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Aldosterone plays a major role in the regulation of salt balance and the pathophysiology of cardiovascular
and renal diseases. Many aldosterone-regulated genes — including that encoding the epithelial Na* channel
(ENaC), a key arbiter of Na* transport in the kidney and other epithelia — have been identified, but the mecha-
nisms by which the hormone modifies chromatin structure and thus transcription remain unknown. We previ-
ously described the basal repression of ENaCo. by a complex containing the histone H3 Lys79 methyltransfer-
ase disruptor of telomeric silencing alternative splice variant a (Dotla) and the putative transcription factor
ALL1-fused gene from chromosome 9 (Af9) as well as the release of this repression by aldosterone treatment.
Here we provide evidence from renal collecting duct cells and serum- and glucocorticoid-induced kinase-1
(Sgk1l) WT and knockout mice that Sgkl phosphorylated Af9, thereby impairing the Dotla-Af9 interaction
and leading to targeted histone H3 Lys79 hypomethylation at the ENzCa promoter and derepression of ENaCo
transcription. Thus, Af9 is a physiologic target of Sgk1, and Sgk1 negatively regulates the Dotla-Af9 repressor

complex that controls transcription of ENaCo and likely other aldosterone-induced genes.

Introduction

The renin-angiotensin-aldosterone system plays a major role in
the control of blood pressure, extracellular fluid volume, and
electrolyte balance, largely through the regulation of urinary Na*
excretion. The aldosterone-sensitive distal nephron (ASDN), com-
posed of the late distal convoluted tubule, connecting tubule,
and cortical and medullary collecting ducts, is the final arbiter of
renal Na* excretion. In the ASDN, transepithelial Na* absorption
occurs by apical Na* entry via the epithelial Na* channel (ENaC)
and basolateral Na* exit via the Na*,K*-ATPase. ENaC, composed
of 3 subunits (a, B, and y), constitutes the rate-limiting step in
this process, and changes in its activity and/or plasma membrane
abundance constitute key regulatory steps. Aldosterone increases
transepithelial Na* transport in the ASDN in large part through
ENaCa induction in this region (1). Aldosterone increases ENaC
function in 2 phases: an early phase involving upregulation of pre-
existing transport machinery and aldosterone-induced regulatory
proteins, notably serum- and glucocorticoid-induced kinase-1
(Sgk1), which regulates the plasma membrane abundance of
ENaC in part through phosphorylation of the ubiquitin ligase
Nedd4-2 (2); and a delayed phase of aldosterone action involving
de novo synthesis of ENaC, either from the liganded mineralocor-
ticoid receptor directly binding hormone response elements in the
ENaCo. promoter to activate transcription (1) or through indirect

Nonstandard abbreviations used: Af9, ALL1-fused gene from chromosome 9;
ASDN, aldosterone-sensitive distal nephron; ChIP, chromatin immunoprecipitation;
Dotla, disruptor of telomeric silencing alternative splice variant a; EGFP, enhanced
GFP; ENaC, epithelial Na* channel; GST, glutathione-S-transferase; RNAi, RNA inter-
ference; Sgk1, serum- and glucocorticoid-induced kinase-1.
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mechanisms involving other proteins (3, 4). Sgk1 also participates
in this late phase, presumably by phosphorylation of specific, as-
yet undefined transcription factors, which then stimulate ENaCa.
transcription (5). Aldosterone administration or hyperaldosteron-
ism induced by salt restriction increases ENaCo. gene transcription
in the ASDN without increasing f§ or y subunit expression (3, 6) or
altering ENaCao. mRNA turnover (7).

Recently, in the mouse inner medullary collecting duct cell line
mIMCD3, we identified a novel aldosterone signaling network
governing ENaCa. transcription that involves the putative tran-
scription factor ALL1-fused gene from chromosome 9 (Af9) and
the histone H3 Lys79 methyltransferase disruptor of telomeric
silencing alternative splice variant a (Dot1la), which form a nuclear
repressor complex that tonically associates with chromatin and
hypermethylates histone H3 Lys79 associated with specific regions
of the ENaCo. promoter, thereby repressing ENaCo. transcription
under basal conditions (8). We also discovered that aldosterone
inhibits Dotla and Af9 expression, leading to hypomethylation of
targeted histone H3 Lys79 and release of the basal transcriptional
repression of ENaCa (8). This effect appears to be generalized to
at least some other aldosterone-regulated genes, including those
encoding connecting tissue growth factor, period homolog, and
preproendothelin (8). A central question remaining in this model
is how aldosterone signals to the Dotla-Af9 complex. Given the
multiple roles of Sgk1 in controlling ENaCa expression and action
and our identification of a highly conserved consensus Sgk1 phos-
phorylation site (Ser435; Figure 1A) in the Af9 aa sequence, we
tested the hypothesis that Sgk1-mediated Af9 phosphorylation
regulates the Dotla-Af9 complex (and therefore chromatin) and
releases the repressive effects of the complex on ENaCo. transcrip-
tion. We found that aldosterone relieves the basal Dotla-Af9
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Figure 1

Af9 Ser435 is phosphorylated by Sgk1 in vitro and is a major phosphorylation site in mIMCD3 cells. (A) Af9 possesses a highly conserved
putative phosphorylation site, Ser435, for Sgk1. Shown are aa sequences surrounding Ser435 of Af9 (in bold) from different species. (B) Sgk1
phosphorylates Af9 in vitro. GST, WT GST-Af9 397-557, or GST-Af9 397-557 Ser435Ala purified from E. coli was phosphorylated in vitro in
the presence of [y-32P]ATP, separated by SDS-PAGE, stained (bottom), and autoradiographed (top). Mean 32P values (in cpm) of the corre-
sponding bands are shown, with SE less than 25% in all cases (n = 3). (C) Af9 phosphorylation by Sgk1 requires Ser435. As in B, except for
omission of [y-32P]ATP (n = 3). (D) Af9 is phosphorylated in mIMCD3 cells. mIMCDS cells transfected with pCMV500 vector (Vec) or pFLAG-Af9
(F-Af9) were labeled with [32P]orthophosphate and analyzed by IP-IB with the FLAG M2 antibody. A representative autoradiograph (left) and
corresponding IB (right) are shown (n = 3). Arrow denotes unknown protein; arrowhead denotes possibly degraded Af9 fusions. (E) Af9 Ser435
is a major phosphorylation site in mIMCD3 cells. As in D, except that pFLAG-Af9 Ser435Ala construct (F-Af9 Ser435Ala) replaced pCMV500.
A weak band migrating at the position of FLAG-Af9 Ser435Ala was visible after exposure of 12 more hours. Plot of the 32P signal normalized to

the corresponding protein abundance of each Af9 fusion, with WT Af9 labeling assigned as 1 (n = 5). *P < 0.05.

repression of ENaCa by promoting Sgk1 phosphorylation of Af9
and consequent disruption of the repression complex.

