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Abstract

Epigenetic mechanisms such as chromatin histone H3 lysine methylation and acetylation have
been implicated in diabetic vascular complications. However, histone modification profiles at
pathologic genes associated with diabetic nephropathy in vivo and their regulation by the
angiotensin 11 type 1 receptor (AT1R) are not clear. Here we tested whether treatment of type 2
diabetic db/db mice with the AT1R blocker Losartan not only ameliorates diabetic nephropathy,
but also reverses epigenetic changes. As expected, the db/db mice had increased blood pressure,
mesangial hypertrophy, proteinuria and glomerular expression of RAGE and PAI-1 versus control
db/+ mice. This was associated with increased RNA Polymerase Il recruitment and permissive
histone marks as well as decreased repressive histone marks at these genes, and altered expression
of relevant histone modification enzymes. Increased MCP-1 mRNA levels were not associated
with such epigenetic changes, suggesting post-transcriptional regulation. Losartan attenuated key
parameters of diabetic nephropathy and gene expression, and reversed some but not all the
epigenetic changes in db/db mice. Losartan also attenuated increased H3K9/14Ac at RAGE,
PAI-1 and MCP-1 promoters in mesangial cells cultured under diabetic conditions. Our results
provide novel information about the chromatin state at key pathologic genes in vivo in diabetic
nephropathy mediated in part by AT1R. Thus combination therapies targeting epigenetic
regulators and AT1R could be evaluated for more effective treatment of diabetic nephropathy.
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INTRODUCTION

Diabetic nephropathy (DN) is a major microvascular complication and the leading cause of
end stage renal disease. DN is characterized by glomerular and tubular hypertrophy,
basement membrane thickening, and progressive accumulation of extracellular matrix
(ECM) in the glomerular mesangium and tubulointerstitium, accompanied by renal
dysfunction. Activation of glomerular mesangial cells (MC) by high glucose (HG) and
advanced glycation end products (AGEs) increases the levels and actions of pro-
inflammatory and pro-fibrotic growth factors and cytokines such as transforming growth
factor beta-1 (TGF-B1), angiotensin Il (Angll) and monocyte chemoattractant protein-1
(MCP-1), all of which play major roles in DN progressioni4. These factors can activate key
transcription factors (TFs), including NF-xB and Smads to regulate the expression of pro-
inflammatory and pro-fibrotic genes associated with DN 2. However, the role of epigenetic
mechanisms involved in the regulation of gene transcription in DN still remains unclear.

Regulation of chromatin structure and function by epigenetic mechanisms, including DNA
methylation and post-translational modifications (PTMs) of nucleosomal histones, such as
histone H3 lysine acetylation (H3KAc) and H3K methylation (H3Kme) plays a central role
in gene transcription® 7. Dysregulated epigenetic mechanisms have been implicated in
various diseases including diabetes and its complications®-11. Histone PTMs associated with
transcriptional activation (H3K4mel) and repression (H3K9me3 and H4K20me3) as well as
expression and function of the relevant histone methyl transferases (HMTSs) were altered in
vascular cells under diabetic conditions and in experimental models of diabetes!2-14, These
changes persisted even after removal from the diabetic milieul2-14, implicating epigenetic
mechanisms in the ‘metabolic memory’ phenomenon which refers to the sustained pro-
inflammatory states and increased risk for vascular complications observed in some diabetes
patients long after intensive glycemic control is instituted® 10. Furthermore, recent studies
showed changes in H3K9Ac at Type 1 diabetes (T1D) susceptible loci in blood monocytes
from T1D patients®, while HG treated endothelial cells depicted changes in DNA
methylation and H3K9AC at genes associated with endothelial dysfunction’6.

Emerging evidence has also implicated epigenetic mechanisms in acute renal failure (ARF),
chronic kidney disease and DN20: 11, Studies in ARF models and MC demonstrated the role
of histone PTMs in chromatin remodeling events at the promoters of inflammatory and
fibrotic genes, and in the maintenance of a pro-inflammatory state in renal cells11, 17-19.
TGF-B1, a key cytokine in DN pathogenesis, decreased repressive H3K9me and increased
active H3K4me histone marks at fibrotic gene promoters, and induced the expression of a
H3K4-methyl transferase SET7/9 in MC20. Furthermore, a TGF-p1 antibody blocked
similar changes induced by HG in MC, suggesting that TGF-B1 is a major mediator of
epigenetic mechanisms in DN20. However, very little is known about the in vivo changes in
the profiles of histone PTMs at the chromatin surrounding key genes associated with DN
pathogenesis. More importantly, it is not known whether drugs commonly used for

DN2 4 21 can affect or reverse these changes.

