) (15 
mg/kg body weight) was injected i.v. in 8-week-old BALB/c mice (The 
Jackson Laboratory), and VPA or SAHA was administered 7 days after 
adriamycin injection for 3 weeks.

Biochemical measurements, urine albumin, urine creatinine, and 
plasma creatinine. Mouse urine samples were collected at various ages. 

Figure 8. Loss of EGR1 in Tln1fl/fl Pod-rtTA TetO-Cre mice improves glomerulosclerosis and interstitial fibrosis. (A) Quantification of urine albumin/ 
creatinine ratio in control (black), Tln1fl/fl Pod-rtTA TetO-Cre (red), and Egr1–/– Tln1fl/fl Pod-rtTA TetO-Cre (blue) mice at 0, 2, and 4 weeks after completion of 
Dox induction. *P < 0.05 vs. control mice, #P < 0.05 vs. Tln1fl/fl Pod-rtTA TetO-Cre mice; n = 5. (B) Plasma creatinine in control, Tln1fl/fl Pod-rtTA TetO-Cre, 
and Egr1–/– Tln1fl/fl Pod-rtTA TetO-Cre mice 0 and 4 weeks after completion of Dox induction. *P < 0.05 vs. control mice, #P < 0.05 vs. Tln1fl/fl Pod-rtTA TetO-
Cre mice; n = 5. (C) Representative light microscope images (H&E, PAS, and trichrome) of glomeruli from control, Tln1fl/fl Pod-rtTA TetO-Cre, and Egr1–/–  
Tln1fl/fl Pod-rtTA TetO-Cre mice 4 weeks after completion of Dox induction. Arrowheads show mesangial matrix deposition and mesangial cell proliferation. 
Scale bar: 25 μm. (D) Representative trichrome staining in control, Tln1fl/fl Pod-rtTA TetO-Cre, and Egr1–/– Tln1fl/fl Pod-rtTA TetO-Cre mouse kidneys 4 weeks 
after completion of Dox induction. Arrowheads show dilated tubules and proteinaceous casts; arrows display interstitial fibrosis. Scale bar: 50 μm. (E) Quan-
tification of glomerulosclerosis in C. *P < 0.05 vs. control mice, #P < 0.05 vs. Tln1fl/fl Pod-rtTA TetO-Cre mice. (F) Quantification of interstitial fibrosis in D.  
*P < 0.05 vs. control mice, #P < 0.05 vs. Tln1fl/fl Pod-rtTA TetO-Cre mice. (A, B, E, and F) Statistically analyzed by 1-way ANOVA with Dunnett’s correction.
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culated as previously described (73). Z ratio of each gene was calculated  
by comparison of its expressions in different samples. The genes with 
absolute Z ratio value greater than 1.96 were identified as differentially 
expressed genes. These genes were shown in a 2-way hierarchical heat-
map. Red and blue indicate up- and downregulated genes, respectively.

Upstream protein networks and pharmaceutical agents associ-
ated with the differentially expressed genes from control and Tln1fl/fl  
Pod-rtTA TetO-Cre mouse glomerulus microarray data sets  were 
identified using Expression2Kinases (X2K) software (74). Briefly, X2K 
identified potential transcription factors regulating the differentially 
expressed genes using the ChIP-X Enrichment Analysis database. The 
transcription factors are then connected using known protein interac-
tions, constructing a transcriptional regulatory subnetwork. Finally, 
pharmaceutical agents are identified that may reverse changes of dif-
ferentially expressed genes in this subnetwork.

mM) or SAHA (1 μM) and treated with 70 μg/ml lipopolysaccharide 
(LPS) (Sigma-Aldrich) or 20 μg/ml protamine sulfate (PS) (Sigma- 
Aldrich) at the designated time points.

Microarray of glomerular DNA and bioinformatics analysis. Glom-
eruli were isolated in control and Tln1fl/fl Pod-rtTA TetO-Cre mice 2 
weeks after completion of doxycycline induction with or without VPA 
treatment. The glomerular RNA was isolated by RNeasy kit (Qiagen) 
and was sent to the Yale Center for Genome Analysis for microarray on 
the Affymetrix Mouse Genome 430 2.0 platform.