Results

Af9 Ser435 is phosphorylated by Sgk1 in vitro and is a major phosphoryla-
tion site in mIMCD3 cells. Because purification of the glutathione-
S-transferase (GST) fusion protein containing full-length Af9 is
impractical (8), GST-Af9 397-557 was used as substrate for in vitro
phosphorylation to determine directly whether Sgk1 phosphory-
lates Af9. Neither inactive nor active Sgkl phosphorylated GST
alone, whereas active, but not inactive, Sgk1 heavily phosphorylated
GST-Af9 397-557 (Figure 1B). As hypothesized, the Ser435Ala
mutation abolished this phosphorylation (Figure 1, B and C).
Af9 phosphorylation was also evident in anti-FLAG antibody IPs
of mIMCD3 cells that had been transfected with pFLAG-Af9 and
metabolically labeled with [3?P]orthophosphate (Figure 1D). An
intense, approximately 60-kDa band corresponding to FLAG-Af9
was observed in autoradioraphs from pFLAG-Af9-transfected
cells but not controls (Figure 1D). A protein of greater than 250
kDa was also coimmunoprecipitated with FLAG-Af9 and strongly
phosphorylated, but it was not recognized by the anti-FLAG anti-
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body when subjected to IB (Figure 1D). Sequential reprobing of
the same blot with antibodies against Dotla or Sgk1 did not detect
either band (data not shown); therefore, the identity and func-
tion of the larger protein in Af9 phosphorylation are unknown.
Although FLAG-Af9 and FLAG-Af9 Ser435Ala were comparably
immunoprecipitated, the mutation reduced overall Af9 phosphor-
ylation to about 50% that of WT Af9 (Figure 1E).

Aldosterone coordinately induces Sgk1 expression and Af9 Ser435 phos-
phorylation in mIMCD3 cells. Because aldosterone rapidly induces
Sgk1 expression in multiple systems, including mIMCD?3 cells
(9, 10), we expected aldosterone to increase Af9 phosphoryla-
tion. Accordingly, we generated and characterized (Supplemen-
tal Figure 1; supplemental material available online with this
article; doi:10.1172/JCI29850DS1) an antibody specific for Af9
phosphorylated at Ser43S5 (referred to as anti-phospho-Af9) and
performed IB analyses with whole-cell lysates of mIMCD3 cells
treated with 1 uM aldosterone or vehicle for 1, 1.5, or 2 hours. Aldo-
sterone induced Sgk1 immunoreactivity slightly at 1 hour and sig-
nificantly at 1.5 and 2 hours compared with controls (Figure 2A).
As expected, Af9 phosphorylation was significantly enhanced at 1
hour and peaked at 1.5 hours of aldosterone treatment (Figure 2A).
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Figure 2

Af9 phosphorylation directly correlates with Sgk1
expression in mIMCD3 cells. (A) Aldosterone coordi-
nately induces Sgk1 expression and Af9 Ser435 phos-
phorylation. mIMCD3 cells were treated with ethanol
or aldosterone (Aldo; 1 uM) for the indicated times
and examined by IB with the indicated antibodies.
Af9 phosphorylation was apparently affected by both
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No significant changes in f-actin expression were detected (Figure
2A). We previously reported that 1.5 hours of aldosterone treat-
ment markedly reduces Af9 mRNA and protein levels in mIMCD3
cells (8). Unfortunately, because the anti-Af9 antibody (11) used
in our earlier report was destroyed, we were unable to detect total
Af9 protein levels in the current experiments. Nonetheless, these
data are consistent with the hypothesis that Sgk1 contributes to
aldosterone-stimulated Af9 phosphorylation in mIMCD3 cells.

Af9 phosphorylation directly correlates with Sgk1 expression in mIMCD3
cells. We sought additional evidence that Sgk1 phosphorylates Af9
by examining stable mIMCD3 cell lines carrying negative control
vector or Sgk1-specific RNAi constructs pSgk1-RNA interference 7
(pSgk1-RNAI7) or pSgk1-RNAI9 for Sgk1 protein and Af9 phos-
phorylation levels. Sgk1 protein abundance and Af9 phosphoryla-
tion were coordinately decreased to 21% and 25%, respectively, in
cells transfected with pSgk1-RNAi7 construct compared with vec-
tor control cells (Figure 2B). Similar, though less dramatic, results
were obtained by transfection of pSgk1-RNAIi9, with Sgk1 protein
and Af9 phosphorylation levels reduced to approximately 50%
and 40%, respectively. Levels of B-actin were invariant (Figure 2B),
indicating equal sample loading and specificity of RNAi-mediated
Sgk1 knockdown. In reciprocal experiments, transient overexpres-
sion in mIMCD3 cells of Sgk1, but not its kinase-dead mutant,
increased Af9 phosphorylation by approximately 160% without
affecting B-actin expression (Figure 2C).

