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A-kinase anchoring proteins (AKAPs) localize protein kinase A (PKA) to discrete
microdomains in the cell, and act as scaffolds for the phosphorylation targets and
regulatory proteins of the PKA signaling pathway. Reduced phosphorylation of PKA
substrates and reduced anchoring of PKA by AKAPs has been observed in heart failure.
The upregulation of developmental genes is also characteristic of failing hearts.
Chromodomain helicase binding protein 8 (Chd8) is a chromatin remodeling protein that
is expressed at high levels in embryogenesis, and regulates transcription of apoptotic
genes in the context of large protein complexes. A screen for novel AKAPs in the human
heart identified Chd8 as a PKA-binding protein. Here we show that Chd8 contains an
AKAP domain in its amino terminus, and that phosphorylation of the PKA regulatory
subunit modulates anchoring of PKA by Chd8. We have also identified ChdS8 in nuclear

and perinuclear domains in three cell types. Chd8 was found to be expressed in high



levels in embryonic and post-natal heart, and bound to the p53-responsive P2 promoter of
the MDM2 gene. These results demonstrate a novel function for Chd8 as an AKAP and
characterize Chd8 in the context of cardiac development. We therefore conclude that
Chds8 is a novel AKAP and propose that ChdS8 plays a role in the regulation of MDM2, a

key regulator of p53.
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Chapter 1. Introduction

Human heart failure is an end-stage condition in which the myocardium fails to
generate the force required to circulate blood effectively throughout the body. Although
the insults that can cause cardiac damage are many, central to the process is impaired
signaling via cyclic adenomonophosphate (¢cAMP) and the protein kinase A (PKA)
signaling pathway (reviewed in !')). Our previous work has shown that perturbation of
PKA anchoring and substrate phosphorylation coincides with and contributes to the
progression from hypertrophy to heart failure (HF)."* > The disruption of PKA activity
has profound effects on the phosphorylation of PKA substrates, many of which are
critical for cardiac contractility, as well as for cardiac rhythm and electrophysiology. [ ®
9]

In addition to the disruption of PKA signaling, regression of myocyte gene
expression patterns to fetal gene profiles, including an early-stage compensatory isoform
switch between alpha and beta myosin heavy chain, has also been observed in HFE.['*%
The mechanisms behind the myosin heavy chain isoform switch in disease state are
complex, as both transcription factors and chromatin remodeling by means of reversible
epigenetic modifications, such as methylation of the histone subunit H3 at lysine 4
(H3K4), have been implicated.!” '*! Treatment of patients diagnosed with dilated
cardiomyopathy (DCM) with B blockers, which inhibit B-adrenergic receptors and,
subsequently, the PKA signaling pathway, reverses this isoform switch. ! Thus, cell
signaling and transcriptional regulation are intertwined in the complex pathology behind

HF.



Epigenetics encompasses changes in gene expression that occur without changes
to the nucleotide sequence itself. Gene regulation through epigenetics occurs in
physiological development and in pathology. Epigenetic regulation is carried out by
mechanisms that include DNA methylation, histone modification, and ATP-dependent
chromatin remodeling (reviewed in '), Enzymes characterized as ATP-dependent
chromatin remodelers contain a SNF2-ATPase domain, which utilizes the energy derived
from the phosphate bonds of ATP to drive physical changes to chromatin structure.!'”
Four families of ATP-dependent chromatin remodeling proteins have been identified
based on the characteristics of their ATPase: these families are SWI/SNF, ISWI, INO8O,
and Chd.!"*"!

A T7 phage display assay used by Dr. Mary Russell to identify novel PKA

%] jsolated multiple clones of chromodomain helicase binding protein 8

anchoring proteins
(Chd8), suggesting that Chd8 could also act as an AKAP. ChdS is a chromatin
remodeling protein that is part of the Chd family of ATP-dependent chromatin
remodelers. Given evidence for a nuclear pool of PKA", we hypothesized that Chd8 is a
novel nuclear AKAP. Since Chd8 has largely been studied as a nuclear protein and in the
context of development?' ], T investigated the localization and expression of Chd8
during cardiac development and in HeLa and MCF7 cells. Chromatin
immunoprecipitation assays showed that Chd8 binds to the P2 promoter of MDM2, a
vital member of the feedback loop that regulates p53. These data demonstrate a novel
localization of Chd8 not only to the nucleus but also to a discrete perinuclear pool. Our

results also identify a new link between PK A-dependent signaling and the proteins

responsible for chromatin remodeling in the cell.



1.1 The CHD family of chromatin remodeling proteins regulates gene expression.

Chromatin structure dictates accessibility of DNA to the transcriptional
machinery in the nucleus. The smallest unit of chromatin structure is the nucleosome,
which consists of 146 or 147 nucleotide base pairs wrapped around a core histone
octamer composed of 2 each of H2a, H2b, H3, and H4 subunits, and a linker histone
(H1).1* %) Nucleosomes can be removed or repositioned by mechanisms such as
“sliding” or “replacement” (reviewed in 271y to give access to elements such as
promoters for transcription. These dynamic changes are achieved by means of several
mechanisms, including DNA methylation, modification of histone subunits, or movement
of the nucleosome itself.**) Nucleosome movement is mediated by chromatin remodeling
enzymes such as chromodomain helicase binding (Chd) proteins, which use the energy
derived from ATP hydrolysis to drive chromatin remodeling.!*~"

Members of the Chd family regulate gene expression, transcription, and cell cycle
progression (reviewed in [29-31.32) "Chd proteins contain tandem chromodomains, the
function of which is to mediate interactions with methylated lysines on histone tails, such

[33, 34]

as H3K4, as well as with other proteins , and an ATP-dependent helicase domain

that utilizes ATP hydrolysis to alter DNA-protein structures such as chromatin.!*® !
Chd proteins are divided into subfamilies (I-III) based on common characteristics such as
DNA binding. Subfamily I consists of Chdl and Chd2, as well as the yeast proteins Hrp1
and Hrp3. Members of subfamily I contain a DNA binding motif in the carboxyl terminus

of the protein that binds to A/T rich double stranded DNA.*3'-3% Subfamily II consists

of Chd3 and Chd4, and, depending on the criteria used, sometimes Chd5.”® Instead of



the AT-rich DNA binding domain, members of subfamily II contain amino terminal dual
PHD (plant homology domains) domains: PHD domains are zinc binding domains
implicated in nuclear protein binding, but not direct DNA interaction.”’”! While individual
PHD domains can bind the nucleosome, the tandem PHD domains in Chd4 bivalently
associate with the histone H3 tails in the nucleosome and methlyation of those histone
tails at lysine 9 (H3K9) significantly increases binding compared to unmodified tails.
This binding was found to be required for Chd4-dependent repression of transcription.**!
Thus, the first two subfamilies of Chd proteins utilize both direct (DNA-binding) and
indirect (nucleosome-binding) methods of regulating gene expression.

The least well-defined subfamily of Chd proteins is subfamily III, which serves as
a “catch all” family in that the binding motifs are more diverse than the other two
subfamilies and not necessarily shared among all members of subfamily III. This
subfamily contains Chd5, Chd6, Chd7, ChdS, and Chd9/CReMM.%* The alternate
motifs include SANT domains (ChdS), BRK domains (Chd6-9), and direct DNA binding
domains (Chd6-9).*”) Chd7 is the best characterized of the five proteins; however, a

small but solid body of evidence has emerged to show that Chd8 acts as a critical

regulator of transcription and gene expression in cell growth, division, and apoptosis.

1.2 Chd8 was discovered as an inhibitor of transcription.

Chromodomain helicase binding protein 8 (Chd8) was originally identified as the
749 amino acid nuclear protein “duplin” (for axis duplication inhibitor), or, ChdS8-S,
[21-

named for the phenotype resulting from ectopic injection of embryos with the protein.

31 Kikuchi and colleagues (2000) found that the carboxyl terminus of Chd8-S bound to



B-catenin and prevented its ability to complex with Tcf4, a transcriptional coactivator of
B-catenin.*"! Nuclear localization of Chd8 by the nuclear translocation protein importin-a
was required for the suppression of B-catenin and the Wnt signaling pathway, and also
the suppression of Siamois, a gene regulated by the Wnt pathway.”? Kikuchi and
colleagues (2004) reported that knockdown of Chd8-S is embryonic lethal at embryonic
day 5.5 (E5.5), but that the transcriptional targets of -catenin were not increased in
knockdown embryos.* This finding suggested that, despite evidence that Chd8-S
regulates B-catenin dependent transcription, alternative functions of Chd8-S contribute to
development at this point in embryogenesis.

An alternative function emerged when ChdS8-S was identified as a novel inhibitor
of STATS3 (signal transducer and activator of transcription 3).1*” Both Wnt and STAT3-
dependent signaling are critical to organogenesis and development!*'**!, and both have
been implicated in heart failure!****). STAT3 is activated following induction of IL-6 in
response to injury and in a number of pathological conditions, including cancer,
inflammatory bowel disease, and multiple sclerosis.[* Upon initiation of the JAK/STAT
signaling cascade by a signaling transducer such as the LIF receptor, STAT3 is tyrosine-
phosphorylated and forms a dimer, which is then translocated to the nucleus where it can
bind DNA.P% Chd8-S was found to inhibit binding of STAT3 to DNA, but did not affect
STAT3 phosphorylation or nuclear import. PIAS3, an E3 ubiquitin ligase that regulates
STAT3, was also isolated as a novel binding partner of Chd8-S, although the role of this
interaction was not clear as PIAS3 was not responsible for sumoylation of ChdS8-S, and
sumoylation of Chd8-S had no effect on the ability of Chd8-S to regulate B-catenin.

Likewise, nuclear localization was required for inhibition of STAT3, but not for the



binding of Chd8-S and B-catenin binding. Instead, as deletion mutants did not identify a
discrete binding site, Kikuchi and colleagues (2006) suggested a structural requirement
for binding of STAT3 to the carboxyl terminus of Chd8-S.1*” Thus, the early work done
on Chd8-S indicates that Chd8-S inhibits transcription by binding to transcription factors
and inhibiting their ability to bind either transcriptional coactivators or the promoters of
target genes.

It has since become evident that alternate isoforms of Chd8 exist and serve as
important regulators of gene transcription and cell survival. (Figure 1.1) Two long
isoforms, Chd8-L1 and Chd8-L2 (2583 and 2302 amino acids, respectively), contain
transcription factor binding sites, nuclear localization signals, tandem chromodomains, an
ATP-dependent helicase, and a pair of BRK domains. In contrast, Chd8-S contains a
single chromodomain, as well as nuclear translocation signals and binding sites for
transcription factors. ChdS8-S is believed to arise from an alternate splicing event in which
the transcript reads through exon 9 and into a portion of intron 10, ending in a stop

[31-321 Chd8-L isoforms result from a donor splice site allows the transcriptional

codon.
machinery to proceed through that stop codon into exon 10.°*! Chd8-L1 and Chd8-L2
also arise from alternative start sites, which truncate the start of Chd8-L2 by more than

>1-32) Work by Nishiyama and colleages has implicated this portion of

200 amino acids.!
Chd8-L1 in p53 binding®*!. Although they restricted their study to the 2583 amino acid

product, the absence of this domain in Chd8-L2 suggests that two isoforms serve at least

partially independent functions. (Figure 1.1)



1aa 749 aa
Chds-s [ RIl |NLS B c1
18 2583 aa
Chds-L1 R« RIl [NLS B C1C2 | Helicase ‘ (g) BRK
1aa 2302 aa
Chd8-L2 RIl [NLS B C1C2 | Helicase ‘ < g) BRK

Figure 1.1 Three isoforms have been identified for Chd8. The first, Chd8-S arises
from transcription through the end of exon 9 into intron 10, where a stop codon resides"*>
. Chd8-S contains a single chromodomain (C1). Two longer isoforms contain the
tandem chromodomains (C1 and C2) and helicase domain that are characteristic to Chd
proteins. Chd8-L1 and Chd8-L2 arise from two different start sites for transcription™*,
with the Chd8-L1 transcript encoding an amino terminus extension that encompasses a
p53 binding domain'. All three isoforms contain a series of five bipartite nuclear
localization signals (NLS)? and a B-catenin binding domain ()" that is also
required for histone H1 binding"®® and STAT3*" binding. Chd8-L1 and Chd8-L2 also
contain a pair of BRK domains, which mediate chromatin interaction via the histones and
is required for interaction with CTCF®". All three isoforms contain the AKAP domain
(R) characterized in this study.

The first study to identify the full length Chd8 protein was conducted by Nakao and
colleagues (2005), who described Chd8 as a binding partner of CCCTC binding factor
(CTCF).P") CTCF is transcriptional regulator that features multiple zinc finger domains,
and has been implicated in gene regulation across the whole genome (reviewed in > ).
Called the “master weaver” of the genome, CTCF binds numerous and diverse sites in the

genome and is implicated in cell cycle regulation, apoptosis, X chromosome inactivation,

and gene regulation via mechanisms such as chromatin insulation.””! Chromatin



insulators such as CTCF act as boundary elements that prevent transcription of inactive
genes, particularly when those genes are found in close proximity to transcriptionally
active genes.[®” Chd8 was found to complex with CTCF, a chromatin insulator protein, at
the demethylated region of H19, a locus that controls expression of the beta globulin
gene, as well as from promoters of c-myc and BRCA1. Binding requires the BRK
domains at the carboxyl terminus of Chd8 and the zinc finger domains of CTCF.
Suppression of Chd8 by RNAi1 knockdown compromises the insulating function of CTCF
and alters the methylation pattern of these binding sites, although in these cells CTCF
still binds the target region. By means of immunofluorescence, Nakao and colleagues
observed small, punctuate co-staining of Chd8 and CTCF throughout the nucleoplasm, as
well as some staining in close proximity to the nucleolus and the periphery of the
nucleus. Chd8 was proposed to complex with CTCF and insulate chromatin via a

‘blocking’ mechanism, by which the complex occludes access to the enhancer.””

1.3 Chd8 can either repress or activate transcription of multiple genes.
Chd proteins contain tandem chromodomains, which bind histones, and a SNF2-

(3334 Some Chd proteins, such as

like helicase domain that binds to and hydrolyzes ATP.
Chd3 and Chd4, in subfamily II, bind DNA directly via AT-hook domains. Others, like
Chdl, associate with the machinery that drives transcription.®"! Chd subfamily III
proteins, like Chd8, do not contain a conserved domain that directly binds DNA;
however, Chd8 binds to both histones and components of the transcriptional machinery.

Chd8 has been shown to reposition, or “slide” nucleosomes in an ATP-dependent

manner. Incubation of nucleosomal DNA with Chd8 and ATP resulted in a major species



of centrally-positioned nucleosomes and a minor species of end-positioned nucleosomes,
activity similar to Chdl and Chd3.") This is the only experimental evidence of Chd8’s
role in structural chromatin remodeling.

A study by Washburn and colleagues (2007) found that Chd8, along with several
other chromatin remodeling factors, binds to the transcription factor Staf on the U6
promoter. Staf activates transcription by RNA polymerase II (Polll), or RNA polymerase
111 in the case of U6 promoters, from promoters containing distal sequence enhancers.'*?
Like CTCF, Staf contains multiple zinc finger motifs.'*! Washburn and colleagues also
found that Chd8 preferentially binds to di- or tri-methylated H3K4, and showed weak
affinity for di-methylated H3K9 and H3K36. Knockdown of Chd8 in a cell line
containing a U6 promoter reporter construct did not alter levels of Staf, but did
moderately decrease U6 transcription. Interestingly, knockdown of Chd8 resulted in
decrease of another gene, IRF3, which also utilizes Pol II. These data suggested that Staf
and Chd8 contribute to transcriptional activation at U6 promoters, possibly forming a
complex with other proteins that modify or remodel chromatin."”"

A study by Reyes and colleagues (2009) likewise demonstrated that Chd8 binds to
phosphorylated Polll, and is required for the transcription of CCNE2, the gene that
encodes Cyclin E2.°Y Chd8 was found to bind the promoters of CCNE2 and thymidylate
synthase, two genes expressed in the G1/S transition. Knockdown of Chd8 impaired
proliferation and rendered cells highly sensitive to drugs designed to inhibit Polll
phosphorylation, which occurs in the early stages of Polll transcription, and resulted in a

decrease in the number of cells that progressed to S phase. A reporter construct for the

CCNE2 demonstrated that Chd8 is required at the CCNE2 promoter for transcriptional
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activation to occur; however, ChIP analysis identified Chd8 at the promoter of this gene
throughout the cell cycle.” Given that Polll can also occupy the promoters of genes that
are not transcriptionally activel®, Reyes and colleagues suggested that other signals,
including transcription factors, histone modifications, or phosphorylation of Polll, may
influence the ability of Chd8 to regulate transcription.” Subsequent experiments
performed by Musgrove and colleagues (2009) in breast cancer cells found that, whereas
Chd8 expression levels do not change following treatment with estrogen, ChdS is
required for upregulation of CCNE2 under those conditions.'®”! Knockdown of Chd8
resulted in a decrease in CCNE2 transcription and cyclin E2 protein.!®” Likewise, Chd8
binds to and colocalizes with another nuclear hormone receptor, the androgen receptor, at
the androgen response element in the promoter of the gene TMPRSS2. Chd8 was
required for activation of TMPRSS?2 following cell treatment with synthetic androgen.!*®!

These studies suggest that, in contrast to the earliest studies, conditions exist in which

Chd8 may either inhibit or activate gene transcription.

1.4 Chd8 forms large protein complexes with proteins that govern transcription.
Beyond Polll, Chd8 forms a protein complex with several large proteins. (Table
1.1) Chds8 binds to another member of the Chd subfamily III, Chd7'*"). Mutations in Chd7
are responsible for a developmental disorder called CHARGE syndrome, which is
characterized by a spectrum of defects in multiple systems, including the heart'®* ®!. This
interaction is both direct and indirect: three of the four known missense mutations of
Chd7 are sufficient to disrupt interaction of Chd8 and Chd7 in yeast two-hybrid screens,

but are not sufficient to prevent coimmunoprecipitation of Chd7 with Chd8 in vivo. From
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these results, it was concluded that while Chd8 and Chd7 can interact directly in vitro, the
involvement of other factors likely mediates their interaction in vivo.[*”

Chd8 also complexes with a trio of large proteins that make up the WAR complex
(WDR5/Ash2L/RbBP5)1** ™ with the COREST chromatin modifying complex[ss], and
with the MLL1 complex, which interacts with Polll at the promoters of active genes™".
In conjunction with the WAR complex, Chd8 regulates expression of the HOXA?2
gene.!”” The HOX gene family encodes transcription factors that are tightly associated
with cell differentiation and development (reviewed in "). In a study by Bochar and
colleagues (2010), Chd8 was found to bind to the promoter of HOXA1 and HOXA4 in
uninduced cells; however, following activation of HOXA?2 with all-trans retinoic acid
(ATRA), Chd8 bound all four HOXA promoters, with the largest increase in Chd8 bound
to the HOXA2 promoter, in conjunction with the WAR complex.!”” Although Chd8 can
bind all three members of the WAR complex, knockdown of Chd8 results in the loss of
Ash2L from the promoter, indicating that Chd8 recruits the entire WAR complex to the
HOXAZ2 Promoter. However, whereas the WAR complex is typically associated with
transcriptional activation, knockdown of Chd8 resulted in an increase of HOXA?2
expression following treatment with ATRA, suggesting that Chd8 inhibits gene
transcription under these conditions. A decrease in H3K4 methylation at the HOXA?2
promoter was also observed following Chd8 knockdown.!””! Given the size and diversity
of Chd8 binding partners, it has been proposed that ChdS is part of the scaffold of several
large protein complexes, each with a different function based on its binding partners or

conditions within the cell.>* >



Protein Function of complex References

Suppress p53-dependent (53]
pS3, H1 signaling, anti-apoptotic effect

Suppress B-catenin dependent

transcription, suppress the Wnt 2123 3% 3¢
B-catenin, H1 signaling pathway

Insulation of inactive genes, (5]
CTCF methylation of H19 locus

Suppress STAT3-dependent

transcription, suppress the [40]
STATS3, PIAS3 JAK/STAT signaling pathway.
Importin a, all [22]
subtypes Nuclear translocation of Chd8

Nucleosome binding and [51, 54]
Histone 3 sliding,

Enhance transcription at Staf- |[51]
Staf responsive U6 promoters

Elongation of transcription at

RNA Pol II promoters like [51,54]
RNA polymerase II  |CCNE2

Suppress transcription of [66]
Androgen Receptor [TMPRSS2

Unknown, suspected link to  |[67]
Chd7 CHARGE syndrome

Regulation of HOXA genes,

methylation of HOXA [70]
WDRS5/Ash2L/RbBPS [promoter

Regulates Birc5 and smooth
Serum Response muscle myosin heavy chain, |°*!
Factor anti-apoptotic

12

Table 1.1 Experimentally defined binding partners of Chd8. Chd8 has been identified

in 900kDa complexes in the nuclear fraction™). Given the extensive list of binding
partners, it has been suggested that Chd8 forms several different complexes in the cell,

each with different function.>
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1.5 ChdS8 represses genes that promote apoptosis.

