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2019.—Posttranslational modification of nucleosomal histones is a
major determinant of chromatin structure and gene activity. In the
present study, we hypothesized that unilateral ureteric obstruction
(UUO), a widely used model of tubulointerstitial injury, would be
associated with a distinct pattern of histone modifications (marks) in
the kidney. Mass spectrometry was used to profile 63 different histone
marks in normal mouse kidneys and those after 10 days of UUO. A
subsequent histochemical analysis further examined examples of
specific marks that changed significantly after UUO for which antisera
are available. Histone marks were much more widely distributed and
abundant in the normal kidney than is usually appreciated. Although
aggregate analysis of the mass spectrometry results revealed net
differences between control and UUO groups, residue-specific varia-
tions were subtle. Of the 16/63 significant changes (P � 0.05), only
8 changes were quantitatively different by �5%. Nevertheless, we
identified several that are not usually examined in the kidney, includ-
ing marks in the globular domain of core histones (H3:K79), linker
histones (H1.4), and histone variants (H3.1:K27 and H3.3:K27). In
several cases, there were complementary changes in different marks
on the same amino acid. Using H3:K79ME2 as an example, mark
enrichment was heterogeneous but largely colocalized with active
transcription in a subset of tubular pathology. In conclusion, our study
highlights the importance of unbiased screening in examining histone
marks. Simultaneous changes in multiple marks on the same amino
acid indicate a coordinated histone mark signature. The heterogeneous
enrichment of marks, even within the same tubule, highlights the
importance of regulatory context.
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INTRODUCTION

After acute renal injury, normal tissue repair mechanisms
restore kidney function. However, if such mechanisms are
disrupted, or if injury is severe or persists, then acute kidney
injury can progress to a chronic disorder characterized by
tubular repair failure (31), nonrecoverable organ remodeling,
and scarring (14). Although the underlying disease etiology is

often known, numerous studies have indicated that the progres-
sion of kidney disease is highly variable (27).

The response to injury is governed by multiple pathways that
differ by cell type and operate in a context-specific manner.
Consequently, given the multiple different cell types in the
kidney and their coordinated interactions, there is an inherent
complexity within this system. The importance of transcription
factor signaling in kidney disease has been well established,
but neither transcription factors nor promoter sequences alone
are sufficient to explain a regulatory outcome. We now know
that DNA organization is an additional important structural
component of transcriptional regulation (17).

Histones are highly charged proteins that are responsible for
packaging DNA into nucleosomes, the building blocks of
chromatin. Packaging occurs by winding DNA around an
octamer of core histones, two each of H2A, H2B, H3, and H4,
separated by the linker histones H1 and H5. We also recognize
the significance of posttranslational histone modifications as
direct regulators of gene activity and a mechanism of epige-
netic control (23). A myriad of modifications occurs at specific
amino acid sites on these histone chains, with lysine (K),
arginine (R), and glutamine (Q) residues particularly prone to
covalent acetylation (AC), methylation (ME), and ubiquitina-
tion (UB). Additional specificity is achieved through mono-,
di-, or tri-methylation (ME1, ME2, and ME3). Each histone
modification, a so-called “mark,” can therefore be described by
histone/site/modification (e.g., H3:K9AC). Histone marks are
dynamic and responsive to changes in enzyme activity and
substrate availability (20, 36). Marks can alter gene expression
by neutralizing histone charge to improve DNA accessibility
for transcription and by creating docking sites for protein
effector complexes (23). Individual modifications are either
transcriptionally permissive or repressive, which helps explain
how various cells can be regulated differently by the same
environmental cue.

Consistent with this, specific histone marks have been iden-
tified in both in vitro (8, 18, 38) and in vivo (25, 26, 32–34, 43,
45) models of acute and progressive kidney disease. However,
these studies are not without their limitations. Histone
marks in unicellular systems of rapidly proliferating cells
may not recapitulate the in vivo environment. Likewise,
although in vivo studies have expanded on this proof of
principle, they have tended to focus on a few marks for
which reliable antisera are available and have therefore not
provided us with a global unbiased perspective. This is
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particularly important, as we increasingly appreciate that
marks do not operate in isolation (21) and that our focus on
previously described marks has been too narrow (39). A
growing body of evidence thus suggests that the overall
histone signature is mechanistically relevant (37).

In the present study, we used mass spectrometry (MS) to
characterize and compare the profile of 63 different marks in
normal kidneys and those after 10 days of unilateral ureteric
obstruction (UUO). This model was chosen on the basis that it
is a reproducible and widely validated model of primary renal
tubulointerstitial disease characterized by fibrosis and tubular
atrophy (3), the hallmarks of progression. A subsequent in situ
analysis further examined examples of specific marks that were
changed significantly by UUO.

MATERIALS AND METHODS

Animal model. UUO was performed in male C57Bl6 mice (age:
8–10 wk) by obstructing the left ureter with a 0.4- to 1.0-mm
microvascular clamp (S&T, Neuhausen, Switzerland). The contralat-
eral ureter was left intact. After 10 days (day 10 post-UUO), animals
were euthanized by anesthetic overdose between 9:00 and 11:00 AM.
Kidney tissue was rapidly excised and cut into transverse sections
(each containing the cortex and medulla) for snap freezing in liquid
nitrogen or immersion fixation in 4% paraformaldehyde in PBS. A
parallel group consisted of kidney tissue taken from unoperated
animals (normal). These experiments were approved by the Monash
University Institutional Animal Ethics Committee (MARP/2015/011),
which adheres to the Australian Code of Practice for the Care and Use
of Laboratory Animals for Scientific Purposes.