Sgk1-mediated Af9 phosphorylation decreases the Dot1a-Af9 interac-
tion in vitro and in mIMCD3 cells at the ENaCo. promoter. Because aa
397-557 in Af9 and aa 479-659 in Dot1a are the domains impor-
tant for the Dotla-Af9 interaction (8), and because Af9 Ser43S is

The Journal of Clinical Investigation

http://www.jci.org

located within the Dotla-interacting domain, we hypothesized
that Sgk1-mediated Af9 Ser435 phosphorylation regulates the
Dotla-Af9 interaction. Consistent with our hypothesis, Sgk1-
phosphorylated GST-Af9 397-557 retained only 24% of the
enhanced GFP-Dotla 479-659 (EGFP-Dotla 479-659) in lysates
of transiently transfected mIMCD3 cells, compared with equal
amounts of the nonphosphorylated GST-Af9 fusion (Figure 3A).
Increasing the input amount of the EGFP-Dotla-containing
lysates, ranging 100-800 ul, generally resulted in more EGFP-
Dotla fusion retained by the fixed amount of WT or mutated
GST-Af9 fusions, with or without phosphorylation by Sgkl
(Figure 3B). No effect was observed with the negative control,
GST-Af9 397-557 Ser435Ala. Moreover, GST-Af9 397-557 exhib-
ited approximately 4- to 20-fold higher affinity for EGFP-Dotla,
depending on the amount of added lysate, in the absence of Sgk1
than in the presence of Sgkl. Conversely, the ability to retain
EGFP-Dotla fusion and the sensitivity to Sgk1 were significantly
reduced by the Ser435Ala mutation (Figure 3B). These results
suggest that Sgkl-mediated Af9 phosphorylation decreases but
does not fully abolish the Dotla-Af9 interaction and that Ser435
plays an important role in binding to Dotla. Phosphorylation of
Ser435 by Sgk1 or Ser435Ala mutation presumably causes unfa-
vorable conformational changes for Af9 interacting with Dotla.
Similar results have been reported for phosphorylation and Ala
mutants of putative Ser phosphoacceptors in other protein-pro-
tein interactions (see Discussion).

In order to demonstrate further that Sgk1 regulates the Dotla-
Af9 interaction in mIMCD?3 cells, we exploited our recent chroma-
tin immunoprecipitation (ChIP) findings that endogenous Af9 or
Volume 117 Number 3
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Sgk1 impairs Af9 interaction with Dot1a in vitro. (A) GST pulldown assay showing impaired ability of Sgk1-phosphorylated Af9 to retain the
EGFP-Dot1a fusion. As in Figure 1C, GST-Af9 397-557 was phosphorylated by Sgk1 and incubated with mIMCD3 cell lysates containing EGFP-
Dot1a 479-659. Bound proteins were examined by IB with the indicated antibodies (n = 3). (B) As in A, except for inclusion of GST-Af9 Ser435Ala
as control, increasing input volumes (ul) of EGFP-Dot1a 479-659 lysate and the indicated antibodies. The same mIMCD3 cell lysates (3 ul) were
loaded in the far right lane. The amount of bound EGFP-Dot1a 479-659 was normalized to that of total GST-Af9 fusions to calculate the relative
binding efficiency and were plotted, with the efficiency of the reaction GST-Af9 397-557, —Sgk1, at 100 ul of input lysate assigned as 1 (n = 3).

*P < 0.05 versus corresponding GST-Af9 397-557, —Sgk1.

FLAG-Af9 associate with specific subregions RO-R3, but not sub-
region Ra (Figure 4A), of the ENaCo. promoter (8). If Sgkl phos-
phorylation of Af9 negatively regulates the association of Af9 with
Dotla, we hypothesized that Sgk1 would associate with the ENaCo.
promoter, decrease the association of the Dot1a-Af9 complex, and
thus limit histone H3 Lys79 methylation at the ENaCo. promoter.
We performed ChIP experiments with anti-FLAG antibody on
mIMCD3 cells transiently transfected with FLAG-tagged Sgk1 or
the kinase-dead mutant Sgk1 in order to determine whether either
is associated with the ENaCo promoter. Significant PCR amplicons
at RO-R3, but not at Ra, were generated from immunoprecipitated
chromatin derived from the cells expressing WT or mutant FLAG-
Sgk1 fusions (Figure 4B). Vector-transfected cells generated only
background signals. These data indicate that Sgk1, like Af9, specifi-
cally associates with the RO-R3, but not the Ra, subregions of the
ENaCo. promoter in mIMCD3 cells and that the mutation abol-
ishing the kinase activity of Sgk1 does not significantly affect its
association with the ENaCa. promoter (see Discussion).
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Because Af9 associates with the ENaCo promoter at the specific
subregions (8) and Dotla displays apparently non-sequence-specif-
ic DNA binding activity (8), Dotla and Af9 might exist alone or as
aDotla-Af9 complex at the ENaCa. promoter. Sgk1 might regulate
Dotla and Af9 abundance and thus the level of histone H3 Lys79
methylation at the ENaCo. promoter by regulating their DNA-bind-
ing activities, the Dotla-Af9 interaction, or both. To evaluate these
possibilities, we performed ChIP and sequential ChIP assays with
mIMCD3 cells cotransfected with pFLAG-Af9 along with an empty
vector or a construct expressing the untagged WT or kinase-dead
Sgk1. FLAG-Af9 was used because the anti-phospho-Af9 antibody
preferentially, if not exclusively, recognizes phosphorylated Af9
(Supplemental Figure 1A), and phosphorylation of Af9 impairs
the Dotla-Af9 interaction in vitro (Figure 3). Therefore, sequen-
tial ChIP data generated with that antibody would be difficult to
interpret. As shown in Figure 4C and consistent with our previous
observations (8), the association of FLAG-Af9 was only detected
in the RO-R3, but not the Ra, subregions of the ENaCa. promoter.
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Sgk1 associates with and downregulates Dot1a-Af9 interaction at the ENaCo. promoter. (A) Diagram of the ENaCa promoter (8). (B) ChIP
assay showing association of WT and kinase-dead mutant Sgk1 with the RO—R3, but not Ra, subregions of the ENaCa. promoter. Chromatin
was immunoprecipitated by anti-FLAG antibody from mIMCD3 cells transfected with pCMV500, WT pFLAG-Sgk1, or mutant pFLAG-Sgk1
Lys127Met, followed by quantitative real-time PCR with primers amplifying the Ra and R0—-R3 subregions of ENaCa promoter as shown in
A (n = 3). FLAG-Sgk1 abundance in RO from the FLAG-Sgk1-transfected cells was assigned as 1. (C—F) ChIP and sequential ChIP assays
demonstrating that overexpression of Sgk1 differentially affected the abundance of FLAG-Af9 (C), Dot1a (D), histone H3 Lys79 methylation
(E), and FLAG-ATf9 interaction with Dot1a (F) at the ENaCa promoter. mIMCD3 cells were cotransfected with pFLAG-Af9 and pcDNA3.1 or its
derivatives expressing Sgk1 or its kinase-dead mutant, followed by ChlIP with the indicated antibodies. For sequential ChIP (re-ChlIP), chromatin
was sequentially immunoprecipitated with anti-FLAG and anti-Dot1a antibodies. Relative ChIP or sequential ChIP efficiency was defined as the
amount of (re)immunoprecipitated material compared with that of the initial input sample and was assigned as 1 in RO from vector-transfected

cells (n = 3-6). No Ra expression was detected in B, C, or F. *P < 0.05 versus vector control.