We used the R Bioconductor package to analyze the raw microarray 
gene expression data sets. Background for each data set was corrected 
using the RMA algorithm in the limma package. Probes were mapped to 
gene symbols using the annotation file downloaded from the Affymetrix 
website; probes with no annotation were discarded. The expression val-
ues in biological replicates were averaged. Z score for each gene was cal-

Figure 9. Loss of EGR1 stabilizes and 
maintains actin stress fibers following 
LPS or PS treatment. (A) Representative 
immunostaining for phalloidin (red) and 
WT1 (green) in control Pod-Cre Rosa-DTRflox  
or Egr1–/– Pod-Cre Rosa-DTRflox mouse 
primary podocytes treated with LPS or 
PS. Scale bar: 10 μm. (B–D) Quantification 
of phalloidin staining in control (black) or 
Egr1–/– Pod-Cre Rosa-DTRflox (blue) mouse 
primary podocytes with vehicle (B), LPS (C), 
and PS (D). *P < 0.05 vs. control mouse pri-
mary podocytes; n = 3. (E) Cell surface area 
in primary podocytes overexpressing GFP 
or GFP-EGR1 following LPS with or without 
VPA treatment. *P < 0.05 vs. control pri-
mary podocytes, #P < 0.05 vs. LPS-treated 
primary podocytes; n = 3. Panels C and D 
statistically analyzed by 2-tailed Student’s 
t test. Panel E statistically analyzed by 
1-way ANOVA with Dunnett’s correction.
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with a SimpleChIP Kit according to the manufacturer’s protocol (Cell 
Signaling Technology). Coprecipitated DNA and input DNA were 
quantified by reverse transcriptase PCR calculating as the ratio of PCR 
signal from coprecipitated DNA to that from input DNA. As the mouse 
Egr1 gene promoter contains 5 serum response elements (SREs) and 
2 cAMP response elements (CREs) and the CREs and the first 2 SREs 
are close, we generated primers in the mouse Egr1 promoter as follows: 
primer set 1 (for CREs and the first 2 SREs) forward 5′-TTTCCAGGAG-
CCTGAGCGC-3′, reverse 5′-CCCGAATCGGCCTCTATTTCA-3′; 
primer set 2 (for the other SREs) forward 5′-CCGACCCGGAAACGC-
CATAT-3′, reverse 5′-TCCTCCCAGAGCCGGAAA-3′.

HDAC1 and HDAC2 activity assays. Mouse glomeruli were isolat-
ed, followed by podocyte enrichment by sieving through a 40-μm cell 
strainer. Nuclear protein was extracted using NE-PER Nuclear and 
Cytoplasmic Extraction Reagents (Thermo Fisher Scientific). Total 
HDAC activity was measured using an Epigenase HDAC Activity/
Inhibition Direct Assay Kit according to the manufacturer’s protocol 
(Epigentek). Each HDAC1 and HDAC2 activity was measured using an 
HDAC1 or HDAC2 Immunoprecipitation & Activity Assay Kit, respec-
tively, according to the manufacturer’s protocol (BioVision).

Kidney histology and quantification. Mice were anesthetized by i.p. 
injection of ketamine and xylazine followed by perfusion fixation with 
4% paraformaldehyde with or without 2 % glutaraldehyde through the 
left ventricle. Sections were stained for H&E, periodic acid–Schiff, and 
Masson’s trichrome staining by the Yale Pathology Core Tissue Ser-
vices. To evaluate glomerulosclerosis and interstitial fibrosis, kidney 
sections with Masson’s trichrome staining were assessed as previously 

Quantitative PCR analysis. Total RNA was extracted from the pri-
mary podocytes or isolated glomeruli using Trizol (Thermo Fisher Sci-
entific). The RNA concentration was measured by spectrophotometry 
(Nanodrop Technologies). The RNA (1 μg) was used for reverse tran-
scription by a high-capacity cDNA Synthesis Kit according to the man-
ufacturer’s instructions (Applied Biosystems). The quantitative PCR 
amplifications were performed using Power SYBR Green PCR Master 
Mix (Applied Biosystems) with a 7300 AB real-time PCR machine 
(Applied Biosystems).