Mass spectrometry. MS analysis was completed at Active Motif
using the Mod Spec platform (Active Motif, Carlsbad, CA). Histori-
cally, MS of histones has been problematic. Most protocols use
trypsin, which cleaves at lysine and arginine residues. However,
because of the large number of lysine residues, trypsin digestion
produces small peptides that are very hydrophilic and difficult to
analyze. To overcome this, lysine residues were converted to propio-
nyl amides so that cleavage occurred at arginine (11). In brief,
histones were acid extracted from each sample (n � 3 /group) and
derivatized via propionylation. A trypsin digestion was then per-
formed, with a second propionic anhydride reaction performed to
modify newly formed NH2-termini, as previously described (11).
Samples were then measured in triplicate using a ThermoFisher
Scientific TSQ Quantum Ultra mass spectrometer (ThermoFisher
Scientific, Waltham, MA) coupled with an UltiMate 3000 Dionex
nano-liquid chromatography system (ThermoFisher Scientific). Data
were quantified using Skyline (24) and represent the mean relative
abundance of each form of a given tryptic peptide from three MS
runs. For each site (e.g., H3:K18), individual modifications (e.g.,
H3:K18AC or H3:K18ME1) and their corresponding unmodified
counterpart (e.g., H3:K18UN) were expressed as a percentage of the
total peptide pool (e.g., H3:K18UN � H3:K18AC � H3:K18ME1).

Immunohistochemistry. Immunoperoxidase staining was used to
qualitatively examine the distribution of histone marks, as previously
described (18). In brief, sections of 4% paraformaldehyde-fixed,
paraffin-embedded tissue were quenched to abolish endogenous per-
oxidase activity, incubated with normal serum to block nonspecific
binding sites, and incubated with primary antisera. Binding was
detected with biotinylated anti-IgG secondary antibody and biotin
amplified with avidin-biotin complex (ABC Elite, Vector, Burlin-
game, CA). Labeling was visualized with 3=-diaminobenzidine (Dako,
Glostrup, Denmark) and hematoxylin counterstaining. The primary
antisera used were rabbit monoclonal anti-H3:K79ME2 (catalog no.
A-40441, Epigentek), rabbit anti-H3:K27ME3 (catalog no. 9733 no.
9733, Cell Signaling Technology, Danvers, MA), rabbit polyclonal
anti-H3K27ME2 raised against H3.1:K27ME2 (catalog no. 24684,

Abcam), rabbit monoclonal anti-PCNA (catalog no. 92552, Abcam),
rabbit anti-glucose transporter (GLUT)1 (catalog no. 15309, Abcam),
and mouse anti-phosphorylated Ser2 RNA polymerase II (pRNA Pol
II; catalog no. 193468, Abcam). Boiling under pressure in pH 6.0
antigen retrieval solution (Leica Biosystems, Wetzler, Germany) was
used to unmask H3:K27ME3 and GLUT1 epitopes before staining.
For each individual antibody used, sections from normal and UUO
mice were stained in parallel.

Nick-end labeling to detect apoptosis. TUNEL of DNA fragmen-
tation was used as an in situ marker of apoptosis (15). Four percent
paraformaldehyde-fixed, paraffin-embedded sections were labeled us-
ing the DeadEnd TUNEL detection kit (Promega, Madison, WI) in
accordance with the manufacturer’s instructions.

Immunofluorescent staining. For double labeling of pRNA Pol II
and H3:K79ME2, sections of tissue fixed in 4% paraformaldehyde
and embedded in paraffin were dewaxed and boiled under pressure in
citrate buffer (pH 6.0) before blockade of nonspecific binding sites at
room temperature. Slides were then incubated simultaneously with
rabbit monoclonal anti-H3:K79ME2 (catalog no. A-40441, Epigen-
tek) and mouse anti-pRNAPol II (Abcam) in 1% BSA in PBS for 2 h
at room temperature. Binding was visualized by addition of Alexa
Fluor 488 anti-mouse IgG and Alexa Fluor 594 anti-rabbit IgG
secondaries (Life Technologies, Carlsbad, CA) in 1% BSA-PBS for 2
h at room temperature as appropriate. Slides were mounted in
Vectashield Hard Set (Vector), and examined on a Leica SP5 confocal
microscope (Leica, Buffalo Grove, IL) with a �63 oil objective for
high-power imaging. DAPI (1 �g/ml, ThermoFisher Scientific) was
used as a nuclear stain.

Statistics. Overall residue-specific differences in histone modifica-
tion are presented as means � SD. We also considered individual
amino acid sites in isolation. For each, we performed an ordinary
two-way ANOVA, which considered differences between normal and
UUO groups (n � 3 each), differences at the level of the mark, and
any interaction between them. Post hoc analysis with Sidak’s multi-
ple-comparison test (GraphPad Prism, GraphPad, San Diego, CA) was
used to isolate significant UUO-induced changes in unmodified and
modified peptides at each residue. Two-tailed P values of �0.05 were
considered significant.

RESULTS

MS profiling of histone marks in normal and obstructed
kidneys. Histone marks often do not occur in isolation, with
several single amino acids being subject to multiple different
modifications. Individual histone modifications (n � 63) were
quantified by MS and expressed as a proportion of all modified
and unmodified residues (% of the peptide pool) at each of 31
different amino acid sites (a list of the sites is provided as
Supplemental Data, available online at https://doi.org/10.6084/
m9.figshare.8051909.v1). Aggregate testing of the MS data
using principal component analysis revealed both within- and
between-group differences (n � 3 in each group) in histone
marks in age- and litter-matched animals (Fig. 1A). Differences
in the total enrichment of all marks (as a proportion of all
modified and unmodified peptides) at each of the 31 different
histone sites are shown in Fig. 1B. Overall, histone modifica-
tions were widespread in the normal kidney. Although the
proportion of modified peptides at each site differed between
control and UUO animals, the differences were quantitatively
small.