Angll signaling through the Angll type 1 receptor (AT1R) plays a critical role in the
pathogenesis of DN2. AT1R signaling can increase the production of TGF-f1 and AGEs,
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and cross-talk between these factors can further amplify inflammatory and fibrogenic factor
expression® 22:23_Clinical studies show that AT1R blockers (ARBs) can slow down the
progression of DN2 24 However, whether AT1R signaling regulates chromatin histone
PTM profiles around genes relevant to DN pathogenesis has not been determined. Here, we
examined the profiles of key histone PTMs in vivo in the glomeruli of diabetic db/db mice, a
widely used model of type 2 diabetes that develops nephropathy3. We also examined, for the
first time, the effects of Losartan, an ARB commonly used for treating hypertension and
renal complications? 24, on the expression of pathologic genes relevant to DN, as well as
epigenetic changes at these loci. Results showed increased glomerular expression of key
inflammatory and fibrotic genes, changes in histone PTMs at these genes, and altered
expression of histone modifying enzymes in glomeruli from db/db mice relative to control
db/+. Losartan treatment reversed most of the physiological and histological parameters of
DN, changes in gene expression, and some, but not all the epigenetic changes observed in
db/db mice. Our results provide novel information about the epigenetic states of pathologic
gene loci in vivo in mouse DN and their regulation, at least in part via AT1R.

Losartan treatment reduced blood pressure and reversed key parameters of renal
dysfunction in db/db mice

Type 2 diabetic db/db mice (10-12 weeks old) were treated with Losartan (10 mg/kg/day,
added to the drinking water) or with water alone. Control non-diabetic db/+ mice received
water alone without Losartan (Fig. 1). After 10 weeks, we examined standard parameters of
DN, changes in the expression of key pathologic genes, alterations in histone PTMs at these
genes, and the expression of enzymes regulating histone modifications, in the renal
glomeruli of these mice.

Systolic blood pressure was significantly increased in db/db mice treated with water (db/
dbH20) relative to db/+ mice treated with water (db/+H20) at the end of 10 weeks (Table 1
and Fig. 2A). This increase was reversed by Losartan treatment of the db/db mice (db/
dbLOS) (Table 1 and Fig. 2A), without any significant effect on increased body weight and
blood glucose levels (Table 1). Diabetic db/dbH20 mice also exhibited proteinuria and
albuminuria, which were significantly reversed by Losartan (Fig. 2B—C). Furthermore,
Periodic Acid Schiff (PAS) staining of kidney sections showed significantly increased
glomerular hypertrophy, mesangial matrix expansion and ECM deposition in db/dbH20
mice relative to db/+H20, and these were significantly inhibited by Losartan in db/dbLOS
mice (Fig. 2D-F). Thus, Losartan could ameliorate hypertension and key histological and
physiological parameters of renal dysfunction in db/db mice without affecting blood glucose
levels.

Losartan inhibits glomerular expression of key inflammatory and ECM genes in db/db

mice

We next examined changes in glomerular expression of inflammatory and ECM-related
profibrotic genes by RT-gPCR. Expression of the pro-inflammatory genes MCP-1 and
receptor for AGEs (RAGE), and fibrogenic plasminogen activator inhibitor-1 (PAI-1) gene,
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were significantly increased in db/dbH20 mice relative to db/+H20 and inhibited by
Losartan treatment (Fig, 3A-C). Expression of other pro-inflammatory genes (TNF-alpha)
and pro-fibrotic genes (TGF-f Connective tissue growth factor, Collagen 1al (Collal),
Colla2, Col4al and Fibronectin) were also increased in db/db mice, but Losartan treatment
inhibited the expression of only Colla2 (data not shown). Furthermore,
immunohistochemical staining with specific antibodies showed that glomerular RAGE,
PAI-1 and MCP-1 protein levels were also significantly increased in db/dbH20O relative to
db/+H20 and these increases were attenuated by Losartan in db/dbLOS mice (Fig. 3D-E).
These results indicate that Losartan has some beneficial effects on glomerular gene
expression in this model of DN, albeit relatively limited, in that only a subset of the tested
inflammatory and profibrotic genes known to play important roles in the progression of DN
were inhibited.

Losartan effects on RNA Polymerase Il recruitment and nucleosome occupancy

Next, we performed Matrix chromatin immunoprecipitation (ChIP) assays?® to measure
changes in RNA Polymerase Il (Pol 1) recruitment at the start and the end of these loci (Fig.
4A) to assess their transcription rates. Pol 11 occupancies at the PAI-1 and RAGE gene
promoters and exon 9 (Ex9) were higher in db/dbH20 compared to the control db/+H20
glomeruli (fraction of input), and Losartan treatment attenuated these differences in db/
dbLOS glomeruli (Fig. 4B, row 1 and see Supplement Fig. S1 for GraphGrid tool
explanation). In contrast, no differences were observed in Pol 1l occupancy at the MCP-1
gene between the three mouse groups (Fig. 4B, row 1). Furthermore, overall, Pol 11 levels
were lower at the MCP-1 gene relative to PAI-1 and RAGE genes in all three mouse groups
(Fig. 4B, row 1). These results suggest that increases in PAI-1 and RAGE gene expression
are mediated by increased transcription, whereas, MCP-1 mRNA expression is most likely
due to post-transcriptional processes (at least at this time period tested).