Chds8 binds promoters of genes that regulate apoptosis. In A10 vascular smooth
muscle cells, Chd8 binds to serum response factor (SRF)4, a transcription factor that
regulates a broad range of activities in smooth muscle cells.”? Loss of Chd8, SRF, or
CTCEF promotes apoptosis in cultured A10 cells. Following incubation with H,O,, which
mimics free radical elevation characteristic of muscle damage, Chd8 was found to bind to
the promoters of Birc5 and smooth muscle mysoin heavy chain, both anti-apoptotic,
smooth-muscle specific genes[sz]. Thus, Chd8 promotes survival in smooth muscle
myocytes; however, these findings do not define the mechanism through which Chd8 acts
at these promoters.

In a mechanism that has been defined, Chd8 negatively regulates both p537* and
B-catenin > °% by binding histone H1 and localizing to promoters of those genes. Loss of

23] and results

Chd8 in knockout studies is embryonic lethal at embryonic day 7.5 (E7.5)!
in increased p53-dependent apoptosis”>'. A mouse with double knockout of Chd8 and
p53 survives marginally longer (to E10.5) at which point embryos fail to form mesoderm
and exhibit massive hemorrhaging, characteristic of cardiovascular defects. When treated
with a DNA damaging agent, such as doxorubicin (DXR) or etoposide, cells
overexpressing Chd8-S exhibited higher survival rates than untransfected cells, whereas
suppression of Chd8 with siRNA increased apoptosis. Deletion of the region of Chd8 that
binds histone H1 abrogates this effect. Based on these findings, it was proposed that early

in embryogenesis, Chd8 binds to H1 and the promoters of p53-responsive genes. As

expression of Chd8 decreases during development, loss of Chd8 from the p53 response
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elements permits the activation of p53, leading to the directed apoptosis required for
developmental processes such as organogenesis. [*!

Bochar and colleagues (2008) re-examined the role of Chd8 and B-catenin and
showed that full-length Chd8 isoforms, in addition to Chd8-S, interact with B-catenin.
They identified Chd8 on the promoter of several B-catenin responsive genes, including
Axin2, and detected modest but consistent induction of B-catenin target genes following
knockdown of Chd8 with shRNA."¥ Like earlier studies of Chds, this suggested a
negative regulatory effect of Chd8 on these target genes. In a separate study, deletion of
the histone H1 binding site or depletion of histone H1 prevented Chd8-dependent
suppression of B-catenin transcription.’®’ A similar model, in which p-catenin-dependent
transcription is regulated by changing levels of Chd8 during development, was

proposed.>® Both models emphasize the importance of Chd8 as a scaffold for the protein

trimer: Chd8, histone H1, and either p53 or B-catenin.

1.6 AKAPs are protein scaffolds that confer specificity to PKA-dependent signaling.
The PKA signaling pathway is involved in cell motility, growth, differentiation,
and transcription.””*) The PKA holoenzyme is composed of two regulatory (R) subunits
and two catalytic (C) subunits. Multiple isoforms of these each subunit exist. R isoforms
come in two subtypes, type I (Rla, RIP) and type II (RIIo, RIIB), which are expressed
differentially both in development and in subcellular location.(reviewed in "*!) Typically

RI-containing holoenzyme is cytoplasmic, whereas RII-containing holoenzyme is

[75] [76]

localized to discrete subcellular domains''~ which include the Golgi and centrosomes' ™,

6,7]

the cytoskeleton'™ " and the nucleus!”™". Activation of G-protein coupled receptors
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elevates cAMP, two molecules of which cooperatively bind to each R subunit of PKA.
This induces a conformational change, which releases the C subunits for substrate
phosphorylation.””* Despite the broad range of target proteins available for
phosphorylation, activity of PKA is specific to the signal due to targeting of the kinase to
‘microdomains’ in the cell. I

This specificity is achieved through a special family of PKA targeting proteins
first identified nearly three decades ago, when microtubule-associated protein 2 (MAP-2)
was found to be a binding partner of PKA.*"* In an initial search for RII binding
proteins, protein extracts from brain and heart tissue were passed over columns
containing RII bound to 8-AHA-cAMP, a cAMP analog that exhibits binding preference
for the second cAMP binding site on RII. Interestingly, different RII binding proteins
were eluted in each tissue type, and those proteins bound RII with differing affinity.!*!
For example, RIIP extracted from brain bound preferentially to the RII binding protein
P75, while Rllo from heart preferentially bound MAP-2."*" As these RII binding proteins
were shown to be phosphorylated following activation of cAMP, it was proposed that the
RII binding proteins anchor PKA near its sites of cAMP-dependent activity.* *! These
findings marked the discovery of a novel class of PKA-binding proteins, known as
AKAPs. The AKAP family now encompasses more than seventy proteins with diverse
roles in cellular processes and development.

AKAPs bind the R subunits of the PKA holoenzyme by means of a conserved
amphipathic a-helix, typically 14 to 18 amino acids in length.”® There is notable

sequence variation among individual AKAP proteins. Whereas sequence analysis and

serial point mutations have demonstrated that sequence variation dictates the binding
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affinity (KD) of these domains for R, the secondary structure of the amphipathic a-helix
is key to AKAP-R binding. This requirement for hydrophobicity within the secondary
structure of the AKAP domain permits high affinity binding between the R subunit and
sequentially diverse AKAPs.*” A loose consensus motif
(X[L,LVIXX[L,LV][L,LVIXX[L,LV][L,VIXX[A,S][L,LV], where X is any amino
acid) for the AKAP domain has been proposed'®®!; however, introduction of Proline (Pro)
into the a-helix disrupts the helix and eliminates binding, indicating the importance of

[86. %) Despite the proposed consensus motif,

secondary structure in R: AKAP interaction.
‘nonconventional” R binding proteins such as pericentrin have been described that are not
predicted to contain the hallmark secondary structure, but instead anchor R in a manner
dependent on hydrophobic residues in the putative R binding site.!””’

Each R subunit of PKA is composed of an N terminal dimerization/docking (D/D)
domain, a PKAI “inhibitor domain’ that recognizes the catalytic subunit, and two
cooperative cAMP binding sites at the carboxy terminus of the protein.””’ The amino
terminus of RIla and RIIB share 65% identity, and for both isoforms, this portion of the
protein is highly conserved across species.!”” Dimerization of R subunits via the D/D
domain is required for AKAP interaction.”***! The D/D domain of each subunit contains
two a-helices, helix I and helix II. The helices of one subunit interact with those on the
second in an antiparallel orientation, forming an x-type, four-helix bundle, with a
symmetrical surface.”"-*" (Figure 1.2) The aromatic side chains of Phe and Tyr residues
stack in the center of the interface between the two helices, which is further stabilized by

conserved Pro pairs at positions 6 and 7 (helix I) and 25 and 26 (helix II). The

hydrophobic sidechains of the AKAP binding helix fit into the groove created on the
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surface of the RII dimer.”"! The RII binding domain of the AKAP associates with the
flexible, amino terminus of one RII protomer (R’). Three residues form a hydrophobic
cluster that is required for contact between the RIlo dimer and the AKAP. Ile3 and Ile5
are recruited from the N terminal extension of R’, while Leu21 R’, part of the stable
interface, is also necessary. Point mutations of [le3R’ and Ile5R’ to Pro abrogate AKAP
binding, despite the fact that these mutations do not interfere with formation of the RII
dimer.”"** Analysis by NMR reveals that critical contact points are formed between
these residues and the AKAP domain.®”! Thus, the association of the AKAP o-helix with
the RII D/D domain induces tight binding between the two proteins.[*” 714!

Although AKAPs were initially thought to only anchor the PKA type II
holoenzyme, AKAPs with dual-binding capability or Rla subunit preference have been
described. Like RII, Rla contains a D/D domain, a PKAI domain, and two downstream
cAMP binding sites. AKAP interaction with the type I holoenzyme likewise requires an
RI dimer. Unlike RII, which features a small, flexible N terminal extension on each
protomer, the Rla N terminus is extended and forms an a-helix-like structure with a
number of charged amino acids that contribute, through steric and electrostatic
interactions, to interaction with AKAPs.”! A cysteine residue (Cys16) within the
extended N terminus of one R subunit forms a disulfide bond with Cys37 in Helix I of the
D/D domain on the second protomer, orienting the Rla protomers in an antiparallel

[93.96] These are not required for dimerization, but lend stability to the dimer, orient

dimer.
the subunits in an antiparallel configuaration, and are required for high affinity binding of
Rla to D-AKAP1.P> % Loss of Cys37, in conjunction with mutation of Phe47 or Phe52

to a non-aromatic residue, abolishes dimerization, indicating that the aromatic sidechain
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Figure 1.2 Secondary structure is required for canonical PKA:AKAP binding. A
three-dimensional structure of the RIla dimer interacting with AKAP-in silico (AKAP-
IS, red), a peptide designed for optimal binding to RIla subunits, shows the orientation of
the AKAP domain in relation to the binding pocket formed by the Rlla dimer. In a study
conducted by Gold et al (2006), X-ray crystallography produced high resolution detail of
the structure of the RIla subunit dimer interacting with an AKAP domain. Pictured are
the amino termini of two RIla subunits, one in blue and one in green. Each tail has two a-
helices, which come together to form a structure known as a four-helix, x-type bundle.
This creates a binding pocket into which the AKAP domain fits. The RIla binding pocket
is lined with hydrophobic residues, which interact with the hydrophobic face of the
AKAP amphipathic a-helix.”*

plays a role in Rla subunit interaction.'”® *" RIp is structurally similar to Rl and two
AKAPs have been reported to bind this isoform, AKAP149°% and BIG2[99]; however, the
role of AKAPs in anchoring RIf subunits is not well characterized.

The existence of multiple AKAPs within the same subcellular compartments suggests
that these AKAPs bind PKA with varying affinities, thus enabling localization of PKA to

different scaffolding complexes under different conditions. The affinities for AKAP:RII
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binding vary between 2nM to 120nM, likely a reflection of sequence variation from the
putative consensus sequence.!'””! (Table 1.2) The peptide Ht31, derived from the RII
binding domain of AKAP-Lbec, is typically used to bind RII and disrupt RII: AKAP
interaction.’®™ Herberg ef al (2000) utilized traditional GST pulldown assays and surface
plasmon resonance (SPR) to quantify binding affinity between R isoforms and four
different AKAP domains: Ht31, S-AKAP84/D-AKAP-1, a “dual AKAP” known to bind
RI and RII, AKAP79, which binds RIla and RII, and AKAP95, a nuclear AKAP known
to bind strongly to RIIa.["®! The Ht31 peptide binds RIla with extremely high affinity
(Kp=2-10nM), but binds Rla less well (Kp=1277nM).1** %] The AKAP-in silico
(AKAP-IS) peptide was generated by analysis of the preferred residues within the RII
binding domains of five AKAPs known to bind RIla with high affinity. The resulting
peptide (AMAQIEYLAKQIVDNAIQQAKA) binds RII with higher affinity than any
known AKAP (Kp=0.045+0.03 nM), though its affinity for Rla is still markedly
decreased in comparison (Kp=227+56 nM), as measured by SPR.!""! In contrast, RI
anchoring disruptor (RIAD), a peptide generated as the optimal Rla binding sequence
(LEQYANQLADQIIKEATE), binds Rla with high affinity (Kp=1.0+£0.2 nM), but binds
Rlla with a lower affinity (Kp=1760+£290 nM).!'*"- 102

Variations in binding affinity between R subunits and AKAPs suggest a dynamic
mechanism by which PKA is localized to microdomains at a subcellular level. (Figure
1.3) For example, AKAP450 localizes Rlla to the centrosome in the quiescent cell;
however, as the cell enters mitosis, Rlla is phosphorylated by cyclin B-p34cdc2 kinase
(CDKI) at Thr54. This dissociates the R subunit from AKAP450 and leads to a

[104

redistribution of R to the cytoplasm and to chromatin.!'®* It was also shown that CDK -
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Sequence Rlla Ky Rla Kp Reference
AKAP-in 0.045+0.03
silico AMAQIEYLAKQIVDNAIQQAKA[nM 227456 nM |1

1760290

RIAD LEQYANQLADQIIKEATE nM 1.0£02nM 101102
Ht31 LIEEAASRIVDAVIEQVK 2-10 nM 1-1.2 uM [4.103]
AKAP79 |LLIETASSLVKNAIQLSI 1.5nM >> |nM [103]
mAKAP  |[IIDMASTALKSKSQ 11948 nM  |not measured |
AKAP95 |[TPEEVAAEVLAEVITAAV 5.9 nM - [103]
DAKAP-1 |QIKQAAFQLISQVILEAT 0.5 nM 185 nM (103]

Table 1.2 AKAPs vary in both sequence and binding affinity for R subunits.

dependent phosphorylation of RIla at Thr54 increases binding affinity for AKAP95, and
that localization of RIla to the chromatin is required for proper chromatin remodeling
during mitosis.'®”! While the cited studies did not determine if the RIla in question was
bound to the catalytic subunit at either stage, this mechanism was proposed to permit
dynamic regulation of the subcellular localization of PKA between microdomains.
Autophosphorylation of RIla at Ser96 has likewise been shown to increase affinity of
RIlo for AKAP15/18, an AKAP that localizes PKA to the ryanodine receptor in cardiac
myocytes.'®! Thus, the phosphorylation state of RIla at different residues, and
phosphorylation by different kinases, appears to further fine-tune the anchoring of PKA
under different conditions. Given the range of sequence variation within AKAP domains,

these phosphorylation events may have varying consequences from AKAP to AKAP.
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Figure 1.3 AKAPs localize to many subcellular organelles and locations. Some
AKAPs, such as WAVE] and Yotiao, localize to several distinct compartments. In other
instances, several different AKAPs to localize to the same discrete area of the cell.

1.7 Nuclear AKAPs and the regulation of gene expression.

AKAPs localize to multiple cellular compartments, including the cell membrane,
cytoskeleton, and organelles such as Golgi apparatus and mitochondria (Figure 1.3);
however, the number of AKAPs present in the nucleus is relatively small. A longstanding
canonical model of PKA signaling holds that cAMP regulates transcription through the

activation of the C subunits, which then translocate into the nucleus and phosphorylate
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target proteins!'°); however, a number of studies have reported nuclear R subunits.

[107]

Nuclear R was identified in early immunogold labeling experiments' ™" and in certain

[108

cell lines.!'” RI was observed in the nucleus of Xenopus oocytes.l”®! R may also have a

179107109110} g1 example, RIIP

nuclear function independent of the C subuni
translocates into the nucleus of neurons following chronic ethanol exposure.!''" RIIp is
highly homologous with the E. coli catabolite activator protein, which binds DNA and
regulates cAMP-dependent gene expression, and RIIf binds CRE following cAMP
stimulation.[’"

Evidence has emerged that a nuclear pool of PKAPZ* 8110712131 54 c AMP
exists and is governed by soluble adenylyl cyclases.?* ''* '] Of particular interest is
recent work by Zhang and colleages (2011) that used live cell c(AMP imaging in
conjunction with modeling to determine the kinetics of PKA activation in the nucleus.*”’
They reported a previously uncharacterized nuclear microdomain of PKA that permitted
rapid activation kinetics of PKA in the nucleus following activation of soluble adenylyl
cyclase (sAC). Introduction of a hypothetical nuclear AKAP into their kinetic models
likewise implicated the importance of PKA anchoring in the nucleus, although no
specific AKAP was manipulated experimentally.”” Nonetheless, a nuclear pool of PKA
distribution permits rapid and effective signal transduction in the nuclear compartment,
and highlights the importance of nuclear AKAPs.

Several AKAPs have been identified that are critical to nuclear function. To date,
AKAPOS5 has been best studied, and PKA anchoring to AKAP95 is required for proper

chromatin condensation during mitosis.!”” ' 1% "I Nyclear AKAP95 binds Rllo to

regulate chromatin remodeling during mitosis. Interestingly, in a study by Yang et al
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(2006), loss of nuclear AKAP95, which is highly expressed in cardiac tissue, resulted in a
viable mouse with no observed phenotype.!''” This is surprising given the critical role of

(7. 103, HE-18] This suggests other nuclear

RIla in chromatin condensation during mitosis.
proteins also localize RIla for this important process. Of the nuclear AKAPs that have
been identified, several are expressed in specific developmental stages. Other AKAPs,
such as AKAP77* and nAKAP150"", localize to the nucleus during development,
whereas the splicing factor SFRS17A is a dual-specific AKAP that regulates pre-mRNA
splicing.®™ Thus, it is possible that nuclear AKAPs localize PKA under a specific set of
conditions or in specific cell types in which RII has access to the nuclear compartment,
and serve other functions when they do not. This supposition is consistent with the idea

that members of the AKAP family are only linked by the PKA binding domain, and

participate in a surprisingly diverse array of functions beyond anchoring PKA.

1.8 Alteration of AKAP expression and protein binding is associated with
pathological processes such as heart failure.

Changes in phosphorylation of PKA substrates, and of PKA itself, have been
observed in HF. PKA phosphorylation of troponin-I is decreased in dilated
cardiomyopathy'®. Phosphorylation of cardiac myosin-binding protein C is also
decreased in HF."'"”) PKA autophosphorylation at Ser96 of the RIla subunit increases
binding affinity to AKAPs expressed in the heart (nAKAP, AKAP-Lbc, and
AKAP15/18).1%%# RII autophosphorylation is diminished in HF, suggesting decreased

targeting of PKA via AKAPs in the failing heart.!* ¥
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Earlier work from our lab demonstrated that stimulation of CHO cells with cAMP
and forskolin increased binding affinity between AKAPs and RIL™ A subsequent study
conducted from our lab attempted to define the mechanism by which
autophosphorylation regulates anchored PKA."*! Isolated rat neonatal cardiomyocytes
(NCMs) were infected with adenovirus carrying RIla, or RIla constructs in which the
Ser96 residue was mutated to aspartate (RIIa-SD to mimic the phosphorylated state) or
alanine (RIIa-SA to mimic the dephosphorylated state). After stimulation of these NCM
cultures with forskolin, phosphorylation of the unmutated RIla construct was detected
using Rlla phosphorylation site antibodies. In contrast, no phosphorylation of the RIla-
SA or RIla-SD constructs was observed. Addition of IBMX with the forskolin, which
produces a prolonged increase in cAMP and a prolonged activation of PKA, exposes the
phosphorylated Ser96 to nearby phosphatases. Thus, treatment with forskolin and IBMX
was found to decrease of phosphorylation of RIla at Ser96. The RIla-SD construct bound
with higher affinity to AKAP15/18, while coommunoprecipitation of AKAP15/18 with
RIla-SA was significantly reduced compared to wild type (RIIo))."™ This alteration in
affinity has functional consequences, as PKA target phosphorylation and calcium
handling was enhanced in cells expression RIla-SD. Taken together, these data
demonstrate that RIla is phosphorylated at Ser96 at a basal level, and that
autophosphorylation of RIla at Ser96 enhances PKA targeting and phosphorylation.

From this work, a model was proposed for AKAP anchoring of active and
inactive PKA holoenzyme. (Figure 1.4) In its inactive state, basal phosphorylation of
RIla promotes anchoring of the intact holoenzyme to AKAP. (Figure 1.4A) With an

increase of cAMP, cAMP molecules bind cooperatively to each subunit of the RIla
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Figure 1.4 AKAPs act as scaffolding proteins for the targets and regulation of PKA.
A) PKA bound to an AKAP in its inactive state. The RIla subunits (RII) form a dimer
which associates with the AKAP domain helix. The Rllo dimer is phosphorylated in its
inhibitory domain, and bound to two catalytic (C) subunits, rendering them inactive. B)
PKA in its active state. As cAMP levels rise, two cAMP molecules bind cooperatively to
each RII subunit. This induces a conformational change that mediates the release of the C
subunits, permitting the C subunits to phosphorylate the targets anchored in close
proximity to the enzyme. C) In the first intermediate stage between the active and
inactive forms of PKA, phosphodiesterases (PDE) convert cAMP to AMP, which are
released from the R subunits. At the same time, phosphatases (PP) dephosphorylate the R
subunits, decreasing their affinity for the AKAP. D) The catalytic subunits bind to and
phosphorylate the RIla subunit dimer, thus increasing the affinity of RIla for the AKAP.
This renders the holoenzyme inactive. (Figure adapted from [8])
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dimer, promoting activation of catalytic subunits, which phosphorylate nearby target
proteins. (Figure 1.4B) The activation or dissociation of the catalytic subunits from the R
dimer exposes phosphorylated Ser96 and renders it accessible to nearby protein
phosphatases. Phosphodiesterases mediate conversion of cAMP to AMP, while the
protein phosphatases dephosphorylate the RIla dimer, leading to release of RIla from the
AKAP. (Figure 1.4C) With the resultant attenuation of the PKA signaling pathway, the
catalytic subunits return to the RIla dimer and phosphorylate it. This leads to re-
association with the AKAP.™ (Figure 1.4D)

These and other studies show that PKA substrate phosphorylation is decreased in
HF**# and, indeed, AKAPs have been proposed as therapeutic targets for cardiac

[120] The importance of normal PKA signaling in failing heart is also linked to

diseases
transcription, since treatment of patients with B-blockers reverses the fetal gene switch
between a-myosin heavy chain and B-myosin heavy chain'® "> 21, Taken together, the

scaffolds formed by AKAPs represent a powerful mechanism for mediating PKA

signaling in the cell, with serious implications for the development of cardiac disease.

1.9 Aims and Hypotheses.

In this dissertation, I have characterized an AKAP domain in the amino terminus of
Chd8 and identified a novel subcellular distribution of ChdS in three cell types. I have
also identified Chd8 as a regulator of MDM2 by means of binding to the P2 promoter of
the MDM2 gene, and shown that treatment of NCMs with the DNA-damaging agent
DXR leads to loss of Chd8 from the P2 promoter and results in a decrease of MDM?2

protein.
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In Aim I, bioinformatics analysis of the Chd8 protein sequence identified an
AKAP domain in the amino terminus of Chd8. Several bioinformatics-based
approaches, including sequence alignment and the generation of predicted
models, were used to identify the AKAP domain of Chd8. These results are

described in Chapter III.