Overexpression of WT or mutant Sgk1 did not significantly affect
the occupancy of FLAG-Af9 at the RO-R3 subregions compared
with the vector control, indicating that Sgkl-mediated Af9 phos-
phorylation has little impact on FLAG-Af9 DNA binding. On the
contrary, ChIP with anti-Dotla antibody confirmed our reported
basal level of Dotla association at the Ra subregion (8), which
likely occurs because of the non-sequence-specific DNA binding
activity of Dotla and is likely responsible for the residual level of
histone H3 Lys79 methylation in the absence of FLAG-Af9 bind-
ing to this subregion (Figure 4, C and E). Overexpression of WT
Sgk1 variably reduced Dotla abundance at the RO, R1, and R3, but
not the Ra or R2, subregions of the ENaCo. promoter compared
with the vector control (Figure 4D). Transfection of the mutant
Sgk1 significantly decreased the association of Dotla only in the
R3 subregion (Figure 4D). Decreased association of Dotla with
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the ENaCo. promoter was consistently accompanied by histone H3
Lys79 hypomethylation at the corresponding subregions (Figure
4E). As stated above, a lower abundance of Dotla at the ENaCa.
promoter could be the result of impaired Dotla DNA binding, its
interaction with Af9, or both. Dotla-FLAG-Af9 sequential ChIP
revealed that overexpression of WT Sgkl markedly decreased the
abundance of the Dotla-Af9 complex associated with the RO-R3
subregions of the ENaCo. promoter compared with the vector con-
trol (Figure 4F). Overexpression of the kinase-dead Sgk1l mutant,
however, only had a significant impact on the Dotla-Af9 complex
associated with subregion R1. No detectable sequential ChIP sig-
nals were obtained in any reactions for the Ra subregion, in accord
with the lack of FLAG-Af9 binding in Ra. Taken together, these
data confirm our previous findings that Af9 binds directly or indi-
rectly with each subregion except Ra, but also indicate that Sgk1
March 2007 777
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impairs the ability of Af9 to interact with Dotla at these subregions
without affecting Af9 DNA-binding capacity, resulting in histone
H3 Lys79 hypomethylation. In most — but not all — subregions,
Sgk1 exercised these effects in a kinase-dependent manner and pre-
sumably by phosphorylating Af9 (see Discussion).

Mutation of the Sgk1 phosphorylation site Ser43S5 in Af9 impairs Af9
overexpression—dependent histone H3 Lys79 hypermethylation, but not
Af9 association with the ENaCa. promoter. To test further whether
Af9 Ser435 plays an important role in regulating Af9-mediated
histone H3 Lys79 hypermethylation at the ENaCo promoter, we
constructed phosphorylation-deficient and phosphorylation-
mimetic Af9 mutants by converting Ser435 to Ala or Asp, respec-
tively, and repeated ChIP assays with mIMCD3 cells transfected
with vector, pFLAG-Af9, pFLAG-Af9 Ser435Ala, or pFLAG-Af9
Ser435Asp, focusing on the RO-R3 subregions. As we previously
reported (8), FLAG-Af9 overexpression increased histone H3
Lys79 methylation 2- to 3-fold in each of the RO-R3 subregions
of the ENaCa. promoter compared with vector controls, but these
increases were not evident in cells transfected with pFLAG-Af9 Ser-
435Ala or pFLAG-Af9 Ser435Asp (Figure SA). Consistent with our
previous results, ChIP assays with antibodies specific for histone
H3 acetylated Lys9 or the N-terminal tail of histone H3 performed
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tion determined by quantitative real-time PCR for
each sample. (B) Luciferase assay indicating that
the Ser435Ala mutation impaired Af9-dependent
repression of ENaCa promoter activity. mIMCD3
cells stably carrying pGL3Zeocin-1.3ENaCo.
(12) were transiently transfected with pCMV500,
pFLAG-Af9, or pFLAG-Af9 Ser435Ala, followed
by luciferase assay (n = 4). *P < 0.05 versus vec-
tor control. (C) Quantitative RT-PCR (qRT-PCR)
demonstrating that the Ser435Ala mutation
partially relieves Af9-dependent repression of
endogenous ENaCoa. transcription. As in B, except
that total RNA was analyzed by quantitative real-
time RT-PCR with primers specific for ENaCo. or
B-actin as control and that whole-cell lysates
were examined by IP with the indicated anti-
bodies. The relative level of ENaCo. mRNA was
normalized to actin in the same sample, and that
of vector-transfected cells was assigned as 1.
The means of 3 independent measurements with
SE less than 20% are shown.

in parallel experiments detected no significant alterations in any
subregion analyzed (Figure 5A), suggesting that the changes in
histone H3 Lys79 methylation were specific and not the result of
a generalized effect on histones. Moreover, ChIP with IgG yielded
barely detectable background signals by agarose gel analysis.

The failure of Af9 Ser435Ala or Af9 Ser435Asp to increase
histone H3 Lys79 methylation at the ENaCo promoter could
result from a weak or failed association of the mutated Af9 with
Dotla, the ENaCo promoter, or both. To distinguish among these
possibilities, ChIP with the anti-FLAG antibody was performed.
Consistent with and extending our previous observations (8), all
WT and mutant Af9 fusions were efficiently immunoprecipitated
by the anti-FLAG antibody and found in the chromatin associated
with all 4 subregions (R0-R3) of the ENaCa. promoter. Only back-
ground signals were detected in the vector-transfected cells (Fig-
ure SA). Therefore, the Ser435Ala or phosphomimetic Ser435Asp
mutations, while impairing the Dotla-Af9 interaction, did not
significantly alter the ability of Af9 to interact with the ENaCo
promoter. These data are consistent with our GST pulldown assay
results (Figure 2) as well as the conclusions that Ser435 is one
of the key residues in mediating the Dotla-Af9 association and
thatits perturbation by phosphorylation or Ala or Asp mutations
Number 3
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Sgk1 phosphorylates Af9 and regulates transcription of ENaCo and other aldosterone target genes in vivo in mouse kidneys. (A and B) Low-salt
diet coordinately increases Af9 phosphorylation and mMRNA expression of Sgk1 and ENaCa in mouse kidneys. Whole lysates from the right kid-
neys of WT mice (Sgk7++) fed the indicated diet were pooled within the group (n = 3 in each group, similar for B-E) and analyzed by IB probed
with the antibodies shown. Similarly, total RNA from the left kidneys was pooled within the group (n = 3) and analyzed with primers specific for the
indicated genes. Representative agarose gel analyses of the final quantitative RT-PCR with the mean of 3 different measurements are shown.
SEM was less than 20% in all cases. (C—E) Af9 phosphorylation is regulated by salt intake, is achieved in an Sgk1-dependent or -independent
manner, and correlates with expression of several aldosterone target genes. As in A, except that Sgk7++ mice or their age- and sex-matched
Sgk1-- littermates fed the indicated diets were used and that additional aldosterone target genes were examined (n = 3 for each group and
condition). Arrow denotes unknown protein. CTGF, connecting tissue growth factor.