Because nucleosome occupancy plays a role in transcription regulation and chromatin access
to the transcription machinery, we performed ChIP assays with histone H3 a component of
nucleosomes® to assess average nucleosome/histone H3 occupancy along the PAI-1, RAGE
and MCP-1 genes in mice glomeruli. Histone H3 occupancy was higher in db/db mice at the
3’ ends of all three genes and Losartan brought these levels closer to the levels in the db/+
mice. (Fig. 4B, rows 2). These results suggest that diabetes-related changes observed in Pol
Il levels at RAGE and PAI-1 genes are associated with differences in histone H3 occupancy.
The results at the MCP-1 gene suggest that histone H3 occupancy changes can take place
without effects on Pol 11 density.

Losartan effect on permissive histone PTMs

To evaluate chromatin marks that could account for the Pol Il patterns observed at the above
genes, we profiled several well studied transcription-permissive histone modifications
namely H3K9/14Ac, H3K36me3 and H3K4me -1, -2, and -3. Matrix ChIP assays showed
increased H3K9/14Ac levels at the PAI-1 and RAGE loci in db/dbH,O compared to db
+H,0 mice. These differences were reversed with Losartan treatment (Fig. 5. row 1).
Similar to Pol Il (Fig. 4), there were no H3K9/14Ac differences at the MCP-1 locus. Levels
of H3K36me3, a chromatin mark associated with transcriptional elongation,28 were higher
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in db/dbH,0O compared to db+H,0 mice at the MCP-1 and RAGE loci, and although not
statistically different, similar pattern was seen at the PAI-1 gene (Fig. 5, row 2). In Losartan-
treated mice there was a trend towards lower H3K36me3 levels at the RAGE and PAI-1 loci
but not at the MCP-1 gene. There was also a trend for another permissive mark H3K4mel to
be higher in db/dbH,0O compared to db/+H,0 group at the three genes (Fig. 5, row 3). At the
sites where there was significant increase in H3K4mel, Losartan had no effect. No
differences were noted for H3K4me2/3. These results indicate that DN altered some
permissive histone marks at the RAGE and PAI-1 genes, and that Losartan reversed only
some, but not all these epigenetic changes. These results also show that the DN-related
changes in permissive marks at the MCP-1 gene were seen at a time where Pol 11 density
was not different among the three groups of animals.

Losartan effect on repressive histone PTMs

Next, we examined several chromatin marks that are thought to inhibit transcription or are
associated with repressed genes. In agreement with their repressive functions®, the levels of
H3K9me2, H3K9me3 and H3K27me3 were higher at the MCP-1 gene relative to the PAI-1
and RAGE genes (Fig. 6, rows 1-3; columns 1 vs 3 and 5). This result further explains the
observed lower level of Pol Il at the MCP-1 gene. Interestingly, comparison between three
mouse groups revealed that the levels of these repressive marks were lower in the db/dbH20
mice at both the PAI-1 and RAGE genes (Fig. 6, rows 1-3; columns 3 and 5), which
inversely correlated with their up-regulation. Rather than reverse these DN-related changes,
there was a trend for Losartan to further lower of H3K9me2 and H3K9me3 levels at the the
PAI-1 and RAGE genes. Losartan had little or no effect on DN-associated H3K27me3
changes at these two genes. Once again, the MCP-1 locus did not show any changes (Fig. 6,
rows 2-3; column 1).

Overall, increased permissive and decreased repressive histone modifications could account
for the higher levels of Pol 1l at the PAI-1 and RAGE genes and their increased expression
in db/db mice. However, Losartan mediated the reversal of only permissive chromatin
changes which correlated with its inhibitory effect on the expression of these two genes.

Effect of Losartan treatment on the in vivo glomerular levels of histone modification
enzymes in db/db mice

We next used commercially available QPCR arrays to screen for expression of 86 genes that
encode epigenetic modifying enzymes including those that catalyze histone PTMs (Online
Supplement Fig. S2, Table S1). Results showed that expression of several histone
modification enzymes were upregulated in db/dbH20 mice including histone acetyl
transferases (HATS), deacetylases (HDACSs), methyl transferases (HMTSs) that mediate
permissive marks H3K4me3 and H3K36me3, and demethylases (HDMs) that remove
methyl groups. Losartan inhibited most of these increases (Online Supplement, Fig. S2). We
performed RT-gPCR to validate these changes and examine additional genes not represented
in the PCR Arrays. Results showed significantly increased expression of HATs (Tip60,
Myst3 and Myst4), H3K4-MTs (Setd4 and Setd7), a H3K36me3 MT (Setd2) and HDACs
(Hdac7 and Hdac9) in db/dbH,0 mice. Furthermore, these increases were abolished in db/
dbLOS mice (Fig. 7A-H). These results validated many of the increases observed in QPCR
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Arrays (Fig. S2). In addition RT-gPCR also revealed trends towards increased expression of
H3K9me3 demethylases (Jmjd2 family) and other epigenetic factors and Losartan treatment
inhibited these changes (Online supplement, Fig. S3). Overall these results suggest that
MRNA levels of a number of histone modification enzymes that mediate permissive histone
PTM marks were increased in diabetic mice and these correlated in large part with the
corresponding changes in histone PTMs. Losartan could reverse some of these gene
expression changes which correlated with its inhibition of the relevant permissive histone
PTMs.