Changes in the pattern of individual histone marks with
UUO. To better understand the pattern of the 63 individual
histone marks, a heat map was used to visualize the average
relative enrichment (n � 3 animals/group) of each modifica-
tion. Results were grouped by histone site and analyzed by
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two-way ANOVA to account for group- and modification-level
effects. A total of 16 of 63 different marks were altered
significantly by UUO, while the proportion of 3 unmodified
amino acid residues also changed (Fig. 2). The volcano plot in

Fig. 3 shows that of these 16 significant alterations, only 8
alterations were by more than �5%. Acetylation of Lys79 on
H3 (H3:K79AC) was decreased in kidneys after UUO, whereas
di-methylation (ME2) (H3:K79ME2) and the unmodified (UN)
residue (H3:K79UN) itself were increased. Other changes
included an increase in enrichment of methylated Lys27 on the
histone 3 variant H3.1 (H3.1:K27ME1) with a corresponding
decrease in H3.1:K27ME3. Methylation of Lys27 on the
closely related variant H3.3 was also increased (H3.3:
K27ME1). Posttranslational modifications to the linker histone
H1 included decreases in the proportion of H1.4:K25AC and
increases in H1.4:K25ME3. Interestingly, the two proportion-
ally largest changes were to H3:K79.

In situ distribution of histone marks. The observation that
amino acid modifications were so frequent implies a ubiquitous
distribution of marks in both the normal kidney and after
injury. To investigate this further, we specifically examined the
spatial and temporal distribution of representative marks for
which suitable antisera exist.

An immunohistochemical examination of specific marks
(Fig. 4) showed that all three marks examined (H3:K27ME3,
H3.1:K27ME, and H3:K79ME2) were widely distributed in
normal kidney tissue. Nevertheless, compartment-specific dif-
ferences existed. Staining for each mark was variable but
consistently seen to some degree in most tubules. Although
most glomerular nuclei stained for H3.1:K27ME, only occa-
sional glomerular cells stained for H3:K27ME3 and H3:
K79ME2. Consistent with its well-described natural history,
histochemistry of UUO animals showed an expansion of the
interstitial space, interstitial cellular infiltration, tubular dilata-
tion, and atrophy in the absence of overt glomerular pathology
(6). Staining intensity and distribution of the marks after UUO
was more heterogeneous than in normal tissue, with focal
increases in mark enrichment in some tubules. Only H3.1:
K27ME marks were seen in interstitial cells, despite evident
interstitial inflammation, whereas glomerular staining for the
three marks was largely unchanged from that seen in the
normal kidney. The latter seems to reflect the absence of
glomerular pathology in this primary model of tubulointersti-
tial disease. We were unable to source an H3:K79AC antibody
validated for histochemistry, and none of the three commer-
cially available antisera we tried worked in samples or con-
trols.

Relationship between H3:K79ME2 and pathology after
UUO. Using H3:K79ME2 as a representative example, we
were interested to see if a relative increase in histone marks
corresponded to 1) pathological features of UUO (5, 6, 16)
and 2) some of the cellular pathways in which H3:K79ME2
has been implicated (19, 35). Since hypoxia is a recognized
feature of UUO (5), we compared the distribution of H3:
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Fig. 1. Discrimination between normal kidneys and kidneys after 10 days of
unilateral ureteric obstruction (UUO) based on posttranslational histone
modifications using mass spectrometry (MS). A: principal component
analysis (PC) of histone marks in normal and obstructed kidney samples
(n � 3/group). Results are plotted as first and second PCs. B: differences
(means � SD) in the total enrichment of all marks (as a proportion of all
modified and unmodified peptides) at each of the 31 different histone amino
acid sites examined. Marks are abbreviated as histone/amino acid residue/
modification. H1–H4, histone 1– 4; K, lysine; Q, glutamine; R, arginine;
UN, unmodified.
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K79ME2 marks to GLUT1 staining, a hypoxia-inducible
factor-1-responsive gene product and biomarker of hypoxia
(28). Serial sections showed that the tubular distribution of
this mark was strongly associated with focal increases of

GLUT1 after UUO (Fig. 5). Although proliferation and
apoptosis are seen as a response to injury in this model (16)
and have been specifically related to changes in this mark
elsewhere (19, 35), the distribution of H3:K79ME2 was

Fig. 2. Comparisons of histone posttranslational
modifications at various amino acid residues in
kidneys with and without unilateral ureteric ob-
struction (UUO). Heat maps show mean changes
between groups in each individual modification
(including unmodified amino acid) as determined
by mass spectrometry. For each site, individual
modifications and their corresponding unmodified
counterpart were expressed as a percentage of the
total peptide pool. The heat map represents the
mean of n � 3 independent animals in each group
(normal and UUO) analyzed in triplicate. Accord-
ingly, results range from 0% (white) to 100%
(dark blue) of the peptide pool in each case. An
ordinary two-way ANOVA was used to test for
differences by treatment (i.e., normal vs. UUO),
with Sidak’s multiple-comparison test used to
compare unmodified amino acid/specific modifi-
cation between the two groups at each residue.
Significant changes (P � 0.05) in individual mod-
ifications are marked in red. H3:R2UN indicates
that modification levels for H3:K4 and H3:Q5 are
only measured from peptides where R2 (arginine
in position 2 from the NH2-terminal of H3 pep-
tide) is unmethylated because of assay limitations.
Some histone variants yield unique tryptic peptide
sequences. Modifications on those residues are
reported separately depending on which histone
variant they occur. Marks are abbreviated as his-
tone/amino acid residue/modification. AC, acety-
lation; H1–H4, histone 1–4; K, lysine; ME1/2/3,
mono/di/tri-methylation; Q, glutamine; R, argi-
nine; UB, ubiquitination; UN, unmodified.
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distinct from proliferating cell nuclear antigen staining and
TUNEL.