In Aim I, protein binding assays were used to demonstrate interaction
between Chd8 and Rlla in vitro and within intact cells, and
immunocytochemistry was used to characterize subcellular distribution of
Chd8 and RII. Based on the bioinformatics data obtained in Chapter III, we
hypothesized that Chd8 binds Rlla and that autophosphorylation of PKA at Ser96
is required for anchoring of PKA by Chd8. RII overlay, co-immunoprecipitation,
and pulldown assays were used to characterize the AKAP domain of ChdS8. These

results are described in Chapter I'V.

In Aim III, we measured expression of Chd8 in cardiac development and
disease and identified a promoter target for Chd8 in cells isolated from post-
natal cardiac tissue. Based on previous work that showed Chd8 expression early
in development, we hypothesized that Chd8 is upregulated in cardiac
development and in heart failure. Tagman quantitative PCR and Western blotting

were used to measure changes in Chd8 mRNA and protein in developing, normal,



28

and failing hearts. Chromatin immunoprecipitation was used to identify a novel

promoter target of Chd8. These findings are described in Chapter V.

This body of work provides evidence of a novel interaction between the
chromatin remodeling protein Chd8 and PKA, and demonstrates the binding of Chd8
to the P2 promoter of MDM2 in neonatal cardiomyocytes (NCMs). As Chd8 has been
linked to a range of binding partners and transcriptional processes (Figure 1.5), the

implications of these discoveries are discussed in Chapter V1.
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Figure 1.5 Chd8 participates in multiple processes critical to transcription,
signaling, and cell-survival. A schematic of the genes and processes regulated by
Chds8. The role of Chd8 as a scaffold for cAMP/PKA anchoring (bold, italics) is
described in Chapters III and IV. The role of Chd8 in the regulation of MDM2 (bold,
italics) is described in Chapter V. Abbreviations: H3K4 di-/tri-M = dimethylated or
trimethylated Histone H3 Lysine 4; CCNE2 = Cyclin E2 gene; WAR complex =
WDRS5/Ash2L/RbBPS.
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Chapter I1: Methods

Antibodies and reagents.

Commercial Chd8 antibodies were obtained from Bethyl Laboratories and used
for Western blot and immunoprecipitation (A301-224A, labeled in figures as ChdS8-
Bethyl), and immunocytochemistry (IHC-00246). Anti-myc-epitope (CST #9402), RIlo/p
(Upstate #06-411), Histone H1 (Upstate #05-475), MDM2 (sc-965), p53 (CST #9282S),
and anti-Golgi apparatus (Calbiochem #NB37) antibodies were used for Western blot
analysis of immunoprecipitates or immunocytochemistry, as described.(Table 2.1)
GAPDH antibody from Ambion (AM4300) was used to normalize loading of total
protein. Chd8 antibody 67 was the kind gift of Dr. Daniel Bochar, who validated the use
of that antibody for ChIP. Chd8 antibody Sigma (Chd8-Sigma) was a custom antibody
raised against ELPKESTAPAPESLC on the amino terminus of Chd8. Recombinant
mouse RIla expression vector RII-pET11d was provided by Dr. John Scott. Purification
of Rlla was carried out by Russ Desnoyer, and verified through Coomassie blue staining
and Western blot analysis. Briefly, following induction of Rlla expression and harvest of
bacterial lysate, lysate was subject to incubation with cAMP-conjugated agarose and

eluted with 50mM cAMP.

Phage display screening.
Phage display screening was performed by Dr. Mary Russell (Kent State
University, Trumbull campus) using a human heart cDNA library as described.'® Briefly,

a 96-well dish was coated with recombinant RIla purified from E. coli expressing Rlla-
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Antibody Product Concentration Application Dilution
Chd8 (67) N/A 0.6 ug/uL ChIP 1:100
Western Blotting 1:2000
Chd8 (Bethyl) |[A301-224A 1 ug/uL ChIP 1100
Chd8 (Sigma) [N/A 1.4 ug/ulL Western Blotting 1:1000
GAPDH Ambion AM4300 (4.0 ug/uL Western Blotting 1:10000
Histone H1  |[Upstate 05-475 1.0 ug/ulL ChIP 1:100
MDM?2 SC-965 0.2 ug/ulL Western Blotting 1:250
Myc epitope |CST-2276S 1.0 ug/ulL Western Blotting 1:2000
pS53 CST-9282S 1.0 ug/ulL Western Blotting 1:1000
Rlla BD 612242 4.0 ug/ul Western Blotting 1:1000
RIlo/B Upstate 06-411 1.0 ug/uL Western Blotting 1:1000
RIIP BD 610625 4.0 ug/ul Western Blotting 1:500

Table 2.1 Concentrations of antibodies used in Western blotting and chromatin
immunoprecipitation.

pET11d, as described. 10° clones from a T7-select Phage Display Library (EMD 70640)
specific for human heart cDNA were screened. Phage-specific primers were then used for
PCR amplification of RII binding peptides, which were sequenced (DNA Sequencing
Core Facility, Lerner Research Institute, Cleveland Clinic) and analyzed with Lasergene
software (DNASTAR) and BLAST programs (NCBI, National Institutes of Health).
Three clones were isolated and identified, both by nucleotide (BLASTn) and translated

sequence (BLASTp), as Chds.

Cell culture.
Primary neonatal cardiomyocytes (NCM) were harvested and cultured as
described.!® CHO cells were cultured in Ham’s F12 media with 10% FBS. HeLa cells

were cultured in DMEM media with high glucose (4.0mg/mL) with 10% FBS. MCF-7
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cells were cultured in DMEM with 10% FBS and 1% Pen-strep. All transfections were
carried out with Lipofectamine-2000 (Invitrogen). For metaphase capture, HeLa cells
were seeded at a density of 30-40%. Briefly, cultures were subject to incubation with
thymidine (2.5mM) for 24 hours, released for 9 hours, and then incubated again with
thymidine (2.5mM for 18 hours). Cells were washed once with PBS and then incubated
with nocodazole (0.5pg/ul)) for 12 hours). Cell viability was verified by Trypan Blue
staining. Cells were lysed with MPER and protease inhibitor cocktail (Sigma P8340), and

the lysate used for subsequent immunoprecipitation and Western blotting analysis.

Western blotting analysis.

For protein extraction of transfected cells, cells were lysed 48 hours after
transfection with M-PER Mammalian Protein Extraction Reagent (Pierce P8340) with
100x protease inhibitor cocktail (Sigma), and spun at 4°C for 10 minutes at 10,000xg.
NCM were cultured in DMEM-F12 medium supplemented with 5% horse serum, 1%
inulin-transferrin-selenium, and 0.04% BSA. NCMs were harvested for protein extraction
in a buffer containing M-PER, 40mM EDTA, 300mM NacCl, and 1X protease inhibitors
(Sigma) four days after isolation, and spun at 4°C for 10 minutes at 10,000xg, except
where otherwise noted. Human heart tissue was pulverized using a mortar, pestle, and
liquid nitrogen, and then lysed in a buffer containing M-PER, 40mM EDTA, 300mM
NaCl, and 1X protease inhibitors (Sigma), as described®™, and spun at 4°C for 10
minutes at 1000xg. Mouse heart tissue was pulverized in a bullet blender and protein

extracted with the same buffer and protocol as described for human heart. Micro-BCA
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assay (Pierce) was used to determine protein concentration. Western blots used 50 pg of
total protein per lane, except where noted.

Lysate was boiled with 4x SDS loading buffer (with B-mercaptoethanol or DTT),
separated by SDS-PAGE, and transferred to PVDF. The blot was blocked with 5%
milk/PBS or TBS-Tween solution. Blots were incubated with SuperSignal West Pico
Chemiluminescent Substrate (Pierce 32106), and positive bands detected by
chemiluminescence with film. Primary antibodies were used at dilutions noted (Table

2.1), and HRP-conjugated secondary antibodies were used at a concentration of 1:10,000.

RII overlay

PCR primers were used to generate cDNA encoding the duplin binding site
(termed Chd8-RII). Forward (5’-GGCCAAAACCCAGGACA-3’) and reverse (5°-
TAGCTTACTCTTGCCCTTTGTTTT-3") primers were designed against rat Chd8-S, and
rat Chd8-S was used as the PCR template for this reaction. This PCR product was cloned
into the pTrcHis2/TOPO vector (Invitrogen K4400-01). Colonies were selected based on
ampicillin resistance and sequenced by the Genomics Core Facility. Bacteria were grown
to an OD600 value of 0.6, and IPTG was added to induce expression. A control vector
encoding myc-tagged LacZ was also transformed and used to verify expression. For
protein harvest, cell aliquots were spun at 10,000xg for 10 minutes at 4°C, and then lysed
directly in 100 microliters of Laemlli loading buffer containing 3-mercaptoethanol.
Samples were taken hourly, prepared with 1x Laemlli loading buffer, separated by
electrophoresis and transferred to PVDF, which was immunoblotted with myc antibody

to determine expression. For all lanes, 10 pl of total pellet volume was used.
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For RII overlays, SmL of culture from hour 3 was collected, centrifuged at
10,000xg at 4°C for 10 minutes, and lysed in 100 microliters of 1x SDS loading buffer.
Bacterial lysate separated on a 12% Tris-HCI gel and transferred to PVDF. The control
His-tagged LacZ protein served as a negative control. Purified recombinant RII (5pg/ml
in 10% BSA/TBS), was incubated alone, with 50uM Ht31 or Ht31P peptides (generated
by Biopolymer Core, UMB). After blocking for 1 hour, blots were incubated overnight at
4°C with the RII solutions. Each blot was washed thoroughly and developed using

antibody against RIlo/p (Upstate).

Co-immunoprecipitation and pulldown assays.

Immunoprecipitation (IP) of tagged protein constructs was conducted with the
myc-tag co-immunoprecipitation kit (Pierce 23620). This kit provides a GST-myc
construct encoding LacZ protein (140kDa) as a control. IPs were conducted with 500ug
of protein extracted from whole cell lysate. Forty-eight hours post-transfection, cells were
harvested and protein lysates prepared as described. For RIla and Chd8-S or Chd8-S-P
cotransfections, beads were incubated with samples for 2 hours at 4°C. For samples in
which Chd8-S was cotransfected into CHO cells expressing Rlla, RIIa-SA, or RIla-SD,
beads were incubated with samples overnight at 4°C.

For pulldown of endogenous proteins, HEK cells were grown to 80% confluence
and then harvested with MPER lysis buffer, incubated on ice for 10 minutes, and
centrifuged for 10 minutes at 10000g 4°C. Total protein was measured using micro-BCA.
For each condition, 500ug of total cell protein was used. Agarose beads coupled to

cAMP (Sigma) were reconstituted for four hours at room temperature in 1.5% BSA/TBS,
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then thoroughly washed in ice cold lysis buffer and resuspended to 50% weight/volume.
As a negative control, beads were added to cell lysate along with 50mM of 8-Br-cAMP
(Sigma). Beads were incubated with samples overnight at 4°C and washed four times
with ice cold wash buffer (TBS, 200mM EDTA, and 1X protease inhibitor cocktail).
Beads were boiled in 1X LDS sample buffer with DTT (Sigma) for 5 minutes at 100°C,
cooled for 4 minutes at room temperature, and then pulsed for 3-5 seconds in a tabletop
microcentrifuge at maximum speed at room temperature. Lysate was divided, 50% of
total pulldown volume to each lane, for SDS-PAGE and Western blotting analysis as

described.

Site-directed mutagenesis.

The QuikChange Lightning Site-Directed Mutagenesis Kit (Stratagene 200516)
was used to introduce point mutations at the isoleucines according to the manufacturer’s
instructions. Two primer sets were used, the first for Chd8*"-P1 (5°-
GCAAATCGGCCTGTGGCAGAGGCCATTGCTAGGG-3’, Forward, and 5°-
CCCTAGCAATGGCCTCTGCCACAGGCCGATTTGC-3’, Reverse, mutated base pairs
in bold) and the second for Chd8*"-P2 (5°-
TGTGGCAGAGGCCCCTGCTAGGGCCCG-3’, Forward, and 5°-

CGGGCCCTAGCAGGGGCCTCTGCCACA-3’, Reverse, mutated base pairs in bold).

Immunostaining and inverted fluorescent microscopy.
Cells were grown on glass coverslips and fixed with 4% paraformaldehyde in

PBS for 10 minutes at room temperature, then permeabilized with 0.1% Triton X/PBS for
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10 minutes. Cells were blocked with 3% BSA/PBS, and then incubated with primary
antibody at the dilutions (ug/pL) indicated in Table 2.2. Cells were washed for 1 hour
with 1% BSA/PBS, incubated with Alexafluor-conjugated antibodies (Invitrogen) as
indicated in the figure legend at 1:500, and washed again. Coverslips were mounted and
nuclei were stained using Vectashield mounting medium with DAPI (Vector
Laboratories). All antibody incubations occurred for 1 hour at room temperature, except
for myc, which occurred at 4°C overnight. Immunostaining was visualized with a Nikon
TE2000-U inverted fluorescent microscope (Nikon Instruments) and images were
obtained with a Spot digital camera (Diagnostic Instruments, Inc.) with Spot Advanced
4.0.2 software. For inverted fluorescence, the following objectives were used: 60X,
0.7NA, air, resolution = 0.45 microns for 488-conjugated antibodies, resolution = 0.51
microns for 568-conjugated antibodies; 40X, 0.6NA, air, resolution = 0.52 microns for
488-conjugated antibodies, resolution = 0.60 microns for 568-conjugated antibodies.

A Zeiss SLive slit scanning confocal microscope was used to image X cells that
were colabeled with antibodies for Golgi apparatus and Chd8. Imaging was performed
with a63X, 1.4NA oil immersion objective, and data acquisition was set at .21 um/pixel,
12 bit. Resolution was calculated to be 0.25 microns for 568-conjugated antibodies and
0.23 microns for 488-conjugated antibodies. The fluorophore to detect Golgi signal was
excited at 561nm and emission was long pass filtered at 575nm. Excitation of ChdS8
signal was at 489nm and emission was bandpass filtered at 495-555nm. Data was
collected through ImageJ Imaging Processing and Analysis Program available from NIH

(http://rsbweb.nih.gov/ij/index.html).
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Tagman quantitative PCR and analysis.

Rat hearts were harvested for RNA extraction with the Quick Prep Total RNA
Extraction kit (GE Life Sciences) at embryonic day (E) 16, 19, and post natal (PN) days
1, 3, 7, and six months. RNA was converted into cDNA with the iScript kit (Bio-Rad).
Twenty ng of cDNA was used per assay. Taqgman probes for Chd8 (Rn00576005 m1,
designated Probe 1, and Rn01414467 m1, designated Probe 2), RIlo. (Rn00709403 ml),
and GAPDH (Rn 99999916 s1) were obtained from Applied Biosystems, and used in
conjunction with Master Mix (Applied Biosystems) for PCR amplification with a
7900HT Thermocycler (Applied Biosystems), as described.l”! Each sample was assayed
in triplicate, and the average of the three values was normalized to GAPDH (internal
reference). Relative quantitation of mRNA was calculated using comparative Ct method,
as described elsewhere[m], with E16 set to “1.”

Calculations for Tagman qPCR with NCMs in culture were carried out with the
comparative Ct method using three separate cell preparations. The calculations were
based on the Ct (cycle threshold) as calculated by the 7900Ht Thermocycler software.
GAPDH was used as the reference gene for all assays. Error bars represent standard error

[122

of the averaged AACt. The following steps summarize the algorithm!'**! followed to

generate the relative quantitation of target genes:
1) ACt = Ctrarget Gene — ClReference Gene
ii)  AACt = ACtrimepoint — ACtp2
1i1)  Average AACt for each timepoint

AA .
284 erage = relative amount of target



Antibody Product Concentration Dilution
Chd8 (Bethyl) THC-00246 1.0 ug/ulL 1:200
Myc epitope CST-2276S 1.0 ug/ulL 1:100
RIlo/B Upstate 06-411 1.0 ug/ulL 1:100
Golgi apparatus Calbiochem NB37 0.1 ug/uL 5:100
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Table 2.2 Antibody concentrations used for immunocytochemistry.

Chromatin immunoprecipitation.

NCMs were isolated as previously described from rat hearts (PN1). Cells were
grown on laminin-coated 100mm dishes for four days, and media was changed on the
first and third days after plating. HeLa cells were grown to 80% confluence. For
doxorubicin (DXR) treatment, cells were incubated for 24 hours with 0.5uM DXR
(Sigma). Cells were crosslinked with 3.7% paraformaldehyde, then harvested for ChIP
with the Magna ChIP kit (Millipore). Cell pellets were resuspended in cell lysis buffer
and incubated on ice for 15 minutes, vortexing every 5 minutes, then centrifuged at 800g
for 5 minutes at 4°C to pellet nuclei. Nuclei were resuspended in nuclear lysis buffer and
sonicated with a Sinic Dismembrator Model 100 (Fisher), using eight fifteen-second
pulses at level “3”. Between pulses, cells were incubated on wet ice for one minute. Five
pg of each antibody was used for the immunoprecipitation step.

ChIP samples were analyzed with PCR using promoters derived from the

sequence of the MDM2 P2 promoter. For HeLa samples, we used the following primers:

5’-GGGAGGTCCGGATGATCG-3’ (Forward) and 5°-
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GGACTTAACTCCTTTTACTGC -3’ (Reverse). For NCMs, we used the following
primers: 5’-GCTGTGCCTAGTTGACTCAGCTTT-3’ (Forward) and 5’-
ATGGCAGGACTTAGCTCCTCCAAC-3’(Reverse). Primers were obtained from IDT
and used at a final concentration of 1uM in conjunction with Taq polymerase
(Invitrogen). For PCR reactions that were sequenced, High Fidelity Platinum Taq
(Invitrogen) was used, and PCR products were cleaned with Qiagen MinElute PCR
purification columns (28004), according to manufacturer’s instructions. PCR was carried
out using a 7900HT MJ Thermocycler using the following protocol: 3 minutes at 94°C,
35 cycles of 30 seconds at 94°C, 30 seconds at 55°C, 30 seconds at 72°C, and 4 minutes
at 72°C. All PCR amplifications were conducted with 2.5uL of eluted chromatin or input
(5% of the total sample volume). Input was 1% of total sheared chromatin used for each
ChIP. Sequencing was carried out with the forward sequencing primer for each species
and conducted by the Biopolymer Core (University of MD, Baltimore). PCR products
were separated on a 2% agarose gel containing ethidium bromide and visualized with UV

light. Band densitometry was used for statistical analysis.

Statistics.

Where included, error bars denote standard error of the mean. For pairwise
comparisons, either Student’s T-test or the Mann Whitney U test was used as noted in the
figure legend. For multiple group comparisons as needed, one-way ANOV A was used to
determine statistically significant differences between groups. For all tests, statistical

significance was noted if the test yielded p < 0.05.
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Chapter I11: Bioinformatic analysis of Chd8 reveals homology to known AKAPs.

3.1 Introduction
The targeting of PKA to AKAPs accounts for PKA specificity and is critical to

(1231 A loose consensus

the rapid and effective modulation of PKA-dependent signaling
motif has been proposed® but the critical feature of the A-kinase anchoring domain is a
concentration of hydrophobic amino acids on one face of the a-helix*®!. The hydrophobic
face of this helix fits in the hydrophobic binding pocket formed by the R subunit dimer.
This design of the AKAP domain, which binds R based on the secondary structure (o-
helix) and hydrophobicity (the amphipathic face), permits high affinity binding between
the RII subunit and AKAPs, despite variations in the sequence of the AKAP domain.®”
Large-scale protein binding assays have been used to identify novel AKAPs.
Nearly thirty years ago, Walter and colleagues (1984) utilized a dual approach to identify
novel RII binding proteins in brain and heart.® The first method involved passing
protein extracts from tissue through cAMP-agarose affinity columns to isolate RII
binding proteins. Eluate from the columns was then separated by SDS-PAGE, and
analyzed by Coomassie blue staining of the gel or immunoblotting following transfer to
nitrocellulose membrane. The second approach used was RII overlay, in which proteins,
blotted to nitrocellulose membrane, were incubated with radiolabeled RIla. Bound Rlla
was then detected following exposure of the blot to autoradiography film. At the time,

Walter and colleagues recognized several limitations to these assays, including that the

conditions for RII overlay or column affinity likely produced “false positive”
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identification of some protein bands, and also likely failed to identify other “false
negatives.” To partially address this, Lohmann et a/ compared RIla-binding proteins in
different tissues and focused on common bands between the two. Of note, these earliest
techniques failed to identify RI binding proteins, and failed to detect any differences in
the binding of RII, versus autophosphorylated RII, to blots in RII overlay.® As R-
binding assays were refined over time, evidence for RI-specifict'**! and dual AKAPs®* >
! has emerged, as well as evidence that RII autophosphorylation by C is functionally
relevant to its interaction with AKAPs.[**

Other large-scale methods, such as yeast two-hybrid and T7 phage display, have
been used to conduct large-scale screens for novel AKAPs. Yeast two-hybrid assays are
particularly powerful for identifying binary interactions, and utilize the two requisite
domains of the yeast GAL4 protein: the carboxyl terminal DNA binding domain and the
amino terminal transcriptional activator domain. These domains can be separated and
used to create fusion proteins with candidate binding partners, which are subsequently
expressed in yeast. If the two candidate proteins interact in the same colony, transcription
from a GAL4-dependent promoter occurs.!'>”) The development of a yeast three-hybrid
system later permitted introduction of a third interacting protein, permitting analysis of
trimeric complexes.!'*® In contrast, phage display assays utilize bacterophage such as the
T7 phage to test the binding of peptides to a target. cDNA for candidate binding proteins
are packaged into the phage genome, and the resulting peptide displayed on the surface of
the phage. The phage are then incubated with a substrate immobilized to a tube or dish.
Bound phage are eluted and used to infect host bacteria colonies, which are then

harvested. Amplification and sequencing identifies the cDNA sequences carried by
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bound phage.!'*"! Libraries of cDNA sequences may be used with both methods to
generate large-scale analysis of protein interactions; however, large-scale library
screening may also generate extensive amounts of data, with the potential for false
positives and false negatives. Yeast two-hybrid and phage display are just two methods
available for large-scale screening: alternative approaches include peptide microarrays
and mass spectrometry, as well as more specific assays designed for smaller scale protein
binding analysis (reviewed in ['2*)),

With advances in computational biology, bioinformatics-based analysis of protein
sequences has become an increasingly popular aspect to predicting protein interaction
from such large data sets. Huang and colleagues (2004) documented a rigorous
bioinformatics-based approach to identifying proteins that bind the family of Aurora
kinases, a mitotic Ser/Thr kinase that is highly conserved across species.!'”) Their
approach included data mining from the literature, analysis of protein homology and
subcellular localization, and analysis of expression databases and databases of yeast
protein-protein interaction. Following these bioinformatics-based approaches, Huang and
colleagues targeted their experimental analysis to several candidate proteins identified
from the large computational data set.!'*! This approach bypasses the large-scale
experimental screening and generates targeted predictions based on available
bioinformatics data. Thus, bioinformatics-based approaches provide a powerful tool to
target experimental design and analysis following large-scale assays or computational
screening for novel protein interactions.