Inhibition of H3K9/14Ac by Losartan in mesangial cells (MC) cultured in vitro under
diabetic conditions

Mesangial cells maintained in high ambient glucose increase synthesis of AngllL. Given that
Losartan reversed alterations in permissive epigenetic marks (Fig. 5) suggested that these
histone changes reflect diabetes-induced Angll/AT1R signaling. To explore this issue we
used cultured rat MC (RMC) maintained in normal (5.5 mM) glucose (NG) or high (25 mM)
glucose (HG) for 2 days and then pre-treated without or with 1 uM Losartan (LOS) for one
hour followed by incubation for an additional 24 h with NG, HG or HG + 0.1 uM Angll
(HG/A) without or with LOS (Fig. 8A). Expression levels of RAGE, PAI-1 and MCP-1
mRNAs as well asH3K9/14Ac at their promoters were examined. HG induced the
expression of all three genes and this was further augmented by HG/A in cultured RMC.
These increases in gene expression were inhibited by Losartan (Table S2, Online
Supplement). ChIP assays showed that HG increased H3K9/14Ac at the RAGE, PAI-1 and
MCP-1 promoters and this was further augmented by HG/A (Fig. 8B-D). Moreover, these
promoter acetylations were ameliorated by Losartan (Fig. 8B—D). On the other hand,
H3K9/14Ac levels at the promoter of a control housekeeping gene cyclophilin A (CypA)
were not altered (Fig. 8E). These results suggest that Losartan inhibition of permissive
histone PTMs such as H3K9/14Ac at key DN-related genes is direct. Moreover, Losartan’s
renoprotective effects could, in part, be mediated by reversing DN-induced permissive
epigenetic changes at these DN-related genes.

DISCUSSION

In this study we demonstrated that increased expression of key inflammatory and profibrotic
genes was associated with changes in several histone PTMs at these genes, as well as with
altered expression of related histone modification enzymes in glomeruli from type 2 diabetic
db/db mice relative to db/+. Losartan treatment of the db/db mice ameliorated hypertension
and key parameters of DN as well as increases in pathologic gene expression, but its
beneficial effects on the changes in epigenetic histone PTMs were only partial, suggesting
that the DN-related chromatin changes are mediated by both AT1R dependent and
independent mechanisms.

Evidence suggests epigenetic histone PTMs are involved in pathologic gene expression
relevant to diabetic renal and vascular complications®-11: 20. 27 The repertoire of histone
modifications is diverse, and PTM functions reflect their combinatorial effects®. Because
histone PTMs act in concert with each other, profiling multiple histone PTMs is important
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for determining the chromatin status at promoters and bodies of genes involved in DN
pathogenesis. To date, owing to technical difficulties in detecting small epigenetic changes,
in vivo comparative profiling of histone PTMs in glomeruli from animal models of DN
could not be readily done. In this study, we have taken advantage of the sensitive high
throughput Matrix ChIP assay that permits the simultaneous profiling of multiple histone
PTMs in 96 well plates25: 28, Our results showed DN-related increases in the occupancy of
RNA Pol 1l at the PAI-1 and RAGE genes (Fig. 4), which correlated well with their
increased expression, suggesting increased transcription at these loci in db/db mice.
Increased rates of transcription are generally associated with reduced repressive and
enriched permissive histone PTMs at the genes, leading to open chromatin formation and
increased access of the promoter and transcribed regions to the transcription machinery®.
While the activation mark H3K9/14Ac was increased (Fig. 5), the repressive modifications
including H3K9me2, H3K9me3 and H3K27me3 were reduced (Fig. 6) at the PAI-1 and
RAGE genes in db/db mice compared to db/+ mice. Another activation mark H3K36me3,
associated with transcribed gene bodies and elongation, was also increased at both the PAI-1
and RAGE genes (Fig. 5) but the magnitude of the change was smaller compared to
H3K9/14Ac. Levels of the activation mark H3K4me1 were slightly higher in the db/db mice
compared to db/+ but did not reach statistical significance at the PAI-1 and RAGE sites
examined. No differences were observed in other permissive marks H3K4me2 and
H3K4me3 at these two genes. These results suggest that DN-induced epigenetic alterations,
including increased H3K9/14Ac and lower H3K9me2, H3K9me3 and H3K27me3 marks,
could contribute to chromatin relaxation leading to increased Pol Il recruitment (Fig. 4), and
transcription of PAI-1 and RAGE mRNAs (Fig. 3).