Relationship between H3:K79ME2 and transcription. To
confirm if enrichment of this mark was more fundamentally
involved in changes in transcription rather than specific pathol-
ogies or pathways, we examined the in situ relationship be-
tween H3:K79ME2 and pRNA Pol II, a marker of productive
transcription (29). Our immunofluorescence experiments again
showed that H3:K79ME2 marks were predominantly localized
to tubules (Fig. 6). Interestingly, the increase in H3:K79ME2
staining intensity after UUO was still obviously tubular but
was focal and not uniform in nuclei across tubule cross-
sections. To confirm colocalization with pRNA Pol II, as seen
in a stem cell line (22), we used immunofluorescence and
confocal microscopy to double label sections for H3:K79ME2
and pRNA Pol II. These experiments showed both an increase
in intensity after UUO and colocalization in the tubular epi-
thelium, concordant with H3:K79ME2 being transcriptionally
permissive (Fig. 6).

DISCUSSION

Posttranslational modification of nucleosomal histones has
emerged as a major determinant of chromatin structure and
gene activity. In the present study, we hypothesized that UUO
would be associated with an altered pattern of histone modifi-
cation compared with normal unobstructed kidneys. MS anal-
ysis showed that marks were more widely distributed in the
normal kidney than is usually appreciated, emphasizing their
essential role in normal cellular processes as well as in path-
ological signaling. The signature of histone marks after UUO
was different from controls, albeit changes were subtle. Nev-
ertheless, significant changes included several modifications
not previously implicated in response to this injury. Moreover,
we have described parallel changes in multiple marks on the

same amino acid, indicative of a coordinated histone mark
signature.

Antibody-based studies have used a variety of techniques
and approaches to examine the renal prevalence of specific
marks in vitro and in vivo. Changes in a number of marks have
been reported in vivo. These include increased H3:K9/14AC
and H3:K36ME3 and diminished H3:K9ME2/ME3 and H3:
K27ME3 enrichment in specific promoters of db/db mice (32).
H3:K36ME3 and H3:K4ME1/ME2/ME3 were unchanged in
the same study (32). Conversely, Sayyed et al. (34) reported
reductions in total H3:K9AC with no change in H3:K9ME2 in
the same model. They showed that H3:K4ME2 and H3:K23AC
were also decreased (34). There was a transient reduction in
H3:K9AC (26) but an increase in H3AC (43) after acute
ischemia (26). Staining for H3:K9AC was, however, increased
in UUO, as was H3:K9ME3 (18). H3:K27ME3 is reduced in
human podocytes during glomerulosclerosis and diabetes (25)
and increased after UUO (45). Again, Western blot analysis
showed increases in H3:K4ME1 after UUO (33). Interpretation
across models has however been complicated by a number of
methodological considerations, including the availability of
validated antisera and appropriate denominators for quantita-
tion.

Unbiased assessment of histone marks. Although there is
much information on the distribution of individual marks, the
overall pattern of histone modifications during injury has not
been examined (9). The advantage of the MS-based approach
used here, therefore, is that it provides a simultaneous unbiased
assessment of �60 different marks, allowing more instructive
mark-to-mark and site-to-site comparisons. Furthermore, be-
cause the technique is antibody independent, we have been
able to quantify changes in both the unmodified amino acid and
marks for which there are no validated antibodies.

Histone marks in the normal kidney are abundant and
mostly unchanged by UUO. Our first finding was that a pleth-
ora of different histone marks are found in the normal kidney
and that these are widely distributed in the normal renal
parenchyma, albeit with compartment-specific differences.
There were, however, quite noticeable compartment-specific
differences in the distribution of different marks, suggesting
cell-specific functions. Our findings suggest that, contrary to
what is often assumed, histone marks are quite abundant in
health and not simply acquired during injury. This is perhaps to
be expected given their fundamental regulatory role in tran-
scription and chromatin accessibility. Somewhat surprisingly,
in most cases, UUO had little effect on the relative proportion
of each mark at each residue, including those commonly
examined previously. Nevertheless, our unbiased analysis did
identify relative changes in marks not previously associated
with this pathology. In several of these cases, we saw comple-
mentary changes in different marks at the same site, suggesting
that different modifications are coordinated to increase or
decrease gene transcription. For example, UUO increased the
transcriptionally permissive mark H3.1:K27ME1 while simul-
taneously decreasing the repressive mark H3.1:K27ME3, con-
sistent with an upregulation of transcription. The pattern of
marks was largely unchanged by UUO, with differences in
tubular, glomerular, and interstitial staining similar to that seen
in the normal kidney.