In this study, we have identified cDNA clones of ChdS8 in a T7 phage display

screen for novel cardiac RIla binding proteins. Utilizing bioinformatics approaches,
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including prediction of secondary structure and sequence alignments, we generated a
targeted hypothesis as to the location of the RIla binding domain. These data characterize

a putative, novel Rllo binding domain in Chds.

3.2 Results

3.2.1 Phage display analysis identifies Chd8 as a novel binding partner of RII.

A T7 phage display system was conducted by Dr. Mary Russell in the Bond lab,
in order to screen a cDNA library of human heart for novel RIla binding proteins.™®
(Figure 3.1) Several known Rlla binding proteins, including RIIo™® and mAKAP!*",
were identified as binding partners of Rlla and served as positive controls. Through these
same experiments, Dr. Russell identified novel PKA binding partners that were
subsequently characterized as AKAPs, including synemin!®, validating this approach for
identifying novel cardiac AKAPs. Among the newly identified unknown binding partners

from two independent experiments, Dr. Russell identified three separate clones with

BLASTn search as Chd8. (Figure 3.2)

3.2.2 Bioinformatic analysis of predicted secondary structure and hydrophobicity
reveals similarity between Chd8 and known AKAPs.

Given that only a small number of AKAPs are nuclear proteins, I analyzed the
amino acid sequence of Chd8 for candidate Rlla binding motifs. Using two different

bioinformatics tools to predict secondary structure of a protein based on its amino acid
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Figure 3.1 A schematic of the T7 phage display approach to screening for novel
RlIla binding proteins. Dr. Mary Russell coated plates with purified recombinant Rlla,
which retains its ability to form a dimer via the free amino termini. T7 phage expressing
cDNA from a cDNA library derived from human heart were incubated in the plates.
Following incubation, the plates were subject to three rounds of a process called
“biopanning.” The plates were washed to remove unbound phage, then the plates were
treated with an elution buffer to release bound proteins. That eluate was then re-incubated
with the dish, and the process repeated twice more. Following the third biopan, bound
clones were eluted and plated. The cDNA was extracted and amplified via PCR, the
products of which were then subjected to sequencing.!®!

sequence, I identified predicted a-helical segments within the isolated sequence. |
translated the three human cDNA sequences into amino acid sequences and aligned them
to determine a common sequence between the three. (Figure 3.3) I conducted a search on
the common sequence with GeneiousPro, a bioinformatics platform that includes a tool

for generating secondary structure predictions via the EMBOSS Garnier algorithm, which



huChds GGGACCAGGACAAAGCCCAGGACAANGACTT TCAGTACCAGTCAAGGTGGTACTGCAGCC
Clone 46 GCCCAGGACAAAGACTTTCAGTACCAGTCAAGGTGGTACTGCAGCC
Clone 48 GGGACCAGGACAAAGCCCAGGACAAAGACTTTCAGTACCAGTCAAGGTGGTACTGCAGCC
Clone 121 GGGACCACGACAAAGCCCAGGACAAAGACTTTCAGTACCAGTCAAGGTGGTACTGCAGCC
Consensus khkhkkhhdkhhhhhhhhhxhhhhhhhhhxhhdhdrhhrhhhhhhrddx
huChds ACAGGCTGGCTCTTCCCAAGGGGCCTCTT CTGGGCTCTCTGTAGTTAAAGT TCTGAGTGC
Clone 46 ACAGGCTGGCTCTTCCCAAGGGGCCTCTT CTGGGCTCTCTGTAGTTAAAGT TCTGAGTGC
Clone 48 ACAGGCTGGCTCTTCCCAAGGGGCCTCTT CTGGGCTCTCTGTAGTTAAAGT TCTGAGTGC
Clone 121 ACAGGCTGGCTCTTCCCAAGGGGCCTCTT CTGGGCTCTCTGTAGT TAAAGT TCTGAGTGC
Consensus L S T s
huChdg CAGTGAAGTGGCAGCTT TGTCATCACCAGCAAGCTCTGCTCCTCATTCGGGGGGAAAGAC
Clone 46 AGGAATGGAGGAAAACCGCAGAT TGGAACACCAGAAGAAGCAAGAGAAAGCAAATCGGAT
Clone 48 AGGAATGGAGGAAAACCGCAGAT TGGAACACCAGAAGAAGCAAGAGAAAGCAAATCGGAT
Clone 121 AGGAATGGAGGAAAACCGCAGAT TGGAACACCAGAAGAAGCAAGAGAAAGCAAATCGGAT
Consensus hhkhhhkhhhhhhhhhhhhhhhhhhhdhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhk
huChdg AGGAATGGAGGAAAACCGCAGAT TGGAACACCAGAAGANGCAAGAGAAAGCAANT CGGAT
Clone 46 TGTAGCAGAGGCCATTGCGAGAGCCCGTGCCCGCGGTGAGCAGAACATACCTCGAGTCTT
Clone 48 TGTAGCAGAGGCCATTGCGAGAGCCCGTGCCCGCGGTGAGCAGAACATACCTCGAGTCTT
Clone 121 TGTAGCAGAGGCCATTGCGAGAGCCCGTGCCCGCGGTGAGCAGAACATACCTCGAGTCTT
Consensus khkkhhkhkhhhhhhhhhhhhhhhdhdhhhhhhhhhhhhhhhhhhhdhhrhhrhhhhrhhhhd
huChds TGTAGCAGAGGCCATTGCGAGAGCCCGTGCCCGUGGETGAGCAGAACATACCTCGAGT CTT
Clone 46 TGTAGCAGAGGCCATTGCGAGAGCCCGTGCCCGUGGETGAGCAGAACATACCTCGAGT CTT
Clone 48 TGTAGCAGAGGCCATTGCGAGAGCCCGTGCCCGUGGETGAGCAGAACATACCTCGAGT CTT
Clone 121 TGTAGCAGAGGCCAT TGCGAGAGCCCGTGCCCGCGGTGAGCAGAACATACCTCGAGTCTT
Consensus L S T s
huChds ARAATGAGGACGAGTT GCCCAGCGTT CGGCCAGAGGAGGAAGGCGAGAAGAAACGCAGGAA
Clone 46 AAATGAGGACGAGTT GCCCAGCGTT CGGT CAGAGGAGGAAGGCGAGAAGAAACGCANGAA
Clone 48 AAATGAGGACGAGTT GCCCAGCGTT CGGCCAGAGGAGGAAGGCGAGAAGAAACGCAGGAA
Clone 121 AAATGAGGACGAGTT GCCCAACGTT CGGCCAGAGGAGGAAGGCGAGAANAAACNCANGARA
Consensus hhkhhhhhhhhhhhhhhhhh khhhdhhh khhhhhhhhhhhohhhhhhk *hhk *k *kk
huChds GAAGAGT GCTGGGEAGAGGCT GAAAGAGGAGAAGCCAANAGAAGAGTAAAACAT CTGGTGC
Clone 46 GAAGAGT GCTGGGEAGAGGCT GAAAGAGGAGAAGCCAANAGAAGAGTAAAACAT CTGGTGC
Clone 48 GAAGAGTGCTGGGGAGAGGCTGAAAGAGGAGAAGCCAAAGAAGAGTAAAACATCTGGTGC
Clone 121 GAA-AATGCTGGGGAGAGGCTNAAAGAGGAGAA CCNAAGAAGAGTTAAACATCT GGTGN
Consensus hkk Kk hkkhkkkhhhkhhkkhk *hhdhhhkhkkk k*x hhkkhhkhk khhkhhhkhhrhx
huChds CTCCAARACAAAGGGCAAGAGCAAGCTCAACACCATCACTCCTGTAGTGGGTAAGAAGAG
Clone 46 CTCCAARACAAAGGGCAAGAGCAAGCTCAACACCATCACTCCTGTAGTGGGTAAGAAGAG
Clone 48 CTCCAARACAAAGGGCAAGAGCAAGCTCAACACCATCACTCCTGTAGTGGGTAAGAAGAG
Clone 121 CTTCAAA—CAAAGGGCAAGA—CAAGCT CAACACCATCACTTCTGTAGTGGGTNAGAAGAG
Consensus hk hhkk Khhhrkhhhhhhkdh KA AAAAhhAAhhhhrhhhd *hxhhrhdhrhd Frxhhhhk
huChds AAAA—CGTAATACCT-CATCT-GATAATTCAGATGTGG—AAGTCATGCCT-GCACAGTCA
Clone 46 AAAAACGTAATACCT -CATCT-GATA-TTCAGATGTGGGAAGTCATGCCTTGCACAGTCA
Clone 48 AAAACCGTAATACCTTCATCTTGATAATTCAGATGTGG—AAGTCATGCCTTGCACAGTCA
Clone 121 AAAA-CGCAATACCT-CATCT-GATA-TTTA

Consensus hhkk kk khkkkkhkh khkhk *hkhdk kk X
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Figure 3.2 Three clones isolated as RIla binding partners align with human Chd8.
Three sequenced cDNA fragments were identified as encoding peptides that bind Rlla.
The cDNA sequences were identified, using BLASTn, as human ChdS8. The three
sequences were aligned with Chd8 via ClustalW to identify consensus. An asterisk (*)
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denotes a match, whereas a gap denotes a mismatch between at least one of the cDNAs
and the others.

is based on the Garnier Osguthorpe Robson algorithm (GOR I). (Figure 3.3A) GOR I
takes into account previously published structures plus the probability that a given amino
acid contributes to a structure based on its own properties and those of its immediate

(131, 132] A second, online tool, JPRED, generates secondary structure

neighbors.
predictions with an accuracy estimated to be as great as 81.5%.1'**) (Figure 3.3B) JPRED
utilizes regular updates to databases such as UniProt and the protein structure database

PDB, as well as position-specific scoring matrices and Hidden Markov Model profiles to

(1331 Both algorithms

predict protein structure and accessibility of amino acid residues.
predicted a-helices within the common sequence of the three translated cDNA fragments
of Chd8 isolated through the phage display. (Figure 3.3 A&B)

In order to identify similarities between the predicted a-helix of Chd8 and other
known AKAP domains, I performed a ClustalW alignment of the peptide sequences.
(Figure 3.4) The AKAP domains aligned with the predicted Chd8 a-helix, which spans
amino acids 321-338 (Chd8-L1 and Chd8-S) and 177-194 (Chd8-L2). Hydrophobic

profiles of aligned sequences were also similar. (Figure 3.4B)

3.2.3 Modeling the predicted secondary structure of the PKA binding domain of
Chds.

Two modeling approaches were used to generate a predicted secondary structure
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A .',?l:l -kjl,l -FIU 4\:'3
Chdg-L1 GGK TGHENR REHOKKONKANRIVANATARARARGEONT
i 3 9 20
Chd8-12 GGK TGHMEENRREEHOKKOEKANRIVANATARARARGEQNT
B.

373 VTLSSVQQAQIMGPGOSPGORLSVPVKVVLQPOQAGSSQGA
413 SSGLSVVKVLSASEVAALSSPASSAPHSGGKTGMEENRRL
453 EHQKKQEKANRIVAEATARARARGEQNT PRVLNEDELPSV
493 RPEEEGEKKRRKKSAGERLKEEKPKKSKTSGASKTKGKSK
523 LNTITPVVGKKRKRNTSSDNSDVEVM

Figure 3.3 Bioinformatic analysis of Chd8 reveals a predicted alpha helix. A) The
cDNAs isolated by phage display were translated to generate a protein sequence. Using
the prediction of secondary structure algorithm included in the bioinformatics platform
Geneious, an a-helix was the predicted secondary structure for a portion of the sequence,
denoted by the cylinders located above and below Chd8-L1 and Chd-L2, respectively. B)
The same protein sequence was subject to analysis via JPRED, a freely available
predictor of secondary structure that utilizes a different algorithm for predicting
secondary structure to an accuracy as high as 81.5%./"** Predicted a-helices are
underlined.

for the PKA binding domain identified in the ClustalW alignment with known AKAPs. A
2D helical wheel plot can be used to visualize the distribution of hydrophobic and
hydrophilic amino acids in an a-helix. Plots may be generated with programs such as the

web-based tool found at http://kael.net/helical.htm (created by Dr. Kael Fischer) to create

a representation of the a-helix oriented along the linear axis. Consistent with PKA

binding domains of other AKAPs, the helical wheel plot of the putative RIla binding


http://kael.net/helical.htm
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domain (KKQEKANRIVAEAIARAR) illustrated some clustering of hydrophobic
residues (shaded) on one side of the structure; however, the presence of charged residues
at the beginning and end of the putative Rlla binding domain made visualization of the
hydrophobic face using 2D methods difficult. (Figure 3.5A)

To that end, a 3D model was developed using the Swiss-PDB Viewer (or,

DeepView), available from the Swiss Institute of Bionformatics (http://spdbv.vital-

it.ch/)."** DeepView links the structures submitted to the Protein Data Bank (PDB),
maintained by The Research Collaboratory for Structural Bioinformatics

(http://home.rcsb.org/) to SWISS-MODEL, a server that generates structures based on

comparative modeling.!"**> **! This combination permits the generation of predictive
models between two proteins with at least 25% similarity, without extensive computer
programming, and is intended to assist in the planning of site-directed mutagenesis
experiments.!*"!

The PKA binding domain of Chd8 aligns with 33.3% similarity to AKAP-IS, a
peptide designed for optimal interaction with the RIla-binding domains of AKAPs.!'"!
(Table 3.1) The structure of AKAP-IS bound to the dimerization-docking domains of
RIla dimer has been determined and imaged by high-resolution X-ray crystallography.”
(Figure 1.4) DeepView was used to generate an alignment between the PKA binding
domain of Chd8 and AKAP-IS. Hydrophobic residues, shaded in bright green,
concentrated to one side of the helix, while hydrophilic noncharged (pink) and
hydrophilic charged (red) amino acids concentrated to the other. (Figure 3.5B, bottom)

The same labeling method was applied to the structure for AKAP-IS (Figure 3.5B, top)

created by Gold et al.”¥ This visualization of the PKA binding domain of Chds8 reveals


http://spdbv.vital-it.ch/
http://spdbv.vital-it.ch/
http://home.rcsb.org/
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A, XL LVIXXIL,LV]IL L VIXXIL LVIL I, VIXX[A,S][L,1,V]
B. Chda FEQEEANRIVAEATARAR
Hydrophobicly s sl
AKAP-1S QIEYLAKEQIVDNATIQQAE
Hydraphaohicity
Ht31 LIEEAASRIVDAVIEQVE
Hydrophobicity [ e [ il
Synemin MTETVAENIVTSILEEQE
Hydrophobicity | il
AKAPTY LLTETASSLVENAIQLSI
Hydrophohicity

Figure 3.4 Chd8"" aligns with sequences of known AKAP domains. A) A proposed
consensus sequence for AKAP domains features repeating series of hydrophobic residues
(L/I/V or A/S) interspersed with other amino acids (X).*" B) Alignment of the Chd8
peptide sequence identified through phage display with other known AKAPs. Below each
sequence is the hydrophobic profile of the residues within the sequence. The height of the
bar corresponds with hydrophobicity of the residue, such that a tall bar denotes a
hydrophobic amino acid and a short bar denotes hydrophilic/charged amino acids.
Hydrophobic profiles and alignment were calculated with the Geneious bioinformatics
platform.

similar secondary structure to that of AKAP-IS.

3.2.4 Conservation of the putative PKA binding domain in Chd8.
Since no curated human ChdS8-S sequence was available, the ClustalW alignment

program was used to align the two large human isoforms (Chd8-L1 and Chd8-L2) with
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Figure 3.5 Two and three dimensional modeling of the AKAP domain of ChdS.

A) A 2D helical wheel plot of the predicted AKAP domain of Chd8. Shaded residues are
hydrophobic, while unshaded residues are hydrophilic or charged. B) A program called
DeepView!** was used to generate a predicted 3D model of the secondary structure of
the Chd8 AKAP domain (bottom). This structure was created based on alignment with
AKAP-IS (top). The structure of AKAP-IS has been characterized and submitted to the
protein data bank (PDB).”* For both structures, hydrophobic amino acids are green,
hydrophilic charged residues are red, and hydrophilic noncharged residues are pink.
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AKAP Sequence Similarity
Chd8 KKQEKANRIVAEAIARAR | -
Chds®'-P  |[KKQEKANRPVAEAIARAR|(94.0%
AKAR IS QIEYLAKQIVDNAIQQAK (33.3%

Ht31 LIEEAASRIVDAVIEQVK [33.0%
Synemin MTETVAENIVTSTLKKQE |22.2%
AKAP7O LLIETASSLVKNAIQLSI  |27.7%

Table 3.1 Percent similarity of known AKAP domains to Chd8. Chd8""-P denotes the
prolinated AKAP domain described in Chapter IV. AKAP-IS is AKAP-in silico, a
bioinformatically designed peptide.'®” Ht31 is derived from the AKAP domain of
AKAP-Lbe.*”! Percent similarity was calculated through ClustalW alignment using a
PAM250 scoring matrix.!'*"]

the mouse Chd8-S isoform. Alignment revealed a high level of conservation between the
large isoforms, with the primary difference being a 200+ amino acid extension in the
amino terminus of Chd8-L1 that is not present in Chd8-L2. Interestingly, this amino acid
amino terminal extension in Chd-L1 contains the p53-binding domain reported by
Nishiyama and colleagues.'” Although the question of differential binding between p53
and the two isoforms of ChdS8 has not yet been explored, this sequence difference
suggests to us at least one alternative function between Chd8-L1 and Chd8-L2. In
contrast to Chd8-L2, Chd8-S contains the amino terminal extension and aligns well with
the Chd8-L1 isoform up to the first chromodomain. (Figure 3.6A, Table 3.2) ClustalW
was also used to compare Chd8 protein sequence conservation across species. The
annotated Chd8 protein sequences (or the longest Chd8-L1 isoform where two or three
curated isoform sequences were available) from human, mouse, rat, bull, frog

(Xenopus), and zebrafish were subject to alignment. Sequence similarities were closest
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between human, mouse, and rat proteins. (Table 3.3) Of note, an extremely high level of
conservation was calculated for alignments of the PKA binding domain. (Figure 3.6B,

Table 3.3)

3.3 Discussion

Large-scale screening methods such as T7 phage display, which was used in our
study to identify Chd8, are valuable tools for identifying novel protein interactions. The
phage display assay used by Dr. Mary Russell for this study identified several binding
partners of Rlla, and also the intermediate filament protein, synemin, which the Bond
Lab has since characterized as a novel AKAP.[Y While these reported data validate the
T7 phage display approach for identifying novel AKAPs, the possibility of falsely
identifying novel binding partners requires further analysis and experimentation.
Moreover, this large-scale approach did not characterize the precise AKAP domain of
Chd8: the cDNA isolated as a part of this study included three overlapping fragments of
the Chd8 gene. (Figure 3.2) When the aligned cDNA sequence was translated to an
amino acid sequence, the product corresponded to a 150 amino acid peptide fragment of
the Chd8 protein. To further develop an approach for identifying and characterizing the
AKAP domain, I analyzed the sequence of Chd8 to identify the PKA binding domain
from a translation of the common cDNA sequence of the three clones isolated by phage
display.