Immunoblotting. Primary podocytes or isolated glomeruli were 
lysed in lysis buffer containing 50 mM Tris-HCl (pH 7.6), 500 mM 
NaCl, 0.1% SDS, 0.5 % deoxycholate, 1 % Triton X-100, 0.5 mM 
MgCl2, 1 mM Na3VO4, 50 mM NaF, 1 mM PMSF, protease inhibitor 
cocktail (Roche Diagnostics), and phosphatase inhibitor cocktail 
(MilliporeSigma). Protein concentrations were quantified using the 
Bio-Rad protein assay. Equal amounts of lysates were separated by 
SDS-PAGE and transferred on PVDF membranes (EMD Millipore 
Corp.). The membrane was blocked with 5% nonfat milk (American 
Bio) or 3% BSA (Sigma-Aldrich) in Tris-buffered saline and Tween-20 
(TBS-T) and incubated with the appropriate primary antibody at 4°C 
overnight. After 3 washes with TBS-T, the appropriate peroxidase- 
labeled anti-IgG secondary antibody (Millipore) was added and sig-
nals detected using enhanced chemiluminescence reagents (Bio-Rad) 
and exposed with Odyssey (LI-COR Biosciences). For quantification, 
densitometry was performed using ImageJ software (NIH).

ChIP assay. Primary podocytes were cross-linked by 1 % formal-
dehyde, and ChIP assay was performed using CREB or SRF antibody 

Figure 10. VPA usage is asso-
ciated with slower declines in 
eGFR in a Veterans Affairs pop-
ulation cohort. (A) The slope of 
eGFR decline among patients 
treated with VPA compared 
with controls not treated with 
VPA. *P = 0.02. (B) The slope of 
eGFR decline in patients before 
and after initiation of VPA.  
*P <0.001. (C and D) The slope 
of eGFR decline among patients 
with no or mild proteinuria (1+ 
or below on urine dipstick) (C) 
and with heavy proteinuria  
(>2+ on urine dipstick) (D) with 
or without VPA. *P-for-inter-
action = 0.02. All graphs reflect 
eGFRs adjusted for age, sex, 
race, baseline eGFR, HCV, HIV, 
diabetes, hypertension, conges-
tive heart failure, liver disease, 
bipolar disorder, depression, 
post-traumatic stress disorder, 
prior stroke, epilepsy, and 
headache. The visualized slopes 
reflect eGFR at the mode of 
categorical covariates and the 
mean of continuous covariates.
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grouped into 4 major classes, which were used for scoring as described 
previously (type A: more than 90% of cell area filled with thick cables; 
type B: at least 2 thick cables running under nucleus and rest of cell 
area filled with fine cables; type C: no thick cables, but some cables 
present; type D: no cables visible in the central area of the cell) (20, 
78). One hundred primary podocytes from each mouse were analyzed 
in 3 independent experiments.

Cell spreading. Following overexpression of GFP or GFP-EGR1 in 
control podocytes, cells were detached by trypsin digestion. The cell 
suspension was placed on collagen I–coated coverslips, and the cells 
were treated with LPS (3 hours) with or without VPA. The primary 
podocytes were fixed with 4% paraformaldehyde and stained with 
GFP and phalloidin. The cell surface area was measured in GFP- 
positive primary podocytes using NIH ImageJ software.

Human study. Participants in the Veterans Aging Cohort Study 
(VACS) were considered for enrollment. The VACS is a longitudi-
nal cohort study of 141,686 HIV-positive veterans and an age/race/ 
site-matched sample of uninfected controls (79). For the present anal-
ysis, we included VACS participants with at least 2 outpatient creati-
nine values measured at least 1 year apart to allow for calculation of a 
slope of eGFR. GFR was estimated using the CKD-Epi formula (80). 
VPA exposure during a creatinine interval was defined as the presence 
of a VPA prescription for more than 50% of the days between 2 consec-
utive creatinine measurements.