Specific histone mark changes after UUO. NH2-terminal
amino acid tails protrude from H2, H3, and H4 histone cores

Fig. 3. Volcano plot showing differentially enriched marks and unmodified
peptides in normal kidney and kidneys with unilateral ureteric obstruction
(UUO). Modified and unmodified peptides showing �5% change in their
proportion of total peptide pool at a P level � 0.05 were considered significant
and labeled (diminished to the left; enriched to the right). Marks at the same
histone site (amino acid residue) are shown in the same color. “Mean % diff”
indicates the mean difference in the percentage of the peptide pool between
UUO and normal groups. The dotted line shows P � 0.05; the shaded area is
�5% mean percent difference.
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and contain multiple amino acids that are the site of well-
described histone modifications. A previous immunohisto-
chemical study by Majumder et al. (25) showed a loss of
H3:K27ME3 marks in glomerular podocytes in murine adria-
mycin nephropathy. Conversely, Western blot analysis showed
very little, if any, expression in the normal kidney, with a
significant increase in whole kidney H3:K79ME3 7 days after
UUO (45). In the present study, the histone variant H3.1:
K27ME3 was proportionally decreased (Fig. 3). Although this
seems contradictory to previous findings in UUO, it may reflect
differences in various histone variants. We note that the closely
related variant H3.3:K27ME3 did not change (Fig. 2). When
we used the same antibody as Majumder et al. (25), our
qualitative histochemistry showed widespread parenchymal
staining, including glomeruli, in normal mice, which was also
qualitatively consistent with the reduction after UUO seen by
MS. We also observed a corresponding decrease in the mono-
methylation of H3.1:K27.

More recently, sequence-specific antibodies and MS ap-
proaches like that used here (39) have discovered novel mod-
ification sites outside of the NH2-terminal tails. Consistent with

this, our study identified modifications to the globular core
domain of H3 and the linker histone H1.

The two largest changes were modifications to the same
amino acid, H3:K79. Interestingly, H3:K79 is found in the
nucleosome core and is not localized to the histone tail like
most posttranslationally modified histones (40). Garcia et al.
(10) have described species-specific differences in the organi-
zation of H3 marks. These studies documented H3:K79 acet-
ylation in a human cell line but were unable to detect H3:K79
acetylation in mouse fibroblasts (NIH-3T3 cells). However, the
extrapolation of a unicellular analysis to the multicellular organ
study here may be problematic. Although the function of
H3:K79AC is still unclear, there is evidence that it prevents
methylation at H3:K79 through steric hindrance (4). This was
borne out in our MS analysis, which showed that a decrease in
Lys79 acetylation concomitant with an increase in Lys79 di-
methylation.

Core histones are joined by a short stretch of linker DNA.
Linker histones (H1 and H5) in these regions bind to histone
cores at the DNA exit/entry site to complete the nucleosome
(13). They exist in various subtypes, the most widely distrib-
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uted of which are H1.1-H1.4 and H5.1. Like core histones,
linker histones contain NH2-terminal tails that can be post-
translationally modified (13). However, these marks are sel-
dom examined, although H1.4:K25 modifications (sometimes
termed K26 depending on sequence alignment) have been
described elsewhere (7). These studies have repeatedly shown
that methylation is associated with heterochromatin formation
and gene silencing (7). We identified a complementary de-

crease in H1.4:K25AC and increase in H1.4:K25ME3 after
UUO, again suggesting a coordinated change in transcription.

In situ significance of profile changes. In the context of this
study, changes in the above marks imply a global signifi-
cance. To investigate a representative mark further, we
examined the temporal and spatial distribution of H3:
K79ME2 and its relationship with the pathology of UUO.
Given the overwhelming predominance of tubules in the
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Fig. 5. Spatial relationship between H3:K79ME2 and pathological pathways after unilateral ureteric obstruction (UUO). Immunohistochemical comparison
between H3:K79ME2 marks and an in situ biomarker of hypoxia [glucose transporter 1 (GLUT1)], proliferation [proliferating cell nuclear antigen (PCNA)], and
apoptosis (TUNEL). Serial sections show an in situ relationship between H3:K79ME2 and increased GLUT1 staining but not apoptosis or cell proliferation. In
each case, micrographs on the right (inset) show higher-magnification images of the UUO staining outlined by the dotted lines. Scale bars � 100 �m for
normal/UUO micrographs and 50 �m for inset micrographs.

F612 HISTONE MODIFICATIONS IN THE KIDNEY

AJP-Renal Physiol • doi:10.1152/ajprenal.00262.2019 • www.ajprenal.org
Downloaded from www.physiology.org/journal/ajprenal at Monash Univ (130.194.145.038) on September 17, 2019.



renal parenchyma, we reasoned that this was likely a reflec-
tion of tubule physiology and pathology, which was con-
firmed in our immunohistochemical studies. The distribu-
tion of this mark was very discrete, with the complete
absence in the interstitial infiltrate suggesting very specific
pathological involvement. These studies showed a clear
focal enrichment of this mark in a subset of tubules with
increased basolateral staining for GLUT1. The spatial asso-
ciation between these two suggests that there might be a role
for this mark in the tubule’s response to hypoxia in UUO.
Conversely, although H3:K79 methylation has been shown

to be cell cycle regulated (35) and implicated in DNA
damage (19), the distribution of marks here was quite
distinct from in situ markers of proliferation and apoptosis.
Previous studies have shown that UUO changes the renal
expression of many thousands of genes, with an overall
increase in transcription (1, 42). H3:K79 methylation is
generally thought to be transcriptionally permissive (41),
although this may depend on methylation state (2). The
colocalization of tubular H3:K79ME2 and pRNA Pol II in
our study is in agreement with it being involved in tran-
scriptional elongation by RNA polymerase II (22). Finally,
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Fig. 6. Colocalization of phosphorylated RNA
polymerase II (pRNAPol II) and H3:K79ME2 in
renal tubules. Confocal micrographs of immun-
ofluorescent-stained paraffin-embedded sections
suggest increases in both transcription and H3:
K79ME2 mark enrichment after unilateral ure-
teric obstruction (UUO). Merged images show
colocalization of active transcription in H3:
K79ME2-enriched nuclei in tubules. DAPI stain-
ing indicates nuclei. Micrographs were acquired
at equivalent settings to enable semiquantitative
comparisons. Overlay images are a merge of
H3:K79ME2, pRNA Pol II, and DAPI staining
with phase-contrast illumination used to provide
contrast. Scale bars � 50 �m.
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the heterogeneous enrichment of marks, even within the
same tubule, highlights the danger of generalizing function
from in vitro studies.