The tools used in these studies identify a novel PKA binding domain within the

Chd8 peptide that was isolated by phage display. While AKAP domains have a strict
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Figure 3.6 The AKAP domain of Chd8 is conserved across isoforms and species. A)
Alignment of Chd8-S with the two long human Chd8 isoforms. As there is no curated

Chd8-S sequence available for human, mouse was used for this alignment. B) Alignment
of Chd8 isoforms across species reveals a high level of conservation of the AKAP
domain. Sequences from H. sapiens (NP_001164100.1), M. musculus (NP_963999.2), R.
norvegicus (NP_075222.2), B. taurus (NP_001179063.1), X. tropicalis
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(NP_001131089.2), and D. rerio (NP_001189381.1) were used. For all alignments, an
asterisk (*) denotes a conserved residue. A colon (:) denotes strongly similar amino acids
and a period (.) denotes amino acids with weakly similar properties as calculated using a
PAM250 scoring matrix.!'*”

consensus sequence, they do contain significant structural similarity by virtue of an
amphipathic a-helix (see Chapter I).*® Two different algorithms for predicting secondary
structure based on amino acid sequence identified a-helices within the protein sequence.
(Figure 3.3) These tools identified a common candidate domain for the a-helical PKA
binding site. Subjecting the Chd8 sequence to Clustal W alignment identified similarities
in sequence and hydrophobicity to other known AKAPs. (Figure 3.4) Predictive
modeling of the domain based on its similarity to AKAP-IS generated a 3D model of a
plausible a-helical structure. (Figure 3.5) Clustal W alignment showed a very high level
of conservation across the putative PKA binding domain between Chd8 isoforms and
across six different species. (Figure 3.6, Table 3.3) Taken together, bioinformatics
analysis of the isolated Chd8 peptide sequence presents a strong argument for the
existence of a PKA binding site in the amino terminus of ChdsS.

Bioinformatics has been used by others to study R:AKAP interaction. Alto et al
(2003) used a computational program (MEME) to generate scoring matrices used to
design an optimal AKAP domain, which they termed AKAP-in silico. This program
generated a predicted peptide that bound RIla with higher affinity than other known

AKAPs. Subsequent mutation analysis to test the validity of this prediction resulted in
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Isoform Length Similarity to Chd8 -L1 [Similarity to Chd8 -L2
Chd8- L1 2581 - 94.0%

Chd8- L2 2302 99.0% -

Chd8- S 751 99.0% 59.0%

Table 3.2 Percent similarity of Chd8 isoforms. ClustalW aligment of known Chd8
isoforms shows similarity between the three sequences as calculated using a PAM250
scoring matrix. Chd8-L1 and Chd8-L2 denote human Chd8 protein sequences. In the
absence of a curated sequence for human Chd8-S, the mouse Chd8-S protein sequence
was used for the shortest isoform.

Species Accession Length Similarity
H. sapiens NP_001164100.1 2581 -

M. musculus NP_963999.2 2582 96.0%
R. norvegicus NP_075222.2 2581 96.0%
B. taurus NP_001179063.1 2303 98.0%
X. tropicalis NP_001131089.2 2184 73.0%
D. rerio NP_001189381.1 2549 55.0%
Species Sequence Similarity
H. sapiens KKQEKANRIVAEAIARARAR -
M. musculus KKQEKANRIVAEAIARARAR 100.0%
R. norvegicus KKQEKANRIVAEAIARARAR 100.0%
B.tau rus KKQEKANRIVAEAIARARAR 100.0%
X. tropicalis KKQEKANRIVAEAIARARAR 100.0%
D. rerio CKQEKANRIVAEAIARAKAR 90.0%

Table 3.3 The PKA binding domain is highly conserved across species. 7op: Percent
similarities of Chd8 protein across species were calculated for Chd8 using a PAM250
scoring matrix. In species such as H. sapiens, where more than one isoform has been
sequenced, the longest isoform of Chd8 was used. Percent similarities were calculated
with ClustalW alignment in relationship to human Chd8. Botfom: Percent similarities of
the PKA binding domain of Chd8 across species as calculated using a PAM250 scoring
matrix. Percent similarities were calculated with ClustalW alignment in relationship to
human Chd8."?”
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only a single amino acid change in the final peptide.!"®” Hou ef al (2011) also used a
virtual approach to predict RIlo-AKAP interactions. This included predictions of
secondary structure and alignment of peptide sequences to show conservation, two

138 McLaughlin ef al used a similar approach whereby

approaches also used here.!
alignment of 22 known AKAP domains was used to generate a Hidden Markov Model
(HMM). The HMM was then used to search for novel Rlla binding proteins.[m] By this
method, McLaughlin et al identified sphingosine kinase interacting protein (SKIP)!"**) an
AKAP previously reported to bind RI''**. This model, published as we were completing
our own analysis, also identified a 24 amino acid peptide of ChdS8 that overlaps with the
Chd8 PKA binding domain identified through our own bioinformatics-based approach.
McLaughlin ef al introduced a panel of Ala mutations within the AKAP domain of SKIP,
and concluded that SKIP was a dual-specific AKAP!"*); however, a recent study by
Means et al used molecular modeling in conjunction with site-directed mutagenesis and
immunoprecipitation to identify two RI-specific binding domains in SKIP.'"*! In contrast
to the study by McLaughlin ef al, Means et a/ did not report binding of RII to SKIP in RII
overlay or immunoprecipitation assays, but did report RI binding to SKIP in both assays.
Means et al concluded the presence of aromatic amino acid residues at position 4 of each
AKAP domain conferred preference for RI binding.!'*” This conflict in the literature
suggests the need to better refine the HMM screening method used by McLaughlin ef al
and highlights the importance of pairing experimental manipulation with bioinformatics
approaches.

To this end, integral to any bioinformatics-based approach is the inclusion of

experiments to validate the computational data. Use of bioinformatics approaches are
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particularly powerful in generating targeted hypotheses for these subsequent experiments,
as they help narrow the sometimes large data sets that result from screening assays.
Analysis of the putative PKA binding domain identified in these studies allows accurate
planning of the point mutagenesis strategy to be used for study of the interaction between

Chd8 and Rlla in Chapter IV.
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Chapter I'V: Chd8 is a PKA anchoring protein that localizes to nuclear and

perinuclear domains.

4.1 Introduction

The targeting of PKA via AKAPs accounts for PKA specificity and is critical to
the rapid and effective modulation of PKA-dependent signaling.!'>) Members of the
AKAP family are functionally diverse and express little sequence similarity, but share a
characteristic amphipathic a-helix approximately 14-18 amino acids in length, as
described in Chapter IIL™*" This binding site alone is sufficient for PKA:AKAP
interaction, and peptides such as Ht31, which encompass the AKAP domain of AKAP-
Lbc, are frequently used to competitively inhibit PKA:AKAP binding.*” Thus, in
addition to other functions, AKAPs create a scaffold to effectively localize and modulate
signaling through PKA.

AKAPs have previously been identified through RII overlay experiments, as
briefly described in Chapter III. RII overlay is a classic approach used to identify novel
PKA binding proteins and exploits the ability of RII to bind AKAP protein on a Western
blot.®* *!I Following transfer of target proteins or cell lysate to a PVDF membrane, the
membrane is incubated with radiolabeled or recombinant RIlo. When recombinant Rlla
is used, Western blotting analysis with antibodies to RIla is used to detect bound RIla to
target bands. Pre-incubation of RIla with Ht31 blocks the AKAP binding pocket formed
by the RIla dimer; in contrast, pre-incubation of RIla with Ht31P, in which two prolines

have been substituted for isoleucines to break the a-helical structure of the peptide, does
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not block interaction. These additional conditions demonstrate that bound Rlla attaches

to proteins in a manner specific to that of AKAPs. Immunoblotting for bound Rlla

(831411 Using this and additional methods, including

identifies PKA-binding proteins.
bioinformatics-based approaches!'** like those described in Chapter III, more than 70
AKAPs have been described in diverse cellular compartments, including the

cytoskeleton, the mitochondria, and the nucleus.!'**'*4

(40]

To date, Chd8 has been characterized predominantly as a nuclear protein'™" that

[ [51, 54,70

], and cell survivall®> 3336,

regulates chromatin dynamics®®> > " transcription
(Figure 1.5, Table 1.1) Most recently, a study of Chd proteins in gastric and colorectal
cancer identified low levels of cytoplasmic ChdS in tissue sections from both cancer
types.["*! Given the bioinformatics analysis of the putative AKAP domain of Chds, I
hypothesize that ChdS8 binds to RIla. We have defined the RIla binding domain, located
in the amino terminus of the protein, through RII overlay and co-immunoprecipitation.
We have demonstrated that dephosphorylation of RIla at the Ser96 autophosphorylation
site inhibits Chd8: RIla interaction. We have also identified, through
immunofluorescence, a perinuclear pool of Chd8 that exists in proximity to the Golgi

apparatus and also stains for RIlo/B. We conclude that Chd8 is a novel AKAP that

localizes to nuclear and perinuclear pools in HeLa cells.
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4.2 Results

4.2.1 ChdS8 binds the RIla subunit of PKA in vitro via RII overlay.

Given our bioinformatics data supporting an AKAP domain in the amino terminus
of Chd8 (Chapter III), RII overlay was used to determine whether RIla binds to ChdS. A
150 amino acid region of Chd8 (Chd8®") was expressed as an inducible His/myc fusion
protein in E. coli. (Figure 4.1A) Site-directed mutagenesis was then used to introduce a
Pro mutation into the predicted RIla binding domain at Isoleucine 464 (Chd8""-P). A
second construct in which an alternative isoleucine (1469) within the AKAP domain was
mutated to proline was also created, to show that the effect of the proline was not residue-
specific but the result of the disruption of the a-helix. (Figure 4.1A) Immunoblot analysis
was used to demonstrate expression of each construct (~22kDa) following induction with
IPTG. (Figure 4.1B&C)

Recombinant RIla bound to a 22kDa band in lysate from bacteria expressing
Chd8"" but not in lysate from bacteria expressing Chd8®"—P. (Figure 4.2A, top) Pre-

incubation of RIIa with Ht31 prevented the binding of RII to Chd8""

, while the
preincubation of RIla with Ht31P had no effect (Figure 4.2A, center and bottom). Rlla
did not bind a construct in which a different isoleucine, 1469P, within the AKAP domain
was mutated (Figure 4.2B). The ability of either a Pro mutation or the addition of a

competitor peptide such as Ht31 to block the interaction of RIIo with Chd8*" further
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Figure 4.1 Cloning and expression of a fragment of Chd8 containing the predicted
AKAP domain. A) PCR amplification of rat Chd8-S generated a construct with the
predicted protein sequence of Chd8, as well as a c-terminal myc tag (not shown). The
AKAP domain is underlined. Site-directed mutagenesis was used to mutate 1464 (marked
in red) to a Pro for the Chd8""-P1 construct. A second construct in which an alternate
isoleucine was mutated (1469, green), Chd8*"-P2, was also created. B) Expression of
constructs following induction with IPTG. Constructs were expressed in E. coli and
grown to log phase before the addition of IPTG to induce expression. Three hours post-
induction, bacteria were lysed and expression was verified by western blot. As a control
for induction of protein, a myc-tagged LacZ construct was used (left lane). Chd8®"
(second lane), Chd8""-P1 (third lane), and Chd8*"-P2 (fourth lane) were expressed at the
predicted molecular weight of approximately 22kDa (arrow). C) Example induction blot
of E. coli containing the cloned constructs. Samples were collected at the induction point
(TO) and hourly for four hours (T1, T2, T3, T4). UT denotes untransformed bacteria. This
is a representative sample blot of primary data and demonstrates induction of Chd8*"-P1
(arrow) after addition of IPTG.
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supports our bioinformatics evidence that Chd8 contains a novel PKA binding domain

within this region.

4.2.2 Chd8-S co-immunoprecipitates with Rlla.

Having demonstrated that a Chd8 peptide fragment containing a putative Rlla
binding domain binds to Rlla, we investigated whether Chd8 and Rlla interact in intact
cells. As our previous data showed that either 1464P or 1469P was sufficient to disrupt
binding of RII to the Chd8 peptide (Figure 4.2), we chose to use 1464P for our subsequent
experiments. CHO cells were cotransfected with CFP-tagged Rlla and either a myc
epitope-tagged Chd8-S or a Chd8-S construct carrying the 1464P mutation (Chd8-S-P).
Expression of each construct was verified by western blotting for RIla (75kDa MW) or
Chd8-S (110kDa MW). (Figure 4.3A) To determine whether Chd8-S and Chd8-S-P
localized to the nucleus, we performed immunostaining of the cotransfected cells. (Figure
4.3B) We observed nuclear localization of both the Chd8-S and Chd8-S-P constructs.

Following cell lysis and immunoprecipitation with antibodies to the myc-epitope
tag fused to Chd8-S, RIla co-immunoprecipitated with Chd8-S, but not with Chd8-S-P.
(Figure 4.4) No Rlla was detected in immunoprecipitation of lysate from single
transfections or from untransfected (NT) cells. From these results, we conclude that
cotransfected Chd8-S and Rlla bind, but that loss of the RIla binding domain in Chd8-S
as a result of point mutation leads to loss of binding. These findings also indicate that the
identified Rlla binding domain is the only Rlla binding domain in Chd8-S, as the single

[464P point mutation was sufficient to abrogate interaction with Rlla.
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Figure 4.2 Rlla binds to Chd8™", but not to Chd8*"'-P, in RII overlay experiments.
A) Following IPTG treatment of transformed E. coli, lysate was subjected to Western
blot analysis and RIla overlay. Top: In membranes incubated with RIla, RIlo/B antibody
detected RIla bound to ChdSRH, but not to Chd8*"" -P. Middle: Pre-incubation of RIlo
with Ht31, an inhibitor of RII: AKAP interaction, resulted in loss of binding to Chd8"".
Bottom: Pre-incubation of Rlla with Ht31P, a prolinated form of Ht31 unable to bind RII,
did not prevent binding of RIla to protein in the Chd8"" lane. B) RII overlay with
Chd8*"-P2 construct demonstrates that mutation of 1469P also eliminated binding of
RIla.. Top: In membranes incubated with Rlla, RIIa/p antibody detected bound RIla to
Chd8®", but not to Chd8*"-P2. Middle: Pre-incubation of RIlo. with Ht31 resulted in loss
of binding to Chd8®". Bottom: Pre-incubation of RIlo with Ht31P did not prevent binding
of Rllo to protein in the Chd8"" lane. The background in this set of panels was consistent
with the high levels of background observed in other RII overlay experiments. (n=3,
representative blots shown)
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Figure 4.3 Co-transfection of Chd8-S or Chd8-S-P with RIla in CHO cells.

A) CHO cells were transfected with Chd8-S, Rlla, or a combination of Chd8-S and Rlla
or Chd8-S-P and Rlla, or treated with Lipofectamine alone (non-transfected, NT). Chd8-
S constructs carried a c-terminal myc tag, which was detected through Western blot.
(n=3, representative blots shown) B) Immunofluorescence of transfected cells shows
nuclear localization of Chd8-S and Chd8-S-P constructs (red), as previously described.
Immunostaining of myc-epitope antibody was detected with Alexafluor goat anti-mouse
568 (Invitrogen) at a dilution of 1:500. Cells were imaged with inverted fluorescent
microscopy at a magnification of 60X. Scale bar represents 38pum.

4.2.3 Phosphorylation of RIla modulates binding to Chd8-S.

RIla contains a serine residue within its inhibitory domain (Ser96, in our Rlla
constructs) that is a target for autophosphorylation by the C subunit of PKA.[8] Our
recent findings have demonstrates that dephosphorylation of this same residue by closely
anchored enzymes such as phosphatases promotes reassembly of the holoenzyme and
reduces binding of PKA to AKAPs.[8] Thus, autophosphorylation of RIla at Ser96 plays
a key role both in modulation of PKA activity and in localization of the holoenzyme.

As part of this earlier work, Dr. Sabrina Manni in the Bond lab created three CHO cell
lines stably transfected with pRIla, pRIla-SA, or pRIla-SD. The pRIla construct
contained full length RIla in which the Ser96 site was left intact. Site-directed
mutagenesis was used to mutate the Ser96 to an alanine (SA), mimicking the
dephosphorylated state, or to an aspartate (SD), mimicking phosphorylation at the Ser96
residue. Cells were grown in 100mm dishes and protein was collected for Western blot
analysis to verify stable expression of the three proteins. Western blot analysis detected

all three proteins at the expected molecular weight (75kDa) (Figure 4.5A) Cells were
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Figure 4.4 Rlla co-immunoprecipitates with Chd8-S, but not Chd8-S-P.

Cell lysate for single and co-transfections was subject to immunoprecipitation for myc-
tagged constructs. In the single transfection of Chd8-S, immunoprecipitation with
antibodies to the myc tag isolated ChdS8-S. No product was observed in the single
transfection with Rlla. For co-transfections, immunoblotting verified
immunoprecipitation of RIlo with ChdS8-S, but not Chd8-S-P. No target proteins were
identified in immunoprecipitate from non-transfected cells (NT). (n=3, representative
blots shown)

fixed to coverslips and fluorescence of RIla constructs observed through inverted
fluorescent microscopy. Expression of each protein was visualized through the presence
of a carboxyl CFP tag. (Figure 4.5B) Interestingly, a perinuclear distribution of RIIa and
RIIa-SD was observed. (Figure 4.5B, arrows) Based on the previous work in our lab in
which autophosphorylation of RIla at Ser96 was found to regulate the binding of RIla to
AKAP15/18, we next investigated whether autophosphorylation of Rlla regulates the

interaction between Rlla and Chd8-S. Given the fact that the amino acid sequence of the
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Figure 4.5 Characterization of CHO cell lines expressing RIla, RIIa-SA, or RIla-
SD. A) Western Blot of lysate from each cell line verified expression of Rlla constructs.
B) Subcellular localization of RIla, RIIa-SA, and RIIa-SD constructs in CHO cell lines.
RIla constructs were visualized through a carboxyl CFP tag. Arrows point to a punctate
distribution of the RIla constructs observed in RIlo and RIIa-SD cell lines. Cells were
imaged with inverted fluorescence microscopy and images taken at 90X magnification.
Scale bar represents 25um.
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RII binding domains between different AKAPs are not identical, it was not self-evident
that the binding of all AKAPs to RII would be regulated by Ser96 phosphorylation. The
stable CHO cell lines expressing Rlla, RIIa-SA, or RIIa-SD were transiently transfected
with pChd8-S. (Figure 4.6A) Immunoprecipitation of Chd8-S pulled down Chd8-S from
all transfected cultures. Western blot analysis of the resulting precipitate identified the
presence of RIla and RIIa-SD, but not RIIa-SA. (Figure 4.6B) Thus, consistent with
anchoring dynamics of other AKAPs™ dephosphorylation eliminates the interaction of
RIla and Chd8-S, demonstrating that autophosphorylation of Rlla is needed for binding

of Chd® and PKA.