We also demonstrated changes in the expression of epigenetic enzymes that catalyze some
of the DN-altered histone modifications in db/db mice vs db/+ mice. Notably expression of
three Myst family HATS, Tip60, Myst3 and Myst4 (Fig. 7) was increased in db/db mice
compared to db/+ mice corresponding to the higher H3K9/14Ac levels at the PAI-1 and
RAGE genes (Fig. 6). Recent studies have shown that chromatin histone lysine acetylation
mediated by HATS can enhance transcriptional activity of pro-fibrotic Smad and pro-
inflammatory NF-xB TFs under diabetic conditions 2729 30, Fyrthermore, increased
expression of Setd2 correlated with the increased levels of the transcription elongation mark,
H3K36me3, at all three genes examined. Diabetic mice also exhibited increased expression
of several HMTs that mediate H3K4-methylation (Figs. 7 and S2). Increased expression of
Setd7 is interesting, since it has been implicated in pro-inflammatory and pro-fibrotic gene
expression in diabetes!? 20. 31 The DN-related decrease in the H3K9me2/3 and H3K27me3
was associated with increased expression of cognate demethylases Jmjd2 family members
and Jmjd3, respectively (Supplement Figs. S2 and S3). Taken together, we have identified
several candidate PTM enzymes that could explain histone changes associated with DN.

However, not all changes in histone modification enzymes correlated with relevant PTMs.
Despite increases in several H3K4-MTs, no changes in H3K4me2/3 were observed. While
H3K9/14Ac levels were increased, levels of several HDACs were also increased (Figs. 7
and S2). Similarly, H3K9me2/3 levels were reduced possibly due to increases in several
Jmjd2 demethylases, but expression of corresponding HMT Suv39h1 was also increased
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(Fig. S2 and S3). These diabetes-related effects were similar to those we observed in a rat
model of type 1 diabetes and DN, where decreased H3K27me3 was associated with
increased expression of the cognate HMT Ezh232, These findings suggest that, in the course
of kidney injury, epigenetic changes can evolve reflecting alterations in balance between
PTM “writers” and “erasers”33. Some of the epigenetic enzymes could be primary drivers of
PTMs changes while others may represent compensatory responses. Time course of broader
range epigenetic observations will be needed to clarify these issues and better define
hierarchy of these chromatin and transcriptional events.

Our observations also point to another DN-related tier of control illustrated by MCP-1 where
its MRNA alterations did not match Pol 11 density at this gene (Fig. 4), suggesting that
MCP-1 transcript alterations may occur at the level of mMRNA stability. Similar MCP-1
observations were made in type 1 diabetic rat kidneys32. Altered post-transcriptional
mechanisms affecting mRNA stability and activity of RNA binding proteins can mediate
pathological gene expression under diabetic conditions34-36. Recently, we identified the role
of Ybx1, an RNA binding protein and target of miR-216a, in the translation of Tsc-22,
which regulates collagen expression in TGF-B1 induced MCs3’. Ybx1 also regulates MCP-1
mRNA stability38. Further studies are needed to examine the role of these types of factors
and microRNAs such as miR-200b which can increase MCP-1 in VSMC3? and are also
upregulated in DN“0, in the glomerular expression of MCP-1 in DN. On the contrary, our in
vitro experiments in cultured RMC showed that both MCP-1 gene expression and its
promoter histone acetylation were up-regulated by HG and HG/A, indicating subtle
temporal differences in acute versus chronic conditions, and underscoring the importance of
in vivo evaluations.

In contrast to the robust epigenetic changes seen with either HG or TGF-B1 in vitro in
cultured MCs in previous 2027 and current studies, our results showed modest changes in
vivo in histone PTMs at the RAGE and PAI-1 loci, and in the expression of chromatin
modifying enzymes in the glomeruli of db/db mice. The magnitude of DN-related epigenetic
and transcriptional changes observed in db/db mice and in type 1 diabetic rat kidneys32 were
also smaller than those seen in models of acute kidney injury® 12, These modest epigenetic
changes observed are however not entirely unexpected in a model of chronic disease such as
db/db mice where the DN lesion is also not severe. In addition, cell types other than MC
present in the glomerular preparations could also influence the results, since epigenetic
mechanisms are cell-specific in nature. Notwithstanding, our study has utilized novel
approaches to attain the optimal in vivo profiles of glomerular histone PTMs and chromatin
status of DN associated genes and determine how they respond to therapeutic intervention
with Losartan.

Angll is a key player in the pathogenesis of proteinuria, a surrogate marker for renal
function?. ARBs can improve renal function through amelioration of endothelial
dysfunction, oxidative stress, AGE formation, inflammation and fibrosis? 4 2341, However,
the effects of ARBs on the epigenetic mechanisms involved in DN were not known till now.
Our results demonstrated that Losartan reversed key parameters of DN including expression
of key inflammatory and ECM genes in db/db mice, further supporting a role for AT1R
signaling in DN pathogenesis. Losartan also inhibited recruitment of Pol Il at the PAI-1 and
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RAGE promoters, acting at the level of transcription at these loci. Furthermore, Losartan
inhibited increased expression of HATSs (Tip60, Myst3 and Myst4) and H3K36-MT Setd?2.
This correlated with its inhibition of H3K9/14Ac and H3K36me3 respectively at RAGE and
PAI-1 genesThus, reversal of DN-related PTM alterations by Losartan could account for
changes in Pol 1l-mediated transcription and mRNA levels.