probably induces conformational changes in Af9 that weakens Af9
binding to Dotla (see Discussion).

Mutation of the Sgk1 phosphorylation site Ser435 in Af9 partially relieves
Dot1a-Af9-mediated ENaCa transcriptional repression. In order to deter-
mine the importance of Af9 Ser435 in Dot1a-Af9 mediated ENaCa.
repression, mIMCD3 cells stably expressing an ENaCao. promoter-
luciferase construct (12) were transiently transfected with empty
vector, pFLAG-Af9, or pFLAG-Af9 Ser435Ala. We performed lucif-
erase assays to assess ENaCa promoter-luciferase activity, quanti-
tative real-time RT-PCR to examine endogenous ENaCo. mRNA
levels (with B-actin as control), and IB with the anti-FLAG anti-
body to monitor FLAG-Af9 expression. Overexpression of the WT,
but not the mutant, Af9 fusion significantly decreased the ENaCa.
promoter-luciferase activity and endogenous ENaCo. mRNA levels
(Figure 5, B and C). The abundance of ENaCa protein in mIMCD3
cells was below the level needed to consistently discriminate differ-
ences on IB with the anti-ENaCa antibody (data not shown). The
Af9 Ser435Ala mutation also impaired Af9-mediated repression of
period homolog, connective tissue growth factor, and preproendo-
thelin (Supplemental Figure 2), 3 genes known to be upregulated
by aldosterone (10) and to be repressed by Af9 and/or Dotla over-
expression in mIMCD3 cells (8).

Af9 phosphorylation and Sgkl1 mRNA expression are coordinately regu-
lated in kidneys of mice with different salt intakes. Aldosterone and low
saltintake strongly induce Sgk1 expression in the ASDN (reviewed
in ref. 13). If Af9 is a bona fide substrate of Sgk1 for phosphory-
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lation in vivo, salt restriction should coordinately induce Sgk1
expression and Af9 phosphorylation in the kidney, which in turn
should relieve Dotla-Af9-mediated repression of ENaCa. Accord-
ingly, whole kidney lysates from mice fed normal-, high-, or low-
salt diets were analyzed by IB with anti-phospho-Af9, anti-ENaCa,
or control anti-a-tubulin. Mice with normal or high salt intakes
exhibited low levels of Af9 phosphorylation and ENaCa. protein in
their kidneys, but Af9 phosphorylation and ENaCa protein levels
were coordinately increased about 10-fold and 3-fold, respectively,
in the kidneys of mice fed the salt-restricted diet (Figure 6A). Under
these conditions, the abundance of a-tubulin was not significantly
changed (Figure 6A). Quantitative real-time RT-PCR of total RNAs
isolated from these same kidneys revealed that ENaCa and Sgk1
mRNA levels were similar to those of controls (normal salt) in the
mice fed the high-salt diet, but 3- to 4-fold greater than controls in
mice fed the low-salt diet (Figure 6B). These findings are consistent
with previous studies showing that a low-salt diet induces ENaCal
mRNA expression in renal cortex and outer and inner medulla (14)
as well as Sgk1 mRNA levels in renal cortex (15).

Sgk17/~ mice exhibit markedly lower levels of Af9 Ser43S phosphorylation
in the kidney. We previously generated and characterized Sgk17~ mice
and demonstrated that Sgk1 plays an important role in regulating
ENaC activity in the ASDN (13, 16-18). Here, we used these mice
to test the hypothesis that Sgk1 phosphorylates Af9 and regulates
ENaCa. transcription in vivo in the kidney. Whole kidney lysates iso-
lated from Sgk1”* and Sgkl~~ littermates fed a normal- or low-salt
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March 2007 779



research article

—Aldosterone

+I\(Ieth

CDotta>
= \ Lys79  [Enacq
LOLLLLLLLLL2Y

+Aldosterone

‘I&

@D [ ] Sy

\//

R SN \‘”‘L";:;g

ENaCa

O Aldosterone
,'/ Nucleosome with hypermethylated histone H3 Lys79

@ Nucleosome with hypomethylated histone H3 Lys79

Figure 7

Model for aldosterone-sensitive repression of ENaCo. expression by
targeted histone H3 Lys79 hypermethylation mediated by the Dot1a-
Af9-Sgk1 complex. Under basal conditions, Dot1a and Af9 form a
nuclear complex that directly or indirectly binds specific sites of the
ENaCo promoter, leading to hypermethylation of histone H3 Lys79
and repression of ENaCa. transcription. Aldosterone stimulates ENaCao.
transcription by regulating 2 different pathways. In the classical path-
way, aldosterone binds and activates the nuclear hormone receptors
(NR) that are either glucocorticoid receptor and/or mineralocorticoid
receptor homo- or heterodimers to bind the glucocorticoid response
element in the ENaCo promoter and transactivate ENaCa. In a parallel
pathway, aldosterone releases the repression of ENaCa by (a) down-
regulating Dot1a (12) and Af9 expression (8), and thus the amount
of Dot1a-Af9 complex, presumably via nuclear receptor—-dependent
or —independent (not shown) mechanisms and/or (b) decreasing the
Dot1a-Af9 interaction via Sgk1-mediated phosphorylation of Af9 to
limit their availability, leading to histone H3 Lys79 hypomethylation at
specific subregions of the ENaCa promoter. Sgk1 might join and down-
regulate the Dot1a-Af9 complex associated with the ENaCo. promoter
(not shown for simplicity). In all cases, Af9-free Dot1a binds DNA non-
specifically and catalyzes histone H3 Lys79 methylation throughout the
genome under basal conditions (not shown). A hypothetical opposing
interaction between the nuclear receptor—aldosterone complex and the
Dot1a-Af9 complex (dotted line) may tune the ultimate level of ENaCo.
transcription. Meth, methylation.