4.2.4 Immunofluorescence analysis identifies endogenous Chd8 in nuclei and a
distinct perinuclear staining pattern.

Consistent with the first report of the Chd8-S isoform!*"

, our localization
studies of cells overexpressing Chd8-S demonstrate its restriction to the nucleus. (Figure
4.3B) However, a recent survey of the expression of Chd protein family members in
colorectal and gastric cancer showed that, in addition to a strong nuclear signal, there was
at least one instance of weak cytoplasmic staining in tissue sections positive for
endogenous Chd8 expression. In contrast, another Chd family member, Chd4, exhibited
distinctly nuclear staining."'*! These differences may result from the use of antibodies

raised against different epitopes, or from alternative localization of Chd8 in certain tissue

types or cell lines.
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Figure 4.6 Chd8-S immunoprecipitates with RIlo and RIla-SD, but not RIIa-SA. A)
CHO cells stably expressing Rlla, RIIa-SA, or RIIa-SD were transiently transfected with
myc-tagged Chd8-S. B) CHO cell lysate was subject to immunoprecipitation with
antibodies to the myc tag of Chd8-S. In co-transfected lanes, immunoblot of
immunoprecipitate detected RIla-SD and RlIla in immunoprecipitates of Chd8-S, but not
RIla-SA. No target proteins were detected in the CHO cell lysates expressing RIlo
constructs alone. (n=3, representative blots shown)

We performed immunofluorescence with an antibody raised against an epitope
derived from the carboxyl terminus of the two longer Chd8 isoforms, Chd8-L1 and Chd8-
L2. Immunofluorescence revealed strong nuclear staining in HeLa human
adenocarcinoma cells, but also a previously unreported, discrete perinuclear staining.
(Figure 4.7A, C) We repeated immunostaining for ChdS in a different cell line, MCF7, a
human breast cancer cell line. The same perinuclear staining pattern was observed in

MCEF7 cells when labeled with antibody to ChdS. (Figure 4.7D, F) In an effort to pinpoint
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the perinuclear staining to a specific cellular compartment, HeLa cells were costained
with antibodies to Chd8 and to the Golgi apparatus. (Figure 4.8B) Merging of the two
images indicated colocalization of perinuclear Chd8 staining with the Golgi (Figure 4.8D,
arrow) in some HelLa cells, but not others (Figure 4.8D, arrowhead); however, in
instances where the labeling of Chd8 and Golgi apparatus did not overlap, the Golgi
apparatus labeling did not label a discrete structure, but instead was dispersed and
diffuse. (Figure 4.8B) As no published studies to date have identified the subcellular
localization of a perinuclear pool of Chd8, inhibition studies were performed to validate
the antibody used for this study. Pre-incubation of the Chd8 antibody with the
immunizing peptide blocked antibody binding to both nuclear and non-nuclear locations,
demonstrating specificity of the antibody. (Figure 4.9A, D)

When cells divide in culture without intervention, they exist predominantly in the
interphase state, with an estimated 1-2% of the cell population undergoing mitosis.!"*
Whereas the immunostaining pattern of Chd8 in interphase cells reflected distinct
staining of both nucleus and a perinuclear domain, HeLa cells captured in mitotic stages
showed a redistribution of Chd8 from the chromatin to a diffuse staining pattern
throughout the cell. (Figure 4.10A-C) Chdl, a member of the Chd subfamily I, also
redistributes to the cytoplasm when cells enter mitosis’® 6]; however, HP-1, another
chromodomain-containing protein, does not, but rather segregates to the polar side of
segregating chromosomes''*’J. Chdl reassociates with chromatin at telophase.*® We
identified cells in metaphase (Figure 4.10A, arrow), early anaphase (Figure 4.10B,
arrow), and late anaphase/early telophase (Figure 4.10C, arrow). By the last stage, Chd8

staining still appeared distinct from chromatin. (Figure 10C, left) Thus, it is possible that
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Figure 4.7 Subcellular localization of Chd8 in HeLa and MCF7 cells. A-C) HeLa
cells. Immunostaining for Chd8 (A) identifies nuclear and perinuclear Chd8. D-F) MCF7
cells. Immunostaining for Chd8 (D) identifies nuclear and perinuclear Chd8. Cells
counterstained with DAPI (B, E) to mark the nucleus. For these panels, Chd8 antibody
was used at a dilution of 1:50. Insets show immunofluorescence with secondary antibody
(Alexafluor goat anti-Rabbit 568, 1:500) alone. Cells were imaged with inverted
fluorescence microscopy and images taken at 90X magnification. Scale bar represents
25um.

the pattern of Chd8 redistribution occurs slightly later than that observed for Chdl. We
used a mitotic capture protocol to arrest HeLa cells in mitosis and look at Chd8 protein
expression in interphase and mitotic cells. Because cell cycle arrest can lead to apoptosis,
trypan blue staining was used to show viability of cells harvested from interphase
(untreated) and mitotic-captured (treated) cells. (Fig 4.10E) Western blot of total cell
lysate showed expression of ChdS8 in both interphase and mitosis. (Fig 4.10F) These data

show that Chd8, like Chdl, is released from the chromatin as the cell enters mitosis.
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Figure 4.8 Chd8 localizes to nuclear and perinuclear pools in HeLa cells. A)
Immunofluorescence of endogenous Chd8 (green) identified nuclear Chd8, and also a
discrete perinuclear staining (arrows). B) Immunocytochemistry of the Golgi apparatus
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(red) with an antibody to human Golgi reveals distinct perinuclear localization. C)
Staining of cells with DAPI to label the nuclei. D) Merge shows that the perinuclear pool
of Chds is in close proximity to the Golgi Apparatus, but only partially colocalized. Inset
panels show immunocytochemistry with secondary antibodies alone (Alexafluor Goat
anti-rabbit-488 and goat anti-mouse-568, each at 1:500). Cells were imaged with inverted
fluorescence microscopy and images taken at 90X magnification. Scale bar represents
25um. E) Confocal microscopy was used to measure Chd8 and Golgi markers in the
same confocal plane. Shown is a slice from a representative sample. The top
immunofluorescence panel (green) shows Chd8, and the bottom immunofluorescence
panel (red) shows Golgi. The graph to the right represents Chd8 (green) and Golgi (red)
signal plot profiles taken across a portion of the cell, in the same focal plane.

4.2.5 Chd8 colocalizes with RII in the cell.

Immunostaining of HeLa cells with a polyclonal antibody to RIla/B labeled RII in
discrete regions outside of the nucleus (Figure 4.11A, arrows), but also a diffuse nuclear
labeling (Figure 4.11A, arrowheads). Costaining of the HeLa cells with an antibody to the
Golgi apparatus identified some colocalization of RII and the Golgi apparatus proteins.
(Figure 4.11A, D, arrows) PKA containing the RII subunit is localized to discrete
microdomains within the cell, one of which is the Golgi apparatus. This staining pattern
1s consistent with previous reports describing PKA-RIla anchoring by Golgi-associated
AKAPs such as BIG2"”” and AKAP350"*"). Likewise, nuclear localization of RII has

20. 110. 131 Blocking of the RII antibody with purified

been documented in the literature.!
recombinant RIla eliminated the perinuclear signal (Figure 4.12A, D, arrows) but did not
entirely block staining of the nucleus. (Figure 4.12D, arrowhead) A recent study by

Sample and colleagues reported nuclear localization of PKA RIIB and Rla subunits in

HEK cells.”” As the antibody used for immunostaining is a pan-RII antibody, it is
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Figure 4.9 Incubation with epitope peptide demonstrates specificity of Chd8

antibody. A-C) Immunofluorescence of endogenous Chd8 (red) in HeLa cells identifies a
nuclear and perinuclear staining pattern. D-E) Immunofluorescence of endogenous Chd8

in HeLa cells with antibody preincubated for 1 hour with a three-fold excess of the

peptide encompassing the immunogen against which the antibody was raised. G-I)
Immunofluorescence with secondary antibody (Alexafluor goat anti-Rabbit 568, 1:500)

alone. Cells were imaged with inverted fluorescence microscopy and images taken at
90X magnification. Scale bar represents 25um.

Chd8 antibody
.
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possible that the remaining nuclear staining identifies RIIf; however, in the absence of
blocking with RIIp protein, we cannot draw this conclusion. Thus, it is unclear if the

persistent nuclear signal in HeLa cells is the result of incomplete blocking of the antibody
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Figure 4.10 Immunofluorescence of Chd8 in mitotic cells shows redistribution of
ChdS8 in mitosis. Mitotic cells were identified in HeLa cell cultures that had been fixed to
coverslips. Arrows point to cells in metaphase (A) and early (B) and late (C) anaphase.
D) Images taken of staining done with secondary antibody alone. Cells were imaged with
inverted fluorescence microscopy and images taken at 90X magnification. Scale bar
represents 25um. E) HeLa cells were maintained in asynchronous cultures, in which the
majority of cells resided in interphase, or synchronous cultures, in which the cells were
captured in mitosis. Trypan blue staining of synchronous, mitotic-captured HeLa cells
(dark gray) shows that cells are viable at time of protein harvest. Cell viability of
synchronous cells was not significantly different from that of asynchronous cells (light
gray). (T-test, p>0.05, n=3) F) Western blot of HeLa cells harvested asynchronous
(interphase) or synchronous (mitosis).

with RIla, which was the only peptide blocking agent available to us for this assay, or if
this immunolabeling is detecting RIIB. Costaining of HeLa cells with antibodies to Chd8
and RIlo/p revealed strong perinuclear staining for both proteins. (Figure 4.13A-D,
arrows) Furthermore, overlay of images demonstrated colocalization of these signals,
indicating a compartment in which Chd8 may anchor PKA. This staining pattern was
reproducible in the human breast cancer cell line MCF7 (Figure 4.13E-H, arrows),
demonstrating that the immunostaining pattern was not unique to HeLa cells. While
immunofluorescence is not sufficient to demonstrate protein binding, and while the
resolution of these microscopy methods is limited to 0.45 microns, these data raise the
interesting possibility that Chd8 and Rlla, to proteins that have been shown to bind
through RII overlay and immunoprecipitation, coincide in the same subcellular

compartment.
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Golgi Apparatus

Figure 4.11 Punctate cytoplasmic staining of RII in HeLa cells. A)
Immunofluorescence of endogenous RII (red) identified discrete cytoplasmic and
perinuclear staining (arrows), as well as some nuclear staining (arrowhead). B)
Immunofluorescence of the Golgi apparatus (green) with an antibody to human Golgi
reveals distinct perinuclear localization. C) DAPI was used to label nuclei of cells. D)
Merge shows that the perinuclear pool of RII partially colocalizes with Golgi (arrows), as
previously reported, but that a large amount of RII is anchored to other cellular structures.
Insets are immunofluorescence with secondary antibodies alone (Alexafluor donkey anti-
goat-568 and donkey anti-mouse-488, each at 1:500). Cells were imaged with inverted
fluorescence microscopy and images taken at 60X magnification. Scale bar represents
38um.

4.2.6 ChdS8 co-elutes with RII subunits bound to cAMP-coupled agarose.
Since Sample et al (2011) recently reported a nuclear pool of cAMP, PKA, and

AKAPs in HEK cells™®”, total lysate from HEK cells was used to immunoprecipitate
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Figure 4.12 Incubation with epitope peptide demonstrates specificity of RIla/f
antibody. A-C) Immunofluorescence of endogenous RII (green) in HeLa cells identifies
a faint nuclear signal as well as a cytoplasmic and perinuclear staining pattern. D-E)
Immunofluorescence of endogenous RII in HeLa cells with RIla/fB antibody preincubated
for 1 hour with a three-fold excess of purified recombinant RIla. Some diffuse nuclear
staining remains after blocking with Rlla. G-I) Immunofluorescence with secondary
antibody (Alexafluor donkey anti-goat-488) alone. Cells were imaged with inverted

fluorescence microscopy and images taken at 90X magnification. Scale bar represents
25um.
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PKA. Agarose beads coupled to cAMP were incubated with HEK cell lysate. We
obtained monoclonal antibodies to Rlla and RIIB, which were not compatible for

immunofluorescence, but functioned well for Western blotting. RIla and RIIB were
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Figure 4.13 Chd8 and RII exhibit similar staining patterns in HeLa and MCF7 cells.
A-D) Costaining for RII (green) and Chd8 (red) in HeLa cells. The merge reveals
overlapping signals between RII and Chd8 in the perinuclear staining (arrows). E-H)
Costaining for RII (green) and Chd8 (red) in MCF7 cells shows colocalization of Chd8
and RII in a second cell type. Inset panels are images taken of immunofluorescence with
secondary antibodies alone (Alexafluor donkey anti-goat 488, Alexafluor donkey anti-
rabbit 568, 1:500 each). Cells were imaged with inverted fluorescence microscopy and
images taken at 90X magnification. Scale bar represents 25um.

detected in eluate from samples incubated with cAMP agarose. (Figure 4.14, middle and
bottom) Western blot analysis of eluate from the cAMP agarose beads also detected a
single, high molecular weight band corresponding with Chd8-L1. (Figure 4.14, top)
Soluble 8-Br-cAMP, a cAMP analogue that cannot be hydrolyzed by PDEs, was added to
compete with the cAMP agarose beads. In these negative control lanes, little or no RIla,
RIIB, or Chd8 was detected. This assay shows that endogenous ChdS is pulled down with

RlIla and RIIB subunits bound to cAMP.

4.3 Discussion

We have shown that Chd8, a chromatin binding protein with established nuclear
localization, binds RII in vitro and in the intact cell. RII overlay, a classic approach for
identifying novel AKAPs, demonstrated that the predicted Chd8 AKAP domain (See

Chapter IIT) was required for RIla binding, and point mutation of this domain eliminated
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binding between Rlla and Chd8-S. Endogenous Chd8 co-eluted with elements of the
PKA holoenzyme pulled down with cAMP agarose beads.

It has been proposed that variations in the phosphorylation state of RIla at
different phosphorylation sites modulate the affinity of the RIla dimer for AKAPs within
the same compartment.!'®! Our previous work demonstrates that PKA
autophosphorylation of RIla in the inhibitory domain at Ser96 increases affinity for
AKAP15/18. In a second example, phosphorylation of Rlla by the kinase CDK1 at
Thr54, a residue adjacent to the dimerization/docking domain of the Rlla subunit,
increases PKA binding affinity for AKAP9S5, an interaction that is essential for proper
chromatin condensation during mitosis.!'”! Phosphorylation of that same site also
decreases binding affinity for the AKAP Yotiao (a splicing variant of AKAP350).['*]
Thus, phosphorylation of PKA at different residues serves in part as a “switch” to
regulate the binding affinity of PKA for different AKAPs in the same intracellular
compartment. The data presented here likewise demonstrate that phosphorylation of RIla
at Ser96, an autophosphorylation site in the inhibitory domain of the Rlla subunit,
increases the ability of that subunit to bind Chd8. Western blot analysis identified RIIa.
and RIIa-SD in immunoprecipitates of Chd8-S, but not RIla-SA. It is worth noting that
in unstimulated cells a low level of basal RIIa phosphorylation has been observed." The
study by Manni et al demonstrated that an analogous RIla construct was phosphorylated
following stimulation of the cAMP/PKA pathway, showing that the unmutated RIla
construct forms intact holoenzyme with endogenous C stubunits and can be

phosphorylated following an increase in cAMP. Given the effect of mutating that Ser96
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Figure 4.14 Chd8 is detected with RII subunits in cAMP-pull down of HEK cell
lysate. Protein extracted from HEK 293T cells was used for pulldown with cAMP-
coupled agarose. Bound proteins were eluted and analyzed by Western blot. Top: Chd8
was detected in input lane (left lane) and with eluate from cAMP agarose. The cAMP
analogue 8-Br-cAMP was used as a negative control, to compete binding to the cAMP-
agarose. Chd8 was not detected in the negative control lane. Middle: Detection of RIla
with an RIlo monoclonal antibody showed Rlla in the input lane and the cAMP-agarose
lane. Bottom: Detection of RIIB with an RIIf monoclonal antibody showed RIIf in the
input lane and cAMP-agarose lane. Addition of cAMP reduced, but did not entirely
eliminate, pulldown of RIla. and RIIP in this experiment. (n=3, representative blots
shown)

to Alanine, which mimics the dephosphorylated state of Ser96 and leads to loss of
immunoprecipitation with Chd8-S, we hypothesize that the immunoprecipitated Rlla in

this studies likely reflects the basal phosphorylation of enzyme containing the RIla
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construct. More RIIa-SD than RIlo. immunoprecipitates with Chd8-S because the Rllo-
SD construct mimics a constitutive phosphorylated state of RIla.. Analogous to the
phosphorylation of Thr54 on RlIla, phosphorylation of RIla at Ser96 may serve as a
molecular switch that dictates improved binding affinity for Chd8 over other AKAPs in
the same subcellular compartment.

The use of cAMP agarose beads to isolate AKAPs is another strategy to purify
AKAPs."™! Compared to standard immunoprecipitation techniques, cAMP agarose beads
eliminate the possibility of IgG heavy chain contamination in the western blot. This is a
significant problem as IgG heavy chain protein is approximately 50 kDa MW, in close
proximity to the reported MW of RII (48-52 kDa MW), and antibody signal from the
contaminating IgG can make detection of immunoprecipitated RII difficult. We have
previously resorted to coupling RlIlo/p antibody to agarose beads with a linker such as
DSS!®!, but this process uses copious amounts of antibody and may destroy the epitope
recognition sites on the antibody itself. Use of cAMP-agarose is also advantageous
because it isolates intact PKA holoenzyme; however, a key disadvantage of this approach
is that it precipitates multiple cAMP-binding proteins, including all subtypes of PKA. We
have identified a high molecular weight band that corresponds to Chd8 in the protein
complexes precipitated with cAMP-agarose (Figure 4.14); however, it is impossible to
know if the RIIB identified in the eluate is bound to Chd8, or if Chd8 is only binding
RIlo. While it is not possible to rule out other PKA subtypes as Chd8 binding partners,
our RII overlay (Figure 4.2) and coimmunoprecipitation (Figures 4.4, 4.6) data provide
evidence that Chd8 binds RIla. Considering other AKAPs bind RIla and RIIB, albeit with

different affinities, it is reasonable to hypothesize that Chd8 binds RIIp to some degree.
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Although we identified a single high molecular weight band corresponding with the
molecular weight of Chd8 in the eluate from cAMP agarose beads, this appears to be the
predominant species expressed in HEK cells (Figure 4.14, input lane). Thus, we cannot
rule out interaction between other isoforms of Chd8, such as Chd8-L2, and the PKA
holoenzyme in other cell types. Additional studies are needed to determine the precise
nature of the interaction between ChdS8 isoforms and RIL

Previous studies of Chd8 have implicated this protein in various nuclear functions
(transcription, regulation of transcription factors), cell cycle progression, and cell survival
and apoptosis (see Chapter I). Compared to previous work that documents nuclear RII in

2 1,1 110, 112,11
[20, 81,107, 110, 112, 3], our methods used

HEK cells and in HeLa cells grown in suspension
an adherent HeLa cell line and different antibodies than those used in the previous
studies. In our hands, we did not observe specific nuclear staining of RII, but based on
those previous findings we cannot rule out interaction between Chd8 and RII in the
nucleus. The data presented here provide evidence for an interaction between our newly
identified AKAP, Chd8, and Rlla, by means of RII overlay and co-immunoprecipitation.
Of particular novelty, our findings identify both Chd8 and RIla/B in a perinuclear
microdomain in both HeLa and MCF7 cells, indicating possible perinuclear
colocalization of the two proteins.

Following the initial characterization of Chd8-S as a nuclear protein, translocated
into the nucleus by way of five nuclear localization signals plus importin o, only one
other study characterized localization of endogenous Chd8. This recent study, which

surveyed expression and downregulation of chromodomain helicase binding proteins in

gastric and colorectal cancer, reported weak cytoplasmic staining of ChdS in tissue
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sections. In contrast, staining for another member of the Chd family, Chd4, showed
nuclear staining with no cytoplasmic signal.'"*! Using an antibody specific to the Chd8-L
isoforms, we have identified a non-nuclear pool of Chd8 in two human-derived cell lines,
HeLa and MCF7. (Figure 4.12) The fact that we observed a similar staining pattern in rat
neonatal cardiomyocytes and fibroblasts isolated from rat heart indicates that this staining
is not cancer cell or species specific (see Chapter V). While chromodomains are usually
associated with the nucleus, there is precedent for chromodomain-containing proteins in
the cytoplasm. In neurons, several isoforms of the protein NPCD (Neuronal Pentraxin
with Chromo Domain) were found to localize to the cytoplasm and the inner face of the
cell membrane.!'>"

We demonstrated that Chd8 is released from chromatin upon entry of the cell into
mitosis, as immunostaining for Chd8 in these cells shows bright, diffuse staining of the
cytoplasm and the appearance of a ‘hole’ that overlaps with the DAPI counterstain for
DNA. (Figure 4.10) This is the first report of Chd8 localization in the cell cycle, and
shows that, like Chd1, Chd8 redistributes from the chromatin by the time the cell reaches
metaphase; in contrast, Chdl reassociates with the chromatin by the time the cell entered
telophase®®. Our data suggests that Chd8 reassociation with chromatin occurs slightly
later. (Figure 4.10C) The redistribution of Chd8 in mitosis is particularly interesting
because the same pattern has been observed for AKAP95. AKAP9S binds Rlla in mitotic
cells, after the nuclear envelope has broken down, but not in interphase cells.”” Thus, the
conditions under which Chd8 anchors RII may be temporal, as in mitosis, or

developmental, as we discuss in Chapter V.
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Our co-immunostaining experiments reveal staining for Chd8 in close proximity
to the Golgi apparatus; however, clear co-localization does not occur in 100% of cells.
(Figure 4.8) One potential drawback of our approach is use of a monoclonal antibody
raised against whole human Golgi apparatus. Because the entire Golgi apparatus was
used as the immunogen, the precise protein or epitope identified is not known and thus it
is impossible to tell precisely which part of the Golgi apparatus is labeled. It is possible
that, in instances where the Chd8 labeling appears distinct from Golgi labeling, Chd8 is
localizing to a portion of the Golgi not labeled by the antibody. Labeling with additional
antibodies raised against proteins specific to either the cis or trans Golgi cisternae may
further resolve this issue. Alternatively, the perinuclear signal may reflect localization of
Chds8 to a different subcellular structure, such as the centrosome, which is a known
microdomain to which the RIla subunit of PKA is targeted.[’®!

It is unclear what process or domain localizes ChdS to this perinuclear location,
versus other Chd proteins like Chd4. Chd8 is sumoylated, and sumoylation has been
shown to alter protein localization between nucleus and cytosol by altering the affinity of
the sumoylated protein for its binding partners.!'>" **) Chd8 is a member of subfamily III
of the Chd proteins. This implies that Chd8 contains several protein binding domains that
are not found in Chd4. One of those unique binding partners may confer non-nuclear
subcellular localization to Chd8, thus giving rise to the perinuclear microdomain of Chd8
observed in our studies. It is possible, but unlikely, that Chd8 plays a chaperone role for
transcription factors that are translocated to the nucleus. It has been shown that deletion
of the NLS did not prevent Chd8-S binding to B-catenin; however, this deletion mutant

could not inhibit B-catenin-dependent transcription.!*"" ! This shows that, while nuclear
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localization of Chd8-S is required for inhibition of B-catenin, translocation of B-catenin
does not require binding to Chd8-S. Of interest is the close proximity of the AKAP
domain to the NLS of Chd8 (see Figure 1.1). The phosphorylation of residues within an

(1531 Analysis of the

NLS is one means for regulating nuclear localization of a protein.
Chd8 NLS with a program designed to predict PKA phosphorylation sites identifies
several potential PKA targets within the Chd8 NLS. (Figure 4.15B) Given the close
proximity of anchored PKA to the NLS, one function of anchored PKA may be the
phosphorylation of Chds8 itself. This phosphorylation of the Chd8 NLS may then alter the
binding affinity of Chd8 for one or several binding partners, leading to nuclear export,
and subsequent inhibition, of Chd8. One possible mechanism for this process is
illustrated in Figure 4.15.