Because Angll/AT1R signaling is augmented in diabetes? 42, it can up-regulate DN-related
genes via aberrant changes in histone PTMs at their promoters. Losartan may exert
renoprotective effects, at least in part, by blocking Angll/AT1R-mediated chromatin events
at DN-related genes. In order to further test the mechanistic basis of Losartan’s epigenetic
effects, we employed a dynamic cell culture system in which previous reports showed that
LOS blocked HG mediated effects*2. Results from experiments with cultured RMC treated
with HG and HG/AnglI along with Losartan further support the notion that inhibition of
permissive epigenetic histone modifications such as H3K9/14Ac at DN-related genes might
be one of the mechanisms involved in the renoprotective effects of Losartan.

However, Losartan did not reverse all the DN-related epigenetic changes in vivo. Notably,
Losartan did not correct the DN-mediated fall in H3K9me2, H3K9me3 and H3K27me3
marks at RAGE and PAI-1 genes. This discordance between the effects of Losartan on gene
expression and histone PTMs in vivo further suggests that time course experiments are
required to clarify the role of epigenetic mechanisms and their regulation by AT1R signaling
in DN. They also suggest that, while H3K9/K14Ac may be regulated at least in part by
AT1R signaling, other modifications may be mediated by AT1R independent mechanisms
or those acting in parallel, such as TGF-B1 signaling. Overall, our results suggest that
Losartan could reverse key permissive histone marks in DN, possibly via down-regulation of
cognate epigenetic enzymes, but had no effect on repressive marks.

In summary, for the first time, we were able to profile changes in several histone PTMs at
key inflammatory and fibrotic genes, and examine expression of histone modifying enzymes
in vivo in renal glomeruli from db/db mice, and showed that the reno-protective effect of
Losartan in db/db mice could be partly attributed to the reversal of Pol Il and permissive
histone PTMs. Furthermore, this study demonstrated epigenetic alterations relevant to
pathologic gene expression in progressive diseases such as DN where there appears to be an
interplay of primary and compensatory chromatin changes. Importantly, the approaches
developed in this study could provide a platform to rapidly survey several histone PTMs at
pathologic gene loci at different time intervals and correlate them with the progression of
DN in animal models. The translational implications of chromatin studies of this type is that
knowledge of relevant epigenetic enzymes can potentially identify new drug targets for DN
treatment. Current therapeutic regimens using ARBs and ACE inhibitors do not fully
prevent progression to end stage renal disease.? 43 Our observations that Losartan does not
fully reverse DN-related epigenetic changes may, at least in part, account for the
shortcomings of ARBs treatment. Thus, identifying epigenetic mechanisms and lessons
learnt from this study may form the basis for potential future therapies combining renin-
angiotensin blockers with epigenetic drugs for more effective treatment of DN.
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Detailed Methods are available in the Online Supplement.

Treatment of db/db mice with Losartan

RNA extracti

Chromatin p

10-12 week old male diabetic db/db mice (BKS.Cg-m*/*leprd®/J) were randomly assigned
to two groups (28/group): mice treated without Losartan in drinking water (db/dbH20) and
with Losartan (10 mg/kg/day) in drinking water (db/dbLOS). As non-diabetic controls, 28
db/+ mice were treated with water without Losartan (db/+H20). After 10 weeks of
treatment, kidneys from 3-4 mice were pooled, glomeruli were prepared by sieving** and
processed for RNA extraction and ChlIP assays (Fig. 1). Blood pressure measurements and
serum and urine analysis were performed as described earlier**. Glomerular hypertrophy
and ECM deposition in paraffin embedded kidney sections were evaluated using PAS
staining?®.

on and Gene expression analysis

Total RNA was prepared from glomeruli using miRNA easy columns. Gene expression in
cDNAs was analyzed by Quantitative Reverse Transcriptase-Polymerase Chain Reaction
(RT-gPCR) with SYBR Green PCR Kits using gene-specific primers (Table 2). Glomerular
expression of histone modification enzymes was analyzed (2 samples/group) using Mouse
Epigenetic Chromatin Modification Enzymes PCR Arrays (PAMM-085a, Qiagen) by RT-
gPCR. Data was analyzed by 272ACt method and results expressed as fold over db/+H20.

reparation and multiplex Matrix ChlPs

Glomerular preparations (10-20 mg) were cross-linked with formaldehyde, chromatin was
sheared and ChlIP assays were performed using the multiplex Matrix ChIP platform in
protein A-coated 96-well polypropylene microplates as described earlier?® 46, Chlp-
enriched DNA was analyzed by QPCR with indicated primers (Fig. 4A and Table 2). ChIP
assays with RMC were performed as described earlier?0.