diet were analyzed by IB with the anti-phospho-Af9 antibody. Under
a normal-salt diet, Sgk17~ mice exhibited renal Af9 phosphorylation
levels that were significantly lower than those of controls, if not
completely abolished (Figure 6C). Lower aldosterone levels cannot
explain the difference in Af9 phosphorylation in Sgkl7~ mice under
these conditions, because these mice exhibit modestly (approximately
2-fold) greater compensatory plasma aldosterone concentrations
compared with Sgk1** mice (17, 19). Moreover, the Sgk17~ mice ona
normal-salt diet displayed subtle changes in ENaCa protein abun-
dance and modestly lower mRNA levels of ENaCa, connecting tissue
growth factor, and preproendothelin compared with WT littermates
(86%, 88%, and 54% of WT, respectively; Figure 6D), suggesting that
Sgk1 likely regulates transcription of these genes, which we have
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previously shown to be regulated by the aldosterone-Dot1a-Af9 sig-
naling network (8). In contrast, with a low salt intake, SgkI~~ mice
exhibited renal Af9 phosphorylation levels that were substantially
higher than for mice fed the normal-salt diet, yet still about 3 times
lower than those of the WT littermates (Figure 6C), indicating that
Af9 can be phosphorylated in a Sgkl-dependent or -independent
manner in vivo. In keeping with our hypothesis, the reduced Af9
phosphorylation in Sgk17/- mice compared with WT littermates was
accompanied by reduced levels of ENaCo. mRNA (71% of control;
Figure 6E) and protein (approximately 60% of control; Figure 6C)
despite approximately 4-fold higher plasma aldosterone concentra-
tions in plasma of Sgkl-/~ mice compared with WT lictermates (17).

Discussion
Sgk1 is rapidly induced by a spectrum of stimuli and phos-
phorylates a variety of proteins, including transcription factors
(reviewed in ref. 20), to serve as a point of convergence for mul-
tiple signaling pathways. Recently, Sgk1 was shown to regulate
the transcription of the ENaCa. and ENaCp genes in the mouse
renal cortical collecting duct M1 cell line (5) and connective tissue
growth factor in the heart by a mechanism involving NF-kB acti-
vation and translocation into the nucleus (21), but the effector
mechanisms were not fully elucidated. Moreover, the molecular
mechanisms by which Sgk1 regulates transcription in the context
of chromatin has not to our knowledge been addressed until now.
Here, we identified Af9 as a physiologic target for Sgk1 phos-
phorylation and Sgk1 as what we believe to be a novel component
and negative regulator of the Dotla-Af9 complex. These data cast
light on the mechanisms governing Sgk1-mediated transcription-
al activation of genes such as ENaCo and offer additional insights
into mechanisms by which aldosterone alters the local chroma-
tin structure of its target genes to activate transcription. Accord-
ingly, we propose a refined model of this alternative aldosterone
signaling network that now includes the abilities of aldosterone,
not only to downregulate the abundance of the components of
the Dotla-Af9 complex, but also (via Sgk1-mediated phosphory-
lation of Af9) to weaken their interaction and relieve the basal
repression on ENaCo. transcription (Figure 7).

Af9 was discovered as one of the most common fusion partners
of the mixed-lineage leukemia (MLL) protein in humans (22), and
it is abundantly expressed in the kidney and in other tissues. Spe-
cific functions of Af9 protein are largely unknown, but — as shown
in our work and that of others — it regulates transcription in pro-
moter-reporter gene assays and its structural domains, which
include a YEATS domain and a nuclear targeting sequence, are
consistent with a role as a transcription factor. Its close structural
relative in yeast, ANC1/TFG3, is a component of the SWI/SNF
chromatin-remodeling complex (23). In addition to Dotla, Af9
can interact with AF4 (11), specific isoforms of the BCL-6 core-
pressor (24), and the polycomb group member MPc3 (25). Ulti-
mately the actions of Af9 as activator or repressor of transcription
for ENaCo. or other genes may depend on the interplay and rela-
tive proportions of these Af9-binding proteins in the cell. Whether
interactions with Dotla and/or Sgk1 influence the role of Af9 as
an MLL fusion partner in leukemogenesis remains to be tested.

Both Af9 and Sgk1 specifically associate with the RO-R3, but not
the Ra, subregions of the ENaCa. promoter. It remains to be defined
whether Sgk1, Af9, or one or more other factors contribute to the
DNA-binding activity. The ultimate level of histone H3 Lys79
methylation at each specific region of the genome is determined by
Volume 117