Limitations. The approach used here is not without limita-
tions. Although MS measured the effect of injury, results are
expressed as the relative enrichment of specific histone marks
and do not provide absolute quantitation. Furthermore, the
predominance of tubule epithelial cells in the renal parenchyma
suggests that MS of intact tissue will be insensitive to changes
in less abundant cell populations. While this may be true, we
note that the changes we observed in our histochemical exper-
iments were not reflective of global changes in tubule epithelia
but rather were confined to a subset of tubules, suggesting that
the approach may be more sensitive than it first appears. It also
must be acknowledged that we only looked at a single exper-
imental time point (10 days post-UUO), so we may have
missed earlier, more dynamic changes in mark distribution.
However, such changes were not apparent in our previous
study of certain marks (18) in which earlier time points were
assessed, albeit only immunochemically. Finally, although we
examined 63 different marks, this is not exhaustive (44).
Indeed, the continually growing list of modifications being
discovered suggests that any accessible amino acid residue
may be prone to some form of modification (30).

Conclusions and future directions. Notwithstanding the
above limitations, the present study has demonstrated the
importance of unbiased screening in examining histone marks.
In doing so, we have highlighted the coordinated role of marks
in histone sites not normally examined. Future studies will
need to examine the consequences of these profile changes,
something that will need a single cell approach to fully appre-
ciate in situ significance. Early efforts to integrate cell-specific
gene expression and epigenomic maps elsewhere (12) suggest
that this will soon be possible.

GRANTS

This work was supported by National Health and Medical Research Council
of Australia Grant GNT1078694.

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the authors.

AUTHOR CONTRIBUTIONS

T.D.H., S.G.H., B.W., and E.R.S. conceived and designed research; T.D.H.,
C.S.S., B.W., and E.R.S. performed experiments; T.D.H., C.S.S., B.W., and
E.R.S. analyzed data; T.D.H., S.G.H., C.S.S., and E.R.S. interpreted results of
experiments; T.D.H. and E.R.S. prepared figures; T.D.H., S.G.H., and E.R.S.
drafted manuscript; T.D.H., S.G.H., C.S.S., B.W., and E.R.S. edited and
revised manuscript; T.D.H., S.G.H., C.S.S., B.W., and E.R.S. approved final
version of manuscript.

REFERENCES

1. Arvaniti E, Moulos P, Vakrakou A, Chatziantoniou C, Chadjichristos
C, Kavvadas P, Charonis A, Politis PK. Whole-transcriptome analysis
of UUO mouse model of renal fibrosis reveals new molecular players in
kidney diseases. Sci Rep 6: 26235, 2016. doi:10.1038/srep26235.

2. Barski A, Cuddapah S, Cui K, Roh TY, Schones DE, Wang Z, Wei G,
Chepelev I, Zhao K. High-resolution profiling of histone methylations in
the human genome. Cell 129: 823–837, 2007. doi:10.1016/j.cell.2007.05.
009.

3. Becker GJ, Hewitson TD. Animal models of chronic kidney disease:
useful but not perfect. Nephrol Dial Transplant 28: 2432–2438, 2013.
doi:10.1093/ndt/gft071.

4. Bheda P, Swatkoski S, Fiedler KL, Boeke JD, Cotter RJ, Wolberger
C. Biotinylation of lysine method identifies acetylated histone H3 lysine
79 in Saccharomyces cerevisiae as a substrate for Sir2. Proc Natl Acad Sci
USA 109: E916–E925, 2012. doi:10.1073/pnas.1121471109.

5. Cachat F, Lange-Sperandio B, Chang AY, Kiley SC, Thornhill BA,
Forbes MS, Chevalier RL. Ureteral obstruction in neonatal mice elicits
segment-specific tubular cell responses leading to nephron loss. Kidney Int
63: 564–575, 2003. doi:10.1046/j.1523-1755.2003.00775.x.

6. Chevalier RL, Forbes MS, Thornhill BA. Ureteral obstruction as a
model of renal interstitial fibrosis and obstructive nephropathy. Kidney Int
75: 1145–1152, 2009. doi:10.1038/ki.2009.86.

7. Daujat S, Zeissler U, Waldmann T, Happel N, Schneider R. HP1 binds
specifically to Lys26-methylated histone H1.4, whereas simultaneous
Ser27 phosphorylation blocks HP1 binding. J Biol Chem 280: 38090–
38095, 2005. doi:10.1074/jbc.C500229200.

8. Deb DK, Bao R, Li YC. Critical role of the cAMP-PKA pathway in
hyperglycemia-induced epigenetic activation of fibrogenic program in the
kidney. FASEB J 31: 2065–2075, 2017. doi:10.1096/fj.201601116R.

9. Fontecha-Barriuso M, Martin-Sanchez D, Ruiz-Andres O, Poveda J,
Sanchez-Niño MD, Valiño-Rivas L, Ruiz-Ortega M, Ortiz A, Sanz AB.
Targeting epigenetic DNA and histone modifications to treat kidney
disease. Nephrol Dial Transplant 33: 1875–1886, 2018. doi:10.1093/ndt/
gfy009.