Statistical Analysis

Statistical analysis was performed as described in the Online Supplement. Data represents
Mean+SEM and p<0.05 was considered statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 2. Effect of Losartan treatment on blood pressure and parameters of diabetic nephropathy
in DB/DB mice

A. Systolic blood pressure (mmHg) was determined by tail cuff method in the three groups:
db/+ mice treated with water (db/+H20), db/db mice treated with water (db/dbH20) and
db/db mice treated with Losartan (db/dbLOS) for 10 weeks (n=14). B. Bar graph showing
total urine protein levels in 24 h urine samples from the indicated mice (n=11to 14). C. Bar
graph showing albuminuria assayed using ELISA as described in the methods section. D.
Images of PAS staining in kidney sections from indicated mice were collected using an
Olympus BX51 microscope (40X lens). E-F. Mesangial expansion (E) and glomerular area
(F) in PAS stained kidney sections determined using Image-Pro Plus software were
expressed as “fold over db/+H20” (n=8). A-C and E-F: Data represents Mean+SEM; ***,
p<0.0001; **, p<0.001; *, p<0.05. Scale bar-50 pm.
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Fig. 3. Losartan treatment can inhibit the expression of key inflammatory and fibrotic genes in
renal glomeruli isolated from db/db mice

A-C. RT-gPCR results showing the expression of indicated genes in glomeruli from db/
+H20, db/dbH20 and db/dbLOS mice. Kidneys from three mice were pooled to prepare
glomeruli from each group of mice and total RNA was extracted to analyze mMRNA
expression by RT-qPCR. Gene expression was normalized to the B-actin gene and expressed
as % of db/+H20. Data represents Mean+SEM; *, p<0.05 (n=9-17). D. IHC staining of
kidney sections from indicated mice using RAGE, PAI-1 and MCP-1 antibodies. IHC was
performed as described in the Methods section and images were collected using an Olympus
DP-72 microscope (40X lens). E. Intensities of RAGE, PAI-1 and MCP-1staining were
quantified using Smart segmentation method in Image-Pro-Premier software (Media
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Cybernetics, Rockville, MD). Results were expressed as “% of db/+H20”. Data represents
Mean+SEM; *, p<0.05 (n=10-13). Scale bar-50 um.
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Fig. 4. Matrix ChIP analysis of RNA polymerase Il and histone H3 levels at MCP-1, PAI-1 and
RAGE genes in renal glomeruli from three groups of mice

A. Schematic of the ChlIP primer locations. Large black bold arrows indicate location of
ChIP primers. Exons are shown as rectangles and the small arrows indicate the direction of
transcription. B. Matrix ChlIP assays with RNA polymerase Il C-terminal domain (Pol Il
CTD) and histone H3 (H3) antibodies. Kidneys from 3 mice were pooled to prepare
glomeruli for eight chromatin preparations from each group of mice. Cross-linked and
sheared renal glomeruli chromatin was assayed using Pol 11 CTD (rowl), and histone H3
(row2) antibodies. ChIP DNA was analyzed using primers at or near the promoters and the
last exon using real-time PCR. Data were acquired, analyzed and graphed using in-house
generated PCRCrunch and GraphGrid software. Statistical significance is indicated in the
grid below the graphs (see Fig. S1). Each vertical line and its attached horizontal component
is associated with the bar above it. The Bonferroni corrected p-value of the t-test between
any two groups is indicated by the size of the solid circle at the intersection of their
respective lines. Data represents Mean+SEM expressed as fraction of input (n=14 glomeruli
preparations for each group). The circles below each bar indicate statistical significance
(p<0.05 and p<0.01 are represented by small and larger circles, respectively).
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1: H3K9/14Ac¢

2: H3K36me3

3: H3K4mel

4: H3K4me2

5: H3K4me3

Fig. 5. Matrix ChIP analysis of transcription permissive histone covalent modifications at
MCP-1, PAI-1 and RAGE genes in renal glomeruli from three groups of mice

Cross-linked and sheared renal glomeruli chromatin was assayed using H3K9/14Ac (row1l),
H3K36me3 (row 2), H3K4mel (row3), H3K4me2 (row4) and H3K4me3 (row5) antibodies.

Matrix ChlP assays were performed as described in the legend of Fig. 4.
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Fig. 6. Matrix ChIP analysis of repressive histone covalent modifications at MCP-1, PAI-1 and

RAGE genes in renal glomeruli from three groups of mice

Cross-linked and sheared renal glomeruli chromatin was assayed using, H3K9me2 (row1),
H3K9me3 (row2) and H3K27me3 (row3), antibodies. ChIP assays were performed as

described in the legend of Fig 4.
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Fig. 7. Reversal of glomerular Epigenetic factors expression by Losartan
A-H. Total RNA from glomeruli was used to analyze expression of indicated genes by RT-

gPCR as described in the Methods section. Results were expressed as % of db/+H20 (*,
p<0.05, n=6-9).

Kidney Int. Author manuscript; available in PMC 2014 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Reddy et al.