Number3  March 2007



the abundance of Dotla that directly binds DNA in a nonspecific
manner (26), the DNA-binding factor(s) interacting with Dotla
targeting it to specific loci, and the factors regulating their inter-
action. ChIP with the anti-Dotla antibody should theoretically
immunoprecipitate all ENaCa promoter-associated Dotla mol-
ecules, regardless of whether they are associated with endogenous
Af9 or FLAG-Af9 or are free from any Af9 molecules. Conversely,
only those Dotla molecules that interact with FLAG-Af9 would
be potentially reimmunoprecipitated by the anti-Dotla antibody
in the second round of immunoprecipitation of the Dotla-FLAG-
Af9 sequential ChIP experiments (Figure 4F). These assumptions
likely explain why, in ChIP assays, anti-Dotla antibody (Figure 4D)
and anti-methylated H3 Lys79 antibody (Figure 4E) yielded consis-
tent results that were generally, but not completely, in accord with
the data generated by the Dot1a-FLAG-Af9 sequential ChIP (Fig-
ure 4F). At the R2 subregion, the FLAG-Af9-Dotla complex was
reduced to 10% of control levels in Sgk1-transfected cells (Figure
4F), yet the corresponding difference in histone H3 Lys79 methyla-
tion in these cells was not significant (Figure 4E), indicating that
histone H3 Lys79 methylation in this region might be primarily
mediated by Dotla itself through its nonspecific DNA-binding
activity. This scenario became even more complicated in the case of
R1, in which the association of Dot1a with FLAG-Af9 was decreased
by both WT and kinase-dead mutant Sgk1 overexpression (Figure
4F), while histone H3 Lys79 methylation was only affected by WT
Sgk1 (Figure 4E). We do not know the exact mechanism to account
for these observations. One possibility is that additional factors
such as glucocorticoid receptor and/or mineralocorticoid receptor
(Figure 7) exist to regulate the Dot1a-Af9 complex and/or Af9-free
Dotla at the ENaCo promoter. Sgk1 might directly or indirectly
regulate these factors in a kinase-dependent and/or -independent
manner, leading to the ultimate output of the kinase-insensitive
Dotla-Af9 association and kinase-sensitive histone H3 Lys79
hypermethylation at this particular subregion. Targeted histone
H3 Lys79 methylation, as we observed here, has previously been
observed in yeast and mammalian cells (27, 28), yet Dot1 proteins
are generally thought to catalyze histone H3 Lys79 methylation in
a nontargeted manner (27, 29). The present work offers clues as to
how targeted histone H3 Lys79 methylation is achieved and regu-
lated. Such targeting may occur only under conditions and in cell
types in which Af9 and Sgk1 are coexpressed.

Results of previous studies of Sgkl17~ mice indicate that ENaC
expression and function and mineralocorticoid action in the kid-
ney are partially, but not completely, dependent on Sgk1 (16, 17).
Therefore, other critical mechanisms of aldosterone signaling
must be operative and might work in parallel with those described
here. Moreover, it remains possible that the greater concentrations
of plasma aldosterone in Sgkl7~ mice (see above) may partially
compensate for impaired Sgk1-dependent Af9 phosphorylation by
activation of Sgkl-independent control of Af9 phosphorylation
and gene expression. Further studies will be needed to determine
the potential involvement of these components and/or the miner-
alocorticoid receptor in the network described here. An integrative
consideration of the following results, however, is consistent with
a dominant role of Sgk1 in aldosterone-induced Af9 phosphoryla-
tion under physiologic conditions: (a) plasma aldosterone concen-
trations in Sgk1”* mice fed a low-salt diet are of similar magnitude
to those of Sgkl7/~ mice fed a normal-salt diet (17); (b) Af9 phos-
phorylation was significantly lower, if not completely abolished, in
Sgkl1~- versus Sgk1*/* mice on a normal-salt diet (Figure 6C); and
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(c) Sgk1*/* mice exhibited further enhancement of Af9 phosphory-
lation when dietary salt intake was reduced (Figure 6A).

Mechanistically, our data suggest that Sgkl-mediated phos-
phorylation of Af9 impairs, but does not eliminate, the ability of
Af9 to associate with Dotla. Therefore, other factors controlling
the Dotla-Af9 complex may be operative. Moreover, Af9 phos-
phorylation by Sgk1 did not significantly alter the ability of Af9
to interact with the ENaCo. promoter (Figure 4C). We predicted
that the phosphorylation site-deficient Ser435Ala and phospho-
mimetic Ser435Asp mutants of Af9 would yield opposite results
when tested for their ability to modulate histone H3 Lys79 meth-
ylation associated with the ENaCa promoter. However, these
mutants were equally competent in their ability to associate with
the ENaCot promoter but incapable of increasing histone H3 Lys79
methylation, possibly due to their impaired ability to interact with
Dotla in ChIP assays. These results suggest that Ser435 plays an
important role in mediating the Af9-Dotla interaction, and this
role is sensitive to changes in structure and/or charge induced by
phosphorylation or mutation into Ala or Asp. Analogous effects of
phosphorylation on protein-protein interactions have been report-
ed for other proteins (30-32). Furthermore, identical behavior of
Ala and Asp mutations of putative Ser phosphorylation sites has
also been reported (33, 34). In addition, the kinase activity of Sgk1,
while necessary for disrupting the Dotla-Af9 interaction, did not
appear to be required for its association with the RO-R3 subre-
gions of the ENaCa. promoter in mIMCD3 cells. Elucidation of the
factors controlling the ability of Sgk1 to associate with the Dotla-
Af9 in the native chromatin environment of specific regions of
the ENaCo. promoter will be critical to understanding this repres-
sion-derepression cycle of ENaCa transcription. It will also be
important to determine whether stimuli known to activate Sgk1
(other than aldosterone) play similar roles in activating ENaCo
transcription. In the aggregate, the present results indicate that,
in addition to reversing the inhibition of tonic posttranslational
repression of ENaC by Nedd4-2 (2), aldosterone-stimulated Sgk1
activity also signals the Dotla-Af9 complex to relieve the basal
repression of ENaCa transcription and augment ENaC-mediated
Na' transport. Moreover, the impaired, but robust, 32P labeling of
FLAG-Af9 Ser435Ala in mIMCD3 cells (Figure 1E) suggests that
Ser435 is a major site for phosphorylation, but not the sole site.
Similarly, Sgk1 is not the sole kinase responsible for Af9 Ser435
phosphorylation, because significant levels of Af9 Ser435 phos-
phorylation were detected in Sgk1-/~ mice fed a low-salt diet (Figure
6C). Identification of these additional phosphorylation sites and
corresponding kinases should reveal the function and regulation
of these proteins.