10. Garcia BA, Hake SB, Diaz RL, Kauer M, Morris SA, Recht J,
Shabanowitz J, Mishra N, Strahl BD, Allis CD, Hunt DF. Organismal
differences in post-translational modifications in histones H3 and H4. J
Biol Chem 282: 7641–7655, 2007. doi:10.1074/jbc.M607900200.

11. Garcia BA, Mollah S, Ueberheide BM, Busby SA, Muratore TL,
Shabanowitz J, Hunt DF. Chemical derivatization of histones for facil-
itated analysis by mass spectrometry. Nat Protoc 2: 933–938, 2007.
doi:10.1038/nprot.2007.106.

12. Guan Y, Liu H, Susztak K. Long-range chromatin interactions in the
kidney. J Am Soc Nephrol 30: 367–369, 2019. doi:10.1681/ASN.
2019010044.

13. Hergeth SP, Schneider R. The H1 linker histones: multifunctional
proteins beyond the nucleosomal core particle. EMBO Rep 16: 1439–
1453, 2015. doi:10.15252/embr.201540749.

14. Hewitson TD. Renal tubulointerstitial fibrosis: common but never simple.
Am J Physiol Renal Physiol 296: F1239–F1244, 2009. doi:10.1152/
ajprenal.90521.2008.

15. Hewitson TD, Bisucci T, Darby IA. Histochemical localization of
apoptosis with in situ labeling of fragmented DNA. Methods Mol Biol 326:
227–234, 2006. doi:10.1385/1-59745-007-3:227.

16. Hewitson TD, Ho WY, Samuel CS. Antifibrotic properties of relaxin: in
vivo mechanism of action in experimental renal tubulointerstitial fibrosis.
Endocrinology 151: 4938–4948, 2010. doi:10.1210/en.2010-0286.

17. Hewitson TD, Holt SG, Smith ER. Progression of tubulointerstitial
fibrosis and the chronic kidney disease phenotype	role of risk factors and
epigenetics. Front Pharmacol 8: 520, 2017. doi:10.3389/fphar.2017.
00520.

18. Hewitson TD, Holt SG, Tan SJ, Wigg B, Samuel CS, Smith ER.
Epigenetic modifications to H3K9 in renal tubulointerstitial cells after
unilateral ureteric obstruction and TGF-
1 stimulation. Front Pharmacol
8: 307, 2017. doi:10.3389/fphar.2017.00307.

19. Huyen Y, Zgheib O, Ditullio RA Jr, Gorgoulis VG, Zacharatos P,
Petty TJ, Sheston EA, Mellert HS, Stavridi ES, Halazonetis TD.
Methylated lysine 79 of histone H3 targets 53BP1 to DNA double-strand
breaks. Nature 432: 406–411, 2004. doi:10.1038/nature03114.

20. Hyndman KA, Kasztan M, Mendoza LD, Monteiro-Pai S. Dynamic
changes in histone deacetylases following kidney ischemia-reperfusion
injury are critical for promoting proximal tubule proliferation. Am J
Physiol Renal Physiol 316: F875–F888, 2019. doi:10.1152/ajprenal.
00499.2018.

21. Izzo A, Schneider R. Chatting histone modifications in mammals. Brief
Funct Genomics 9: 429–443, 2010. doi:10.1093/bfgp/elq024.

22. Jonkers I, Kwak H, Lis JT. Genome-wide dynamics of Pol II elongation
and its interplay with promoter proximal pausing, chromatin, and exons.
eLife 3: e02407, 2014. doi:10.7554/eLife.02407.

23. Kouzarides T. Chromatin modifications and their function. Cell 128:
693–705, 2007. doi:10.1016/j.cell.2007.02.005.

24. MacLean B, Tomazela DM, Shulman N, Chambers M, Finney GL,
Frewen B, Kern R, Tabb DL, Liebler DC, MacCoss MJ. Skyline: an
open source document editor for creating and analyzing targeted

F614 HISTONE MODIFICATIONS IN THE KIDNEY

AJP-Renal Physiol • doi:10.1152/ajprenal.00262.2019 • www.ajprenal.org
Downloaded from www.physiology.org/journal/ajprenal at Monash Univ (130.194.145.038) on September 17, 2019.



proteomics experiments. Bioinformatics 26: 966 –968, 2010. doi:10.
1093/bioinformatics/btq054.

25. Majumder S, Thieme K, Batchu SN, Alghamdi TA, Bowskill BB,
Kabir MG, Liu Y, Advani SL, White KE, Geldenhuys L, Tennankore
KK, Poyah P, Siddiqi FS, Advani A. Shifts in podocyte histone
H3K27me3 regulate mouse and human glomerular disease. J Clin Invest
128: 483–499, 2018. doi:10.1172/JCI95946.

26. Marumo T, Hishikawa K, Yoshikawa M, Fujita T. Epigenetic regula-
tion of BMP7 in the regenerative response to ischemia. J Am Soc Nephrol
19: 1311–1320, 2008. doi:10.1681/ASN.2007091040.

27. O’Hare AM, Batten A, Burrows NR, Pavkov ME, Taylor L, Gupta I,
Todd-Stenberg J, Maynard C, Rodriguez RA, Murtagh FE, Larson
EB, Williams DE. Trajectories of kidney function decline in the 2 years
before initiation of long-term dialysis. Am J Kidney Dis 59: 513–522,
2012. doi:10.1053/j.ajkd.2011.11.044.