Based on our findings, Chd8 exists in two microdomains within the cell. The
antibody used for these studies recognizes a carboxyl terminal epitope common to the
two longest isoforms of Chd8, but not Chd8-S. It is not clear if the two pools of Chd8
represent different isoforms, or if they are made up of both Chd8-L1 and Chd8-L2. Other
well-characterized AKAPs exhibit alternate localization of different isoforms. Splicing
variants of the gene that encodes AKAP350 differentially localize to Golgi and
centrosomes.!”’! Likewise, AKAP13 (or AKAP-Lbc) encodes at least three splicing
variants and has been described as associating with cytoskeletal components in
myocytes!>® and with the nucleus, nuclear envelope, and cytoplasm in myometrial

tissue!' ). Given the functional diversity of AKAPs beyond their ability to anchor PKA,
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Figure 4.15 Hypothetical mechanism through which phosphorylation of Chd8 by
PKA regulates the subcellular localization of Chd8. A) A schematic through which
phosphorylation of Chd8 within or near the nuclear localization signal (NLS) mediates
subcellular localization of Chd8. Under this model, unphosphorylated ChdS8 binds to a
nuclear protein (“?”). Upon its activation, PKA phosphorylates ChdS8 in the NLS. This
leads to a decreased affinity of ChdS8 for protein “?”, and nuclear export of Chds.
Concomitant dephosphorylation of PKA, coupled with the nuclear export of Chd8,
attenuates the supply of phosphorylated -catenin in the nucleus. This nuclear export of
ChdS8 to a perinuclear microdomain may be one means of regulating the activity of Chd8
in the nucleus. B) A summary of predicted PKA phosphorylation targets in the amino
terminus of Chd8. The residue number is based on the numbering for human ChdS8-L1.
The phosphorylated residue is marked in red. Three PKA predictors were used: PKApS,
which predicts PKA phosphorylation sites with a 98.5% positive prediction rate and a

6.5% false negative rate[154]; KinasePhos, which uses HMM models to predict kinase-

specific phosphorylation''>”; and PhosphoSitePlus, which mines available databases for

predicted phosphorylation sites!'>*). For PhosphoSitePlus predictions, green checks
indicate phosphorylation sites confirmed by experimental means, according to text and
data mining by PhosphoSitePlus.

isoforms of Chd8 may play an equally dynamic role in anchoring PKA to different
subcellular microdomains.

The immunofluorescence reported in this study also shows punctate localization of RII
that colocalizes in part to the Golgi apparatus. These data are consistent with previous
work that linked the localization of PKA to transcriptional variants of
AKAP9/AKAP350/AKAP450.11- 19 1n many instances, multiple AKAPs localize PKA
to the same compartment. For example, several different AKAPs, including SKIP!'*"),
AKAP-1211%1 and AKAP1!"%!, localize PKA to the mitochondria. Interestingly, a

perinuclear signal for RII was also detected in CHO cells expressing all two of the three
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RIla constructs. (RIla and RIla-SD, Figure 4.5, arrows) With our pan-RII antibody, we
also identified nuclear staining of HeLa and MCF7 cells. Incubation of the antibody with
purified recombinant RlIla did not completely block this labeling of HeLa nuclei. (Figures
4.11-4.13) Although we were unable to rule out nonspecific binding as an effect of our
antibody, it is worth noting that RIIB, as well as RIla, has been reported in the nucleus.*"
81,107, 110, 112, 113]

In summary, we have demonstrated that Chd8 contains an amino terminal PKA
binding domain between residues 456 and 473, and that this domain is required the
binding of RIla to Chd8-S. Immunofluorescence of different cell lines reveals a non-
nuclear pool of Chd8 that colocalizes with RII and in part with a marker of the Golgi
apparatus. Moreover, dephosphorylation of PKA at Ser96 eliminates binding of Rlla to
Chd8-S, whereas subunits phosphorylated at Ser96 bind Chd8-S. Pulldown of cAMP
binding proteins identifies a high MW band that corresponds to Chd8. These results
indicate that Chd8 is a novel AKAP and demonstrate a function for Chd8 beyond its
regulation of development, transcription, and cell survival. As Chd8 was first isolated as
anovel AKAP in a screen of cDNA derived from human heart described in Chapter I1I,

we went on to examine cardiac expression of Chd8 in Chapter V.
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Chapter V: Chd8 is expressed in cardiac development and in isolated neonatal

cardiomyocytes, where it binds the P2 promoter of MDM2.

5.1 Introduction

Chd proteins are characteristically large (more than 200 kDa) and bind other large
proteins to form complexes that regulate chromatin structure or gene expression.*”!
Chromatin remodeling proteins are frequently arranged in large multisubunit complexes
that target, regulate, or modify complex specificity (reviewed in ****), Table 1.1, Figure
1.5). In an effort to characterize Chd8 complexes, a study by Bochar and colleagues
(2008)P*! utilized a co-immunoprecipitation/mass-spectrometry approach in which they
partially purified Chd8 from HeLa cell nuclear extract and analyzed the components of
the protein complex. Chd8 isolated with a 900kDa fraction; however, when binding
components were identified using mass spectrometry, it became clear, based on the size
of those proteins, that several distinct binding complexes containing Chd8 must exist.!””!
In the last seven years, several studies have added details to the mechanisms through
which Chd8 regulates transcription, gene expression, and cell survival.

Chd8 has been found to interact with a number of transcription factors and
proteins associated with transcriptional machinery (see Chapter I, Table 1.1). To date, the
most complete mechanism describing the action of Chd8 on the promoter of genes
involves its ability to recruit histone H1 to the promoters of genes regulated by either 3-

catenin or p53. These findings, reported by Nishiyama et a/ (2009, 2011), propose a

model in which Chd8 is bound to the promoters of these genes when it is expressed at its
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highest levels, during embryogenesis. According to this model, as the organism
progresses through development, subsequent downregulation of Chd8 results in loss of
Chd8 from the promoters of target genes, enabling activation of these genes by either 3-

33-361 This model is consistent with the consequences of downregulation of

catenin or p53.!
Chd8 by shRNA or siRNA, which include a modest increase of transcription from the
promoters of Axin, Dkk, and Nkd2, genes regulated by B-catenin, and p21 and NOXA,
targets of p53. Histone H1 anchoring by Chd8 is required for the function of this
complex, as deletion mutant of Chd8 lacking the histone H1 binding domain was unable
to inhibit B-catenin’®®, and depletion of histone H1 prevented Chd8 inhibition of p-
catenin®¥ or p53°*). Likewise, knockdown of Chd8 with shRNA eliminated association
of histone H1 with the p53 response elements of target genes like p21. This model
implicates Chd8 as the scaffold protein of a regulatory trimer containing Chd8, histone
H1, and either B-catenin or p53.

The transcription factor pS3 regulates numerous target proteins that are critical to
cell survival and apoptosis. pS3 functions as a tumor suppressor, and attenuation of p53
function is strongly correlated with development of cancer. p53 has been implicated in
apoptosis observed in failing hearts, and crosstalk between the p53 pathway and the -
adrenergic activation of PKA has been implicated in HF (reviewed in !'*Y). Given the
terminal differentiation of cardiomyocytes and limited reports on the regenerative
capacity of the heart (reviewed in ['®*), apoptosis of these cells has serious implications
for the function of cardiac tissue following injury and cell death. Downregulation or

attenuation of p53 activity has been shown to decrease cardiac apoptosis and myocardial
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[166

infarct size!'®®, while loss of proteins that negatively regulate p53 correlates with

elevated p53 and development of cardiomyopathy!'®”).

Given the diverse number of cell signaling pathways stimulated by B-adrenergic
signaling, it is difficult to draw a direct line of action between PKA and p53. B-adrenergic
stimulation with an agent such as isoproterenol acts on several different isoforms of the
B-adrenergic receptor, each of which activates different signaling cascades with different
effects. Activation of B1-adrenergic receptors results in an increase in cAMP and the
PKA signaling pathway, whereas f2- and 3-adrenergic receptors activate the PI3K/AKT
and eNOS pathways, respectively, and several isoforms of adenylyl cyclases that can also
act on the influx of cAMP that occurs with B1 stimulation.(reviewed in !'Y) While PKA
phosphorylates a wide range of target proteins, few reports of direct phosphorylation of
pS3 by PKA exist. Work by Adler et al found PKA to be a p53 kinase and demonstrated
phosphorylation of p53 by PKA in vitro that was dependent both on temperature and
conformation of p53. They identified 6 PKA phosphorylation sites on p53 in
fibroblasts.!"®! In contrast, PKA has been shown to target proteins that in turn, modulate
p53, raising the possibility of an indirect connection between the two pathways. These
PKA phosphorylation targets include GSK33 and CREB (cAMP response element
binding protein), the latter of which forms a complex with p53 and CBP/p300 to

(1691 Of particular interest is a recent study by Naderi

transactivate pS3-responsive genes.
et al (2011), which found that elevated cAMP lead to increased association of pS3 with
HDM2, the human homologue of the p53 inhibitor MDM2 (Murine Double Minute

2).""%) This inhibition of p53 was found to be carried out via PKA, versus a different

cAMP responsive kinase. In the absence of evidence for direct phosphorylation of p53 by
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PKA, Naderi et al suggested that phosphorylation of another protein might mediate the
anti-apoptotic effects of cAMP/PKA.['"")

Under normal, physiological conditions, p53 is rapidly ubiquitinated and
degraded by the proteosome, ensuring suppression of this pro-apoptotic factor. Exposure
to DNA damaging agents such as doxorubicin (DXR) or etoposide induces the stability
and accumulation of p53 in the cell. DXR is a commonly used chemotherapeutic agent
with known cardiac side effects, including severe DCM that leads to congestive heart

171]

failure!'”"! and myocyte apoptosis associated with both p53-dependent!! ™ '”* and p53-

independent!' ™!

mechanisms. Stabilized p53 translocates to the nucleus, where it binds to
the p53 response elements in pS3-target genes and activates transcription. One such target
includes the P2 promoter of the MDM2 gene, which encodes MDM2 (murine double
minute 2).

MDM2 (RDM2 in rat, HDM2 in human) is a key member of the autoregulatory
feedback loop that controls p53 expression and activity. Expression of MDM?2 is
controlled by two promoters: the “constitutive” P1 promoter, which is controlled by p53-
independent mechanisms, and the “inducible” P2 promoter, located in intron 1, which
contains two p53 response elements!' ! and binding sites for other transcription
factors!'’®). More than 40 MDM?2 isoforms have been identified in normal and diseased
cells, arising from alternative or aberrant splicing (reviewed in !'’"Y), or from caspase

(78] 'Human MDM2 exists in two predominant isoforms, a 90 kDa MW protein

cleavage
(p90) and a 75 or 76 kDa MW protein (p76).l"”"! The complex interplay of regulation

between MDM?2 and p53 involves a number of proteins; however, according to the

canonical MDM?2/p53 feedback loop, under normal conditions in the cell, high levels of
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MDM?2 inhibit p53 through several mechanisms (reviewed in ' 1) MDM?2 is an E3
ubiquitin ligase that ubiquitinates p53, which targets p53 for degradation by the

[182

proteosome ["*%, and MDM2 binds to the amino terminus of p53 and prevents its

transcriptional activity %,
Following injury to the cell that causes DNA damage, both MDM2 and p53

[184, 185]) which prevents binding, and,

undergo posttranslational modification (reviewed in
in the case of MDM2, results in destabilization of the protein!'*". As p53 accumulates
and initiates transcription of target genes, it also binds to the P2 promoter of the MDM?2
gene. The difference in transcripts is restricted to the 5” untranslated region (UTR);
however, in vitro assays conducted by Barak et al (2007) revealed different preferences
for start codons between the two transcripts. Barak et al reported that, when MDM2 RNA
was concentrated a high levels, transcription from the P1 promoter resulted in a larger
amount of truncated MDM2, unable to bind p53, compared to full length MDM2;
however, as amounts of MDM2 mRNA became more dilute, transcription from P1
produced more full-length MDM?2 protein. In contrast, transcription from the p53-
inducible P2 promoter appeared more tightly controlled, with a higher ratio of full length
MDM2 protein produced following induction at the P2 promoter.!'” Cheng ez al (2007)
have similarly reported that, in human and mouse, the p90 isoform preferentially arises
from the P2 promoter transcript, while the p76 isoform, which has an amino-terminal
truncation, results from alternative start codon usage found in the P1 promoter
transcript.l'”®! Alternative exon usage and variations in 5> UTR between mouse and

human MDM2 raise some doubt as to whether transcription of the MDM2 gene is

identical between the two species..'*”! In the case of human MDM2, the p90 and p76
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isoforms are not functionally equivalent. Cheng et a/ found that the inducible p90 isoform
promoted degradation of p53 and TSG101, another component of the MDM2/p53
autoregulatory loop; in contrast, p76 had no effect on p53 stability.!'”! This full-length
MDM2 attenuates the p53 response, thus creating an autoregulatory feedback loop for
p53 that returns p53 to low, basal levels once the cell stress signals have been resolved.
We have reported a novel amino AKAP domain on ChdS8 (see Chapters III and
IV). For two isoforms (Chd8-L1 and ChdS8-S), this domain lies in close proximity to the
200 amino acids required for Chd8:p53 binding. (Figure 1.1) This is the first AKAP that
has been defined as a transcriptional regulator of p53. To this end, we investigated the
expression of Chd8 in cardiac tissue and hypothesized that Chd8 negatively regulates p53

responsive genes in the heart.

5.2 Results

5.2.1 Chd8 is expressed at high levels in cardiac development.

Chds has been characterized largely as a developmental protein, with high levels
early in embryogenesis and lower levels in adult tissue.'”" *! Given Chd8’s role as a
negative regulator of p53, it has been proposed that the differential expression pattern of
Chd8 during development permits p53-dependent apoptosis required in organogenesis.>!

As Chd8 was initially isolated in a screen for novel cardiac AKAPs, and given the

implication of Chd8 in cardiovascular development, downstream of its p53-dependent
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activities, we examined expression of Chd8 in rat cardiac tissue harvested at different
points in development.

Tagman qPCR was used to generate quantitative measurements of Chd8 in total
RNA extracted from rat heart tissue. Hearts were harvested and frozen by Yinghua Zhang
of the Bloch lab at embryonic (E) and post-natal (PN) time points (embryonic days 16
and 19, post-natal days 1, 3, 7, 21, and 6 months), and total RNA was extracted by Dr,
Linda Lund of the Bond Lab and converted to cDNA. I performed Tagman qPCR with
different probes for Chd8 transcripts. (Figure 5.1A) Probe 1, which spans exons 2-3 and
encompasses the AKAP binding domain of Chd8, recognizes all three isoforms of ChdsS.
Probe 2 recognizes Chd8-L1 and Chd8-L2 and spans exons 12 and 13, which encode the
helicase domain. Relative amounts of Chd8 mRNA detected by either probe were
normalized to GAPDH. A probe against the mRNA transcript for RIla (PKAR2A) was
used to measure RIIo mRNA in the same samples. Consistent with previous reports of
Chds8 expression in whole mouse embryos*, CHD8 mRNA was detected at its highest
levels at PN7, followed by a decrease to low but detectable levels by PN 6 months.

(Figure 5.1B)

5.2.2 ChdS8 protein and mRNA expression in isolated rat neonatal cardiomyocytes
(NCMs).

Because of the high levels of Chd8 observed in embryonic and post-natal hearts,
we utilized rat NCMs, isolated at PN1, to study expression of Chd8 protein. Tagman PCR
and western blot analysis demonstrated stable Chd8 mRNA and protein expression,

respectively, in cells cultured over the course of one week. (Figure 5.2A, B) To analyze
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Figure 5.1 Relative quantitation of Chd8 expression in cardiac development.
TagMan qPCR was used to detect mRNA in tissue harvested from embryonic, post-natal,
and adult hearts. A) A representation of the targets of the two sets of TagMan probes
used to measure Chd8 mRNA. Probe 1 (ABI IDRn00576005_m1) spans exon 2-3 and
covers the RII binding domain. Probe 2 (ABI Rn01414467 m1) spans exons 12-13,
which encode the helicase domain and detects only the two longest isoforms. B) Relative
amounts of mRNA of Chd8 (Probe 1 and Probe 2) and RIla. (PKAR2A), normalized to
GAPDH and calculated by the 2*““" method. Chd8 was detected with both probes to be
at its highest level at PN7.

Chd8 protein in NCMs, we generated a custom antibody to detect rat Chd8-L1 (Chd8-

Sigma). During its production, a second antibody, raised against an epitope common to
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Figure 5.2 Chd8 is expressed in cultured NCMs. A) Tagman qPCR was used to
measure relative changes in Chd8 mRNA across several days in culture. Relative
amounts of mRNA of Chd8 (Probe 1) and RIla. (PKAR2A) were normalized to GAPDH
and calculated by the 2°““" method. Error bars represent standard error of the mean. B)
Western blot of protein extracted from NCMs cultured over several days detected ChdS8-
L1 at all time points. C) Validation of antibodies used for Western blot analysis. Top.: A
commercially available Western blot and immunoprecipitation antibody labels both large
isoforms of Chd8 in HeLLa and NCMs. Middle: A custom antibody generated by Sigma
against the Chd8-L1 isoform in rat identifies Chd8-L1 in NCMs and HeLa. Addition of
epitope to the antibody blocks binding of the antibody to the blot. Bottom: GAPDH was
used as a loading control.
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human Chd8-L1 and human Chd8-L2, became available (Chd8-Bethyl). We used both
antibodies to detect Chd8 in NCM proteins. Western blot analysis of NCM protein
identified both the Chd8-L1 and Chd8-L2 isoforms, similar to protein bands detected in
protein extract from HeLa cells. (Figure 5.2C) Immunofluorescence of fixed cultures
labeled ChdS8 in both NCMs (Figure 5.3A, arrows) and fibroblasts (Figure 5.3A,
arrowheads). As previously described for HeLa and MCF7 cells, we detected nuclear
staining of ChdS in both cell types, as well as a perinuclear pool of Chd8. When
compared to fibroblasts, there was notable difference between the shape of the
perinuclear Chd8 stain in NCMs: NCM staining was more compact and distributed
around the nucleus. (Figure 5.3A) Immunofluorescence of NCMs for RIlo/p identified
RII surrounding the nucleus and in the cytosol of both NCMs (5.3B, arrows) and
fibroblasts (5.3B, arrowheads); however, no labeling of RII was seen in the nucleus of
either NCMs or fibroblasts. These data indicate that ChdS is stably expressed in cultured

NCMs, and localizes to both nuclear and perinuclear microdomains.

5.2.3 Chd8 expression is not significantly altered in failing cardiac tissue or in the
TAC mouse model of heart failure.

Given that Chd8 is expressed at its highest levels at PN7 (Figure 5.1), and
considering reports that gene expression reverts to developmental patterns in HE! 121
we considered the possibility that Chd8 protein expression may be altered in failing heart

tissue. We examined expression of Chd8 in protein extracted from normal or failing

human hearts. Tissue was obtained from Dr. Christine Moravec (Cleveland Clinic, Ohio)
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Figure 5.3 The subcellular distribution of Chd8 and RII in cultured NCMs. NCMs
were fixed at four days in culture and stained for Chd8 (B, D) and RIlo/B (F, H).
Immunostaining of myocytes was visualized with antibody to a-actinin (A, D). Arrows
indicate myocytes, while arrowheads indicate fibroblasts. Inset panels are images taken
of immunofluorescence with secondary antibodies alone (for A-D, Alexafluor goat anti-
rabbit 488, Alexafluor goat anti-mouse 568, 1:500 each, for E-H, Alexafluor donkey-anti-
mouse 488, Alexafluor donkey anti-goat 568). Cells were imaged with inverted
fluorescence microscopy and images taken at 90X magnification. Scale bar represents
25um.

and subject to lysis and Western blot. Western blot analysis with Chd8 antibodies
identified Chd8-L1 and Chd8-L2 in both normal and failing hearts. (Figure 5.4A)
Comparison of normal and failing hearts revealed a slight, but not significant, increase in
Chd8 expression in failing heart tissue. (Figure 5.4B) Analysis of normal heart tissue
yielded samples with a larger standard error than that observed in the HF dataset.

Given the variation in the “nonfailing” human heart samples, we turned to a
mouse model for HF to measure Chd8 expression in failing myocardium. Cardiac tissue
from mice that had undergone either transverse aortic constriction (TAC) or sham
surgery''*®! was obtained from Peter Hecker of the Stanley Lab. I extracted protein from
11 mice for use in Western blot. Chd8-L1, Chd8-L2, and Chd8-S were detected in both
Sham and TAC heart lysate. (Figure 5.5A) In these heart samples, Chd8-L1 appeared to
be the predominant Chd8 isoform; however, comparison of band intensity between TAC

and Sham hearts did not reveal differences in protein expression for any Chd8 isoform.
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(Figure 5.5B) These data indicate that Chd8 protein does not appear to be altered in the

TAC mouse model for heart failure.

5.2.4 Chd8 binds in close proximity to the pS3 response element within the MDM?2
P2 promoter.

Chds8 suppresses p53-dependent transcription through the recruitment of histone
HI to p53 response elements in the promoters of p53 target genes. In a model proposed
by Nishiyama ef al (2009), the fluctuation of Chd8 expression over the course of
development may lead, at least in part, to the targeted activation of p53-dependent
apoptosis required for organogenesis and development. Nishiyama et al identified ChdS8
bound to the promoters of two p53-responsive genes, p21 and NOXA, that are
upregulated in the cell death that occurs following suppression of Chd8 by shRNA.’]