Page 22
A RMC
48 h
Ni(; <« Pre-treat _ HG
l24h LOS 1h 24hl
| | I | | I
NG NG+LOS HG HG+LOS HG/A HG/A+LOS
B RAGE promoter* C PAI-1 promoter
25 250+ o 400+ %
1
= w s
S s 1504 !
(;% < 100 200
=~ 50 - 100- P
0 LE3 1 BS
NG HG HG/A NG HG HG/A
D MCP-1 promoter E CypA promoter
2 6400- " 200+
I Z 300- = 1 150
x =
2 < 200 100+
SEISS
m et 100' P 50'
0 1B g EN:I1E 1B B 55
NG HG HG/A NG HG HG/A
B No LOS LOS B No LOS LOS

Fig. 8. Effect of Losartan on promoter H3K9/14Ac in cultured mesangial cells
A. Schematic of RMC treatment. RMC were cultured in normal (5.5 mM) glucose (NG), or

high (25 mM) glucose (HG) for 48 h and then pre-treated for 1 h without (No LOS) or with
1 uM Losartan (LOS) followed by treatment with HG or HG + 0.1 uM Angiotensin Il
(HG/A) for an additional 24 h. B-E. ChlIP-qPCR results showing H3K9/14Ac at the RAGE
(B), PAI-1 (C), MCP-1 (D) and CypA (E) gene promoters in rat MC. Chromatin
preparations from RMC treated as described in A were subjected to ChIP assays using
H3K9/14Ac antibodies and ChIP-enriched DNA samples were analyzed by gPCR using
primers for indicated gene promoters. Results were expressed as % of NG. Data represents
Mean+SEM; *, p<0.05 (n=3-6).
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Table 1
Animal data collected from indicated mice 10 weeks after treatment with or without

Losartan (10 mg/kg/day)

db/+H20-db/+ mice treated without Losartan; db/dbH20-db/db mice treated without Losartan; db/dbLOS-
db/db mice treated with Losartan.

db/+H20 db/dbH20 db/dbLOS
Body weight (g) 31+0.33 ***49+0.89 ***48+0.94
Blood glucose (mg/dL) 144 +3 X485 + 24 ***523 + 18
Serum Creatinine 0.203+0.002 0.262 +0.018 0.317 £.011
Creatinine clearance 0.106 + 0.010 0.122 £0.03 0.093 £.013
*Systolic BP 10 weeks (mmHg) 127 +2.1 ***%168.5+3.7 #1248+ 35
Kidney weight (mg) 0.558+0.011 0.522+0.082 0.520+0.010

Data represents Mean £ SEM, *** p<0.0001 vs db/+H20 (n=24-28). *Systolic BP data represents 14 mice per group (***, p<0.0001 vs db/+H20
and ### p<0.0001 vs db/db H20, n=14).
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Table 2

QPCR primers used for mouse (m) and rat (r) samples in this study.

Gene Forward Reverse

cDNA Primers

mMCP-1 TTAAAAACCTGGATCGGAACC GCATTAGCTTCAGATTTACGG
MRAGE CAAGTCCAACTACCGAGTCC GCAGTGTAAAGAGTCCCGTC
mPAI-1 GACGCCTTCATTTGGACGAA CGGACCTTTTCCCTTCAAGAGTCCG
mSetd2 TGCAGCCGTGACTTCAATAG CAGTTGGGAGGTAAAACAATCG
mSetd4 GGCCCTACATTAAGAAGTGGAA CTTGGGTAAGATGTCCAGGTAAG
mHdac7 GGCCACCCATAACCACTATT GAGGAAACAGGAGAGAGGAAAC
mHdac9 CCCTGCCCAATATCACTCTG CTCGCACTTCTGTTTGTCTTTG
mTip60 CAGGACAGCTCAGATGGAATAC GGCCAAGCTCAATACACTCA
mMyst3 CAATCCCCATCTGTAGCTTCTG GGCCTTCACTCTCACTGTTAG
mMyst4 TGCCGATCCCATTCCAATATG TCAGGACAAAACTTCAGACAGG
ChIP Primers

mMCP-1Ex1  AGCCAACTCTCACTGAAGCC GCCAACACGTGGATGCTC
mMMCP-1Ex3  TTGAATGTGAAGTTGACCCG TTAAGGCATCACAGTCCGAG
mPAI-1 Pro AAGAGCAGGTGGCAGAACTC GCCTGTAGGCCACAACTGAT
mPAI-1 Ex9 TGAGAGAGGGCAAAGTGGTT ATACAGCAGCCGGAAATGAC
mMRAGE Pro GAATGCCAGGAATCTGTGCTTCT CAGCCGAGGTAGTGCCCAGAGGCTG
MRAGE ExX9  GATGCAAAGGCAATCTCACTCCTGCATC CCTGGTATGGTGGGAGGCATAG

rRAGEpro-P1
rPAI-1 pro-P2
rMCP-1 pro

rCypA pro-P1

CTGGACCATGCTGCCTAATAA
GACAATATGTGCCCTGTGATTGTC
AATTCCAATCCGCGGTTTC
CCCGGATGCGTACCTAAGGA

GGGTAGGGTTCTACACCAATAAA
AGGCTGCTCTACTGGTCCTTGC
TGCCAAGGAGCAGCATCAT
CGGACGTTGCTTCGCTGTCCG
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