28. Ouiddir A, Planès C, Fernandes I, VanHesse A, Clerici C. Hypoxia
upregulates activity and expression of the glucose transporter GLUT1 in
alveolar epithelial cells. Am J Respir Cell Mol Biol 21: 710–718, 1999.
doi:10.1165/ajrcmb.21.6.3751.

29. Palancade B, Bensaude O. Investigating RNA polymerase II carboxyl-
terminal domain (CTD) phosphorylation. Eur J Biochem 270: 3859–3870,
2003. doi:10.1046/j.1432-1033.2003.03794.x.

30. Peterson CL, Laniel MA. Histones and histone modifications. Curr Biol
14: R546–R551, 2004. doi:10.1016/j.cub.2004.07.007.

31. Qi R, Yang C. Renal tubular epithelial cells: the neglected mediator of
tubulointerstitial fibrosis after injury. Cell Death Dis 9: 1126, 2018.
doi:10.1038/s41419-018-1157-x.

32. Reddy MA, Sumanth P, Lanting L, Yuan H, Wang M, Mar D, Alpers
CE, Bomsztyk K, Natarajan R. Losartan reverses permissive epigenetic
changes in renal glomeruli of diabetic db/db mice. Kidney Int 85: 362–373,
2014. doi:10.1038/ki.2013.387.

33. Sasaki K, Doi S, Nakashima A, Irifuku T, Yamada K, Kokoroishi K,
Ueno T, Doi T, Hida E, Arihiro K, Kohno N, Masaki T. Inhibition of
SET domain-containing lysine methyltransferase 7/9 ameliorates renal
fibrosis. J Am Soc Nephrol 27: 203–215, 2016. doi:10.1681/ASN.
2014090850.

34. Sayyed SG, Gaikwad AB, Lichtnekert J, Kulkarni O, Eulberg D,
Klussmann S, Tikoo K, Anders HJ. Progressive glomerulosclerosis in
type 2 diabetes is associated with renal histone H3K9 and H3K23
acetylation, H3K4 dimethylation and phosphorylation at serine 10. Neph-
rol Dial Transplant 25: 1811–1817, 2010. doi:10.1093/ndt/gfp730.

35. Schulze JM, Jackson J, Nakanishi S, Gardner JM, Hentrich T, Haug
J, Johnston M, Jaspersen SL, Kobor MS, Shilatifard A. Linking cell
cycle to histone modifications: SBF and H2B monoubiquitination machin-
ery and cell-cycle regulation of H3K79 dimethylation. Mol Cell 35:
626–641, 2009. doi:10.1016/j.molcel.2009.07.017.

36. Smith ER, Wigg B, Holt S, Hewitson TD. TGF-
1 modifies histone
acetylation and acetyl-coenzyme A metabolism in renal myofibroblasts.
Am J Physiol Renal Physiol 316: F517–F529, 2019. doi:10.1152/ajprenal.
00513.2018.

37. Strahl BD, Allis CD. The language of covalent histone modifications.
Nature 403: 41–45, 2000. doi:10.1038/47412.

38. Sun G, Reddy MA, Yuan H, Lanting L, Kato M, Natarajan R.
Epigenetic histone methylation modulates fibrotic gene expression. J Am
Soc Nephrol 21: 2069–2080, 2010. doi:10.1681/ASN.2010060633.

39. Tan M, Luo H, Lee S, Jin F, Yang JS, Montellier E, Buchou T, Cheng
Z, Rousseaux S, Rajagopal N, Lu Z, Ye Z, Zhu Q, Wysocka J, Ye Y,
Khochbin S, Ren B, Zhao Y. Identification of 67 histone marks and
histone lysine crotonylation as a new type of histone modification. Cell
146: 1016–1028, 2011. doi:10.1016/j.cell.2011.08.008.

40. Tessarz P, Kouzarides T. Histone core modifications regulating nucleo-
some structure and dynamics. Nat Rev Mol Cell Biol 15: 703–708, 2014.
doi:10.1038/nrm3890.

41. Wood K, Tellier M, Murphy S. DOT1L and H3K79 methylation in
transcription and genomic stability. Biomolecules 8: 11, 2018. doi:10.
3390/biom8010011.

42. Wu B, Gong X, Kennedy WA, Brooks JD. Identification of transcripts
associated with renal damage due to ureteral obstruction as candidate
urinary biomarkers. Am J Physiol Renal Physiol 315: F16–F26, 2018.
doi:10.1152/ajprenal.00382.2017.

43. Zager RA, Johnson AC, Becker K. Acute unilateral ischemic renal
injury induces progressive renal inflammation, lipid accumulation, histone
modification, and “end-stage” kidney disease. Am J Physiol Renal Physiol
301: F1334–F1345, 2011. doi:10.1152/ajprenal.00431.2011.

44. Zhao Y, Garcia BA. Comprehensive catalog of currently documented
histone modifications. Cold Spring Harb Perspect Biol 7: a025064, 2015.
doi:10.1101/cshperspect.a025064.

45. Zhou X, Zang X, Ponnusamy M, Masucci MV, Tolbert E, Gong R,
Zhao TC, Liu N, Bayliss G, Dworkin LD, Zhuang S. Enhancer of zeste
homolog 2 inhibition attenuates renal fibrosis by maintaining Smad7 and
phosphatase and tensin homolog expression. J Am Soc Nephrol 27:
2092–2108, 2016. doi:10.1681/ASN.2015040457.

F615HISTONE MODIFICATIONS IN THE KIDNEY

AJP-Renal Physiol • doi:10.1152/ajprenal.00262.2019 • www.ajprenal.org
Downloaded from www.physiology.org/journal/ajprenal at Monash Univ (130.194.145.038) on September 17, 2019.