Methods

Reagents. Aldosterone (Sigma-Aldrich); GST purification kit (Amersham
Biosciences); Lipofectamine 2000 reagent and Geneticin (Invitrogen); Dual
Luciferase Assay kit (Promega); antibodies against phosphorylated serine,
dimethyl histone H3 Lys79, acetylated H3 Lys9, H3 N-terminal tail, and
Sgk1 (Upstate USA Inc.); antibody against a-tubulin (Santa Cruz Biotech-
nology Inc.); antibody against EGFP (BD Biosciences — Clontech); and
antibody against FLAG (Sigma-Aldrich) were purchased. Rabbit polyclonal
antibody against ENaCa was a gift from M.A. Knepper (NIH, Bethesda,
Maryland, USA; ref. 35), and pcDNA3.1 Sgk1 and pcDNA3.1 Sgk1 Lys-
127Met were kindly provided by P.A. Welling (University of Maryland
School of Medicine, Baltimore, Maryland, USA,; ref. 36). pEGFP-Dotla,
pEGFP-Dotla 479-659, pGST-Dotla, pGST-Af9 397-557, pFLAG-Af9,
March 2007 781
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antibodies specific for Dotla, and mIMCD3 cells stably transfected with
pGL3Zeocin-1.3 ENaCa have been described previously (8, 12, 37). Anti-
phospho-Af9 antibody was generated by immunizing rabbits with a peptide
corresponding to mouse Af9 aa 421-441 harboring phosphorylated Ser435
and affinity purified using the corresponding nonphosphorylated peptide
(New England Peptide Inc.). Its specificity was characterized (Supplemen-
tal Figure 1). pGST-Af9 397-557 Ser435Ala, pFLAG-Af9 Ser435Ala, and
PFLAG-Af9 Ser435Asp were generated by overlapping PCR using the cor-
responding constructs (8) as template. For RNAI, 2 Sgk1-specific target
sequences (RNAi7, 5" TGGTAGCGATTCTCATCGC-3', encoding aa 19-26;
and RNAi9, 5-CCACGGGCTCGATTCTACG-3', encoding aa 196-203) were
annealed and cloned into pSilencer-4.1-CMV-Neo (Ambion) at BamHI-
HindIlIT sites according to the manufacturer’s instructions. The resulting
constructs were called pSgk1-RNAi7 and pSgk1-RNAi9. Both RNAI target
sequences perfectly matched with only their own sequences in the Sgk1 gene
in BLAST searches against the mouse genome. The Sgk1 coding region was
PCR amplified with pcDNA3.1-Sgk1 or pCDNA3.1-Sgk1 Lys127Met as
template and cloned into pFLAG-Af9 at EcoRI-Xhol to replace the Af9 cod-
ing region for expression of the corresponding FLAG-Sgk1 fusions. DNA
sequencing verified the authenticity of all inserts in the constructs.

Cell culture, aldosterone treatment, transient and stable transfections, RNAi
and luciferase assays, 32P metabolic labeling, and IB assays. mIMCD3 cells were
routinely cultured and maintained with DMEM/F12 plus 10% FBS. For
aldosterone time-course experiments, cells were cultured in DMEM/F12
plus 10% charcoal-stripped FBS for a minimum of 50 hours, followed by
treatment with 1 uM aldosterone or its vehicle 0.01% ethanol at differ-
ent time points as we have previously described (8). To knock down Sgk1
expression, mIMCD?3 cells were transfected with Sgk1-specific RNAi con-
structs pSgk1-RNAi7 and pSgk1-RNAi9 and selected with Geneticin (50
ug/ml) for 15-20 days. Stably transfected colonies with the lowest Sgk1
expression were identified by IB with the anti-Sgk1 antibody and chosen
for further study. The pSilencer-4.1-CMV-Neo negative control construct
was transfected similarly and used as a negative control. For 32P metabolic
labeling, 16 hours after transfection with the corresponding plasmids, cells
were briefly washed with and cultured in phosphate-free DMEM plus 10%
dialyzed FBS for 2 hours, labeled with 0.25 mCi/ml [*?P|orthophosphate
for 3 hours, and then harvested. Whole cell lysates of mIMCD3 cells or
mouse kidneys were prepared with the cell lysis buffer (50 mM Tris, pH
7.4; 150 mM NaCl; 1 mM EDTA, pH 8.0; 1% Triton X-100; and a cocktail
of protease inhibitors) and used for IB, IP, or GST pulldown assays accord-
ing to our previously published protocols (8). To immunoprecipitate
FLAG-Af9 fusions without coimmnoprecipitating Af9-interacting part-
ners, immunoprecipitation was performed in a manner similar to coim-
munoprecipitation (8), except that whole lysates were made with the cell
lysis buffer containing 0.1% SDS, anti-FLAG M2 affinity gel was used, and
more stringent washing conditions with the cell lysis buffer were applied.
IB with various antibodies was performed as we described previously (8, 12,
37). Protein bands on IB or Coomassie-stained gels were quantified using
VersaDoc Model 4000 Imaging System (Bio-Rad).

ChIP, sequential ChIP, quantitative real-time PCR, and quantitative RT-PCR.
ChIP-coupled quantitative real-time PCR of DNA isolated in ChIP assays
or quantitative RT-PCR for mRNA expression were performed with SYBR
dye as we previously detailed (8, 12, 37). Briefly, chromatin was first
sonicated using a Sonifier Cell Disruptor 350 (3 x 10 s; duty cycle, 50%;
output control, 6; Branson) and immunoprecipitated with various anti-
bodies as indicated in the text or figure legends. Sequential ChIP assays
were conducted in a manner similar to that previously reported (38). In
brief, chromatin from FLAG-Af9-expressing mIMCD3 cells was first
immunoprecipitated with anti-FLAG antibody (8). Immunoprecipitated
protein-DNA complexes were then eluted with 10 mM DTT, diluted with
the cell lysis buffer 20 times, and subjected again to the ChIP procedure
with anti-Dotla antibody.

Animal experiments. All animal experiments were conducted according to
protocols reviewed and approved by the Institutional Animal Care and Use
Committee of the VA San Diego Healthcare System. Female Sgk1”* mice
(3 months of age; Sv129 genetic background) were placed for 10 days either
on normal-salt diet (0.44% Na*), low-salt diet (0.05% Na*), or high-salt
diet (normal-salt diet plus 0.9% NaCl in drinking water). Mice were then
euthanized by decapitation, and their kidneys were rapidly placed in lig-
uid nitrogen and stored at -80°C until use. Sgk1/~ mice were generated as
previously described (17) and backcrossed to a Sv129 genetic background
for 10 generations. Heterozygous offspring were mated to generate male
Sgkl/-and male SgkI*/*littermates, which were maintained on either a nor-
mal-salt or a low-salt diet as described above for 10 days, and at the age of
3 months, kidneys were harvested as described above.

Statistics. Pooled data are presented as mean + SEM for all figures. Unpaired
2-tailed Student’s ¢ test was performed, and significance was set at P < 0.0S.
All experiments were repeated at least 3 times, with each independent obser-

vation representing a different set of cell cultures or assays (8, 12).
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