A patient time period (bounded by sequential creatinine measure-
ments) was classified as “exposed to VPA” if the patient had an active 
prescription for VPA for at least 50% of that period.

described (75). The number of foot processes was divided by the total 
length of glomerular basement membrane regions in each electron 
microscopic image (76). In all histological analysis, 3 different mice 
were used in independent experiments.

Immunofluorescence staining. Primary podocytes on collagen  
I–coated coverslips were washed by PBS and fixed with 4% parafor-
maldehyde for 15 minutes. The cells were permeabilized with 0.1% 
Triton X in PBS for 5 minutes, followed by blocking with 3% BSA in 
PBS for 1 hour. For human kidney biopsy samples, paraffin-embedded  
kidney sections were deparaffinized by xylene following hydration 
by ethanol. For both human and mouse kidney sections, antigen 
retrieval was induced by microwave following washing with PBS, and 
kidney sections were blocked with 3% BSA in PBS. Immunostaining 
was performed with primary antibodies overnight at 4°C, followed 
by Alexa Fluor 488– and/or Alexa Fluor 594–conjugated secondary 
antibodies, and then cells were washed with PBS and mounted with 
Slowfade (Invitrogen). TUNEL staining was performed using an In 
Situ Cell Death Detection Kit according to the manufacturer’s proto-
col (Roche). In each immunofluorescence staining, 3 different mice 
or podocytes were used. Images were taken by an Andor CSU-WDi 
spinning disc confocal microscope equipped with a Nikon Ti-E CFI 
Plan Apochromat Lambda ×60 oil immersion objective for immuno-
fluorescence analysis, and images were processed using NIH ImageJ 
software (version 1.51H) or Adobe Photoshop CS 2014. For quanti-
fication of podocyte number, WT1-positive nuclei were counted in 
each glomeruli (77). For quantification of changes in actin cytoarchi-
tecture of primary podocytes, podocytes stained with phalloidin were 

Figure 11. Usage of comparator 
drugs (lamotrigine, carbamaze-
pine, and levetiracetam) is not 
associated with declines in eGFR 
in a Veterans Affairs population 
cohort. (A) The slope of eGFR 
decline among patients treated 
with comparator drugs compared 
with controls not treated with 
comparator drugs. (B) The slope 
of eGFR decline in patients before 
and after initiation of comparator 
drugs. (C and D) The slope of eGFR 
decline among patients with no 
or mild proteinuria (1+ or below on 
urine dipstick) (C) and with heavy 
proteinuria (>2+ on urine dipstick) 
(D) with or without comparator 
drugs. All graphs reflect eGFRs 
adjusted for age, sex, race, 
baseline eGFR, HCV, HIV, diabetes, 
hypertension, congestive heart 
failure, liver disease, bipolar dis-
order, depression, post-traumatic 
stress disorder, prior stroke,  
epilepsy, and headache. The visu-
alized slopes reflect eGFR at the 
mode of categorical covariates  
and the mean of continuous 
covariates. 
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Statistical analysis was performed by GraphPad Prism 7 software. 
A P value less than 0.05 was considered statistically significant. For 
human data, statistical significance was determined with a 2-sided  
P value less than 0.05 for primary effects and less than 0.10 for inter-
action tests. Analyses were performed in Stata v15.0 (StataCorp) and 
SAS version 9.4 (SAS Institute).

Study approval. The Yale University IACUC approved all animal 
experiments, and the Veterans Affairs IRB (West Haven, CT) approved 
the analysis of VACS data. All work was carried on in accordance with 
the principles and procedures outlined in the NIH guidelines for the 
care and use of experimental animals.
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Figure 12. Cartoon schematic shows that HDAC activation results in actin cytoskeleton derangement and progression of podocyte injury through 
p-CREB–induced EGR1 upregulation.
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