We utilized chromatin immunoprecipitation (ChIP) to determine if the same
model held true in cardiomyocytes. We used two antibodies against Chd8 for ChIP: one,
67, is an antibody that had been validated for ChIP by Dr. Daniel Bochar through
independent ChIP experiments with Chd8""; the second antibody is a commercially
available ChdS8 antibody that had been validated for immunoprecipitation, but had not
been tested for ChIP. Use of these two antibodies is also advantageous in that the two
antibodies recognize different epitopes, with Chd8-67 recognizing the carboxyl terminus

of Chd8-L1 and Chd8-L2 and Chd8-Bethyl recognizing the amino terminus of all three

isoforms. We also used ChIP-validated IgG antibody as a negative control, as
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Figure 5.4 Chd8 expression is not significantly altered in human heart failure. Donor
human heart tissues were used to measure Chd8 protein between normal (non-failing) and
DCM hearts (failing). Representative blot shown, error bars represent standard error of
the mean. (T-test, n=7, p>=0.05)
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Figure 5.5 Chd8 expression is not significantly altered in the TAC mouse model of
heart failure. Protein extracted from Sham or TAC mice was used to measure protein
expression of Chd8 isoforms by Western blot analysis. A) Representative blot of three.
B) Levels of Chd8 isoforms did not vary significantly between TAC and Sham mice (T-
test, n=11, p>=0.05); however, ANOVA detected differences between Chd8-L1 isoform
and Chd8-L2/S isoforms for both groups. Dunnett’s post-hoc analysis identified
differences compared to Chd8-L1 for both Sham (* denotes p<0.01) and TAC ($ denotes
p<0.01) mice.
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HpM2 P2 ————————————GTGTGAACGCTGCGCGTAG—TCTGGGCGGGAT TGGGCCGT TCAGTGG

RDM2 P2 GAGGTAACAGGTGCCTGGETGEGTGGGACGT GGCT TCCGGGACGGGT GGGACTGGGCTGTGC
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HDM2 P2 GCAGGTTGACTCAGCTTTT CCTCTTGAGCTGGT CAAGTTCAGACACGTTUCGAAACTGCA

RDM2 P2 CTAG-TTGACTCAGCTTTTCCTGTGGGGCTGGT CAAGTTAGGACACGTTCAGCGTTGGCT
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pa3 R2

HDM2 P2 GTAAAAGGAGT TAAGTCCTGACTTGTCTCCAGCTGGGGCTATT TAAACCATGAATTTTCC
RDM2 P2 GTTGGAGGAGCTAAGTCCTGACATGTCTCCAGCTGAGGCTATTTAAACCCTGCTCGTTTC
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Figure 5.6 The P2 promoter of MDM?2 is heavily conserved between the rat (RDM2)
and human (HDM2) genes. The p53 response elements are outlined in boxes. An
asterisk denotes sequence identity.

recommended by the manufacturer of our ChIP reagents (Millipore).

We focused our screen for p53 response elements to the human and rat orthologs
for MDM2, HDM?2 and RDM2, respectively. Alignment of the P2 promoters of HDM?2
and RDM2 revealed a high degree of conservation in the nucleotide sequence. (Figure
5.6) Given this degree of similarity, and because HeLa cells were more readily available
than NCMs, we optimized our protocol in HeLa cells. (Figure 5.7A) Using primers
located in the P2 promoter of HDM2, we amplified PCR product in the input lane —
sheared chromatin that was not immunoprecipitated. An IgG control antibody did not

immunoprecipitate DNA fragments corresponding with the P2 promoter. Both Chd8
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antibodies (67 and Chd8) immunoprecipitated chromatin fragments that were amplified
under PCR conditions with the HDM2 P2 primers. (Figure 5.7A) Sequencing of the PCR
product isolated from the Chd8 ChIP and subsequent alignment with the predicted
sequence verified that the PCR product obtained in this assay was the P2 promoter of
HDM2. (Figure 5.7B) The immunoprecipitated sequence included the first pS3 response
element (pS3R1) and part of the second p53 response element (pS3R2) in the HDM?2 P2
promoter, indicating that ChdS is binding to (or in close proximity to) the region of the
P2 promoter occupied by p53.

The same protocol was applied to chromatin extracted from rat NCMs after four
days in culture. Primers corresponding to the RDM2 P2 promoter were used to amplify
PCR products. Since our work in HeLa cells validated the Chd8-Bethyl antibody for use
in ChIP, and since our reserves of the Chd8-67 antibody were very limited, we chose to
use only the Chd8-Bethyl antibody for this assay. We also used an antibody raised
against the histone H1 subunit, as H1 binding has been described as necessary for the
interaction between Chd8 and p53 and p53-responsive promoters. PCR product
corresponding to the RDM2 P2 promoter was detected in ChIP with both the histone H1
antibody and the Chd8 antibody. (Figure 5.8 A) Sequencing of the PCR product from the
Chd8 sample indicated that the PCR product corresponded with the RDM2 P2 promoter,
in a region containing both p53 responsive elements. (Figure 5.8B, top) These data
indicate that Chd8 binds the RDM2 P2 promoter in the same region as p53 in NCMs.

The binding of Chd8 with H1 to the p53 response element inhibits pS3-dependent
transcription.””*! Treatment of cells with DNA damaging agents such as DXR or

etoposide leads to loss of Chd8 from the promoter of p53-responsive genes like p21 or



108

> 2 S S
A. & ¥ §& ¢

200 bp e—
- Rt
100 bp =]

HDMZ P2 Promoter GTGTGAACGCTGCGCGTAGTCTGGGCGGG—ATTGEGCCG—TTCAGTGGGCAGGTTGACTC

ChIP PCR product —————— GCTGCGCGTAGTCTGGGCGEEGATTGGGCCGETTCAGTGGGCAGGTTGACTC
COHSEHSHS FhAETX XX XX XX XX T55555%5% HExdddddd dx)kddddddddxkkdkdkkx*x

pa3 R1
HDM2 P2 Promoter AGCTTTTCCTCTTGAGCTGGTCAAGTTCAGACACGTTCCGAAACTGCAGTARAAGGAGTT

ChIP PCR product AGCTTTTCCTCTTGAGCTGGTCAAGTTCAGACACGTTCCGAAACTGCAGTAAAAGGAGTT
COHSEHSHS Ea o b b b b b e b b bl o o o o o o

p53 R2

HDM2 P2 Promoter |AAGTCCTGACTTGTCTCCAGCTGGGGCTATTTAAACCATGAATTT TCCCAGCTGTGTTCA
ChIP PCR product |[AAGTCCAA
Consensus khkkkx

Figure 5.7 Chd8 binds the P2 promoter of HDM?2 in HeLa cells. A) ChIP was used to
detect the binding of Chd8 to the P2 promoter. Input represents 5% of the total sample
used for each ChIP. Two different antibodies to Chd8 were used: Chd8-67 and Chd8-
Bethyl. Primary data shown is representative result of three trials. B) Sequencing of the
PCR product identified the P2 promoter of HDM2. The sequencing product, obtained
with a forward sequencing primer, aligned with the sequence of the HDM2 P2 promoter.
An asterisk denotes sequence identity.

NOXA, which then permits p53-dependent transcription of those genes. Treatment of
U20S cells with DXR also led to a reported increase in MDM?2 protein that was inhibited
by overexpression of Chd8-S.”* We utilized the DNA damaging agent DXR to test the
validity of this model on the Chd8 regulation of RDMs in NCMs. Rat NCMs were

maintained in culture for 3 days prior to 24 hour treatment with 0.5uM DXR, then
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Figure 5.8 Chd8 binds the P2 promoter of RDM2 in NCMs. A) Sequencing of the
PCR product identified the P2 promoter of RDM2. The sequencing product, obtained
with a forward sequencing primer, aligned with the sequence of the RDM2 P2 promoter.
An asterisk denotes sequence identity. B) ChIP was used to detect the binding of ChdS to
the P2 promoter in treated (top, n=4) and doxorubicin-treated (bottom, n=5) samples.
Input represents 5% of the total sample used for each ChIP. ChIP identified Histone
Hland Chd8 on the P2 promoter, but no PCR product was seen with the IgG control.
Primary data shows control and treated cells from the same myocyte isolation. C)
Relative quantitation of the densitometry of ChIP PCR products shows a decrease in
Chd8 on the P2 promoter of RDM?2. Bands were normalized to input and compared
between untreated and DXR-treated conditions for each ChIP. (* denotes significance
calculated by directional Mann-Whitney U test, n1=4, n,=5, 0a=0.025)

harvested for ChIP as described. ChIP of input samples identified the RDM2 P2
promoter, while the negative control IgG did not immunoprecipitate chromatin
containing the target PCR product. (Figure 5.8B, bottom) When compared to untreated
NCMs, loss of Chd8 from the RDM2 P2 promoter was observed, which was statistically
significant when analyzed with a directional Mann-Whitney U-test. A decrease in H1
from the RDM?2 P2 promoter was also detected, but was not statistically significant.
(Figure 5.8C)

Because the loss of Chd8 from the promoter could be due to changes in Chd8
expression, we used Western blot analysis to detect Chd8 protein in non-treated and
DXR-treated NCMs. The three Chd8 isoforms were detected in both control and DXR
cultures, although expression of Chd8-L1 appeared to be decreased in DXR-treated cells.
(Figure 5.9) Treatment with DXR induced p53, as expected; however, in DXR-treated
samples, we observed a decrease in RDM2 protein. These data indicate that treatment of

NCMs with DXR corresponds with a loss of Chd8 and Histone H1 from the P2 promoter;



110

Figure 5.8
Al
RDMZ P2 Promoter GAGGTAACAGGTGCCTGGTGGTGGGACGTGGCT TCCGGGACGGGTGGGACTGGGCTGTGC
ChIFP PCR product GGNCCGGGGNCGGCTCGCGGA——GGRAGGGACTGGGCTGCGC
Consensus * *k kkkk  Kkk khk hhkkkkkkhhhkk Kk
p53 R1

RDMZ P2 Promoter CTAGTTGACTCAGCTTTTCCTGTGGGGCTGGTCAAGTTAGGACACGTTCAGCGTTGG—CT

ChIF PCR product CTAGNTNACTCATCTTTTCCNGTGGGGCNGGTCAAGT TANGACACGTNCCGCGTTNGGCT
Consensus kkkhk * Fhhkk khhkAkk Ak hkhkhhk hhhhrkhhhkh hxhkkdk X *hkkkk * k&

p23 R2

RDM? P? Promoter GTTGGAGGAGCTAAGTCCTGACATGT(TCCAGCTGAGGCTATT TARAC—CCTGCTCGTTT

ChIP PCR product GTTGGAGGAGCTAAAGCCAAACGATATTCAGTCTGA——ATTGARACACTTGTATGTGE
kkkkkkkIxkkkkk * % * & * % *kkk *kk kkxkk *k k% * &

Consensus

RDM2 P2 Promoter CrGrrPGGAGGAGCTAAA
ChIP PCR product crgrag———-———————

Consensus x x  x
N
S > S
% & & &
W SN < N
S & & &
B. N A &
200 bp

100 bp

100 bp

—)
—
20060
—)
3

= Control

DXR

e
(=1 Lh
il il
-
F—

—
%

Fold Change Relative to Input

Input IeG H1 Chds




111

Chd8-L1 > '
Chd$-1.2 > - 4 =
F 4

Figure 5.9 MDM2 protein expression is decreased in NCMs following induction of
p53 with doxorubicin. Western blot of NCM lysate from untreated cells and cells treated
with 0.5uM DXR, Representative blot shown. MDM2 protein was decreased in samples
treated with DXR. Chd8 isoform expression decreased with DXR treatment. Western
blotting of p53 demonstrated induction of p53 with DXR. Blots show treatment of two
separate myocytes cultures.

however, in contrast to the model of Chd8 regulation of genes like p21 and NOXA, loss
of Chd8 from the P2 promoter following treatment with DXR corresponded with a

decrease in RDM2 protein levels.
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5.3 Discussion

These results represent the first cardiac-specific characterization of Chd8
expression, localization, and function. Using a combination of relative quantitative PCR,
Western blotting methods, and immunofluorescence, we have shown that ChdS is
expressed in cardiac development, and that levels of Chd8 do not appear to change in
failing heart. By use of ChIP, we identified Chd8 on the p53-responsive elements of the
P2 promoter of MDM2. This is particularly interesting because MDM2 plays a pivotal
role in the feedback loop that targets p53 for degradation in the absence or attenuation of
DNA damage. These results represent a potential novel link between an AKAP and the
regulatory mechanisms of p53, and form the foundation for future work to better
characterize this relationship.

Chd8 mRNA and protein were detected in rat NCMs isolated at PN1 and
maintained in culture for up to a week. We observed a slight increase in Chd8 mRNA by
D6, but this change was not statistically significant. Interestingly, immunfluorescence of
Chds8 in these cells identified Chd8 in both cardiomyocytes and cardiac fibroblasts.
Similar to HeLa and MCF7, two human cancer cell lines, Chd8 exhibited nuclear and
perinuclear subcellular localization in the cardiac cells. (Figure 5.3) The distribution of
the perinuclear staining in NCMs was notably different than that observed in cardiac
fibroblasts. Whereas the perinuclear staining of ChdS in fibroblasts looked similar to that
observed in HeLa, the perinuclear staining of Chd8 in NCMs was more compact and
uniformly distributed around the nucleus, rather than to one side of the cell. (Figure 5.3B)

This is particularly interesting in light of the fact that, in NCMs, connexin-43, which is



113

trafficked from the Golgi apparatus to cell junctions by means of anterograde vesicular
transport, exhibits a similar compact staining pattern around the nucleus that has been
attributed to Golgi.!"® Although our Golgi apparatus antibody did not recognize rat
Golgi apparatus protein, this similarity is suggestive of colocalization of perinuclear
Chd8 with the Golgi apparatus in NCMs. Also of note, in our immunostaining of RII in
NCMs, we did not detect RII in the nuclei of NCMs or cardiac fibroblasts. (Figure 5.3F)
While analysis of mouse heart has shown expression of all four isoforms of R subunit"*",
it is possible that nuclear localization of R varies between cell types, or that rat heart
expresses PKA isoforms in a different pattern than in murine cardiac tissue.
Alternatively, in HeLa cells, Chd8 may act as an AKAP in the nucleus and in the
perinuclear domain, whereas in NCMs, PKA anchoring may be restricted to the
perinuclear domain.

Analysis of Chd8 expression in heart tissue isolated at different time points during
development shows high levels of Chd8 early in development. (Figure 5.1) This is in
contrast to previous reports that Chd8 mRNA is detected at its peak levels in whole
mouse embryos, rather than postnatal mouse pups.?" This is of interest because, to date,
Chds, a regulator of cell cycle genes and apoptosis, has been studied in cancer cell lines
and in vascular smooth muscle cells, which divide in culture. In contrast, cardiomyocytes
grow in three phases: a fetal period characterized by proliferative hyperplasia, a perinatal
phase between birth and weaning that is characterized by hypertrophic growth and
binucleation of myocytes, and a third phase that spans from weaning through adulthood,

[191

in which myocyte growth is limited to hypertrophy.!"”!! Our results in developing heart

show highest levels of Chd8 at PN7, which corresponds with the perinatal period of
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growth. The immediate postnatal period has been shown to be a time of intense cardiac
remodeling. A study of sheep heart reported greater right ventricle mass in utero, an
imbalance that was reversed in the weeks following birth as left ventricular
cardiomyocytes grew larger.'”? A large scale analysis of rat cardiac DNA, RNA, and
protein in the three stages of development also showed a particularly interesting
oscillation of ventricular DNA in the perinatal stage, with the highest recorded time point
at PN7."!! Given the role of Chds in regulating genes that correspond with cell growth
and survival, it is plausible that the high levels of Chd8 mRNA expression observed at
PN7 correspond to elevated Chd8 protein that is active in these transcriptional events.

In the pathophysiology of heart failure, myocytes revert to a “fetal gene profile”
as part of an attempt to compensate for decreased cardiac function.!'?"! For example,
myocytes undergo an isoform switch and express the fetal B isoform of the myosin heavy
chain, rather than the adult a isoform.!">'? It is notable that treatment of patients with p-
blockers, which inhibit the PKA signaling pathway, among others, reverses this isoform
switch.!"™ Epigenetic modifications, particularly the methylation of H3K4, have also
been implicated in these genetic alterations.!"”) We have shown that Chd8 is expressed at
high levels in cardiac development, and contains a novel AKAP domain that links it to
the PKA signaling cascade. Moreover, Chd8 has been reported to preferentially bind di-
and tri-methylated H3K4.'->* This suggests that Chds8 plays a role in the transcription
associated with the fetal gene shift. Therefore, we hypothesized that Chd8 could be a
developmental gene that is upregulated in failing hearts.

Analysis of Chd8 expression in human hearts failed to identify a statistically

significant difference between nonfailing and failing myocardium; however, there are
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several drawbacks to using human tissue for this study. First of all, donor hearts were
obtained from patients without controlling for medications, medical history, age, gender,
or race, introducing a high level of variability into a limited sample size. For several
samples, no patient history beyond cardiac condition was provided. Furthermore,
“nonfailing” myocardium was obtained from patients who had not been diagnosed with
DCM. This broad criteria is likely responsible for the large standard error observed in
nonfailing heart. (Figure 5.4B) It is interesting to note, however, that the standard
deviation in failing samples was considerably smaller. It is possible that increasing the
sample size or accounting for variables such as medication, medical history, or age would
uncover a difference in Chd8 expression in myocardial tissue from these two populations.
To minimize this variation, we turned to the TAC mouse model for heart failure,
and obtained tissue samples from TAC and Sham mice obtained by Peter Hecker in the
Stanley lab. The TAC mouse is commonly used as a model of hypertrophy and heart
failure, resulting from pressure induced overload of the myocardium.!"® 3! Comparison
of heart tissue harvested from TAC mice compared to sham controls did not reveal
differences between Chd8 isoforms in normal and failing heart; however, notably more
Chd8-L1 was detected in all cardiac samples when compared to the other isoforms.
Together, these data indicate that Chd8 protein expression does not change in the
transition from normal to failing heart; however, Chd8 function, both as an AKAP and as
a regulator of transcription, was not measured in these studies. Thus, Chd8 activity, rather
than expression, may be disrupted in the pathophysiology of heart failure. One possible
mechanism through which Chd8 activity may be altered in this disease state is through

changed in binding of Chd8 to the promoters of target genes. Chromatin
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immunoprecipitation of Chd8 in normal and failing hearts may reveal such alterations in
Chd8 function in heart failure.

Nishiyama et al (2009) have reported that Chd8 is a key regulator of p53 in
embryogenesis."*) Chd8 is expressed at high levels in embryonic and post-natal heart
tissue; thus, we hypothesized that Chd8 inhibits p53-dependent transcription in the
myocardium. Using ChIP, we identified Chd8 bound to the P2 promoter of the MDM?2
gene in both HeLa (HDM2) and NCM (RDM2). MDM2 is a key player in the complex
regulation of p53, and induction of MDM2 via the P2 promoter that, in human MDM?2,
has been shown to correlate with induction of an MDM?2 isoform that binds to and
destabilizes p53.1'" ¥ Treatment of NCMs with DXR, a DNA damaging agent that
induces p53 expression, resulted in a statistically significant loss of ChdS8, and a decrease
of histone H1, from the P2 promoter of RDM2. Although the change in H1 binding to the
P2 promoter was not considered significantly different between control and treated
samples, we did measure a trend toward decreasing H1 on the P2 promoter following
treatment with DXR. (Figure 5.8C) As Chd8 has been shown to inhibit p53-dependent
transcription, we predicted that the loss of ChdS, in conjunction with induction of p53
after treatment with DXR, would lead to increased transcription of MDM2, presumably
from the p53-inducible P2 promoter; however, Western blot analysis of lysate from
NCMs treated with DXR revealed a decrease in MDM2 protein in these samples. (Figure
5.9)

Under our original hypothesis that Chd8 acts as an inhibitor of MDM?2 at the P2
promoter, we had predicted that induction of p53 and loss of Chd8 from the P2 promoter

would correspond to induction of MDM2 protein. Moreover, Nishiyama et al reported
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that treatment of U20S cells with DXR induced MDM2 protein.>* The Western blot
published by Nishiyama et al contains two bands of different molecular weight, and the
lower molecular weight band was used to calculate induction of MDM2 protein. In
contrast, our antibody is designed to recognize the p90 form of MDM2 and its 60kDa
cleavage product. In the absence of molecular weight markers to label the two bands
reported in the other study, it is entirely possible that we are focused on a different
isoform of MDM2. Given our conflicting experimental results, we turned to the literature
for other examples of MDM2 destabilization with DXR in rat cardiomyocytes. In a study
on the role of p300 in cardiomyocyte apoptosis, Kawamura et a/ (2004) used DXR to
induce myocardial apoptosis. In this study, injection of 8-week-old wild type mice with
DXR resulted in a significant decrease (approximately 50%) in MDM2 protein.['®”!
Another study by Lents et a/ (2008) looked at the induction of MDM2 splice
variants following treatment with DXR (also called adriamycin) and actinomycin-D, but
not with other DNA damaging agents such as etoposide. Lents ef al reported activation of
MDM2 transcription at the P2 promoter following exposure of cells to DXR!Y;
however, they also detected induction of an alternative MDM2 transcript, Mdm2+108, in
NIH3T3 cells, a cell line derived from mouse fibroblasts. This novel transcript gained
108nt of mRNA, derived from a portion of intron 10, through one or several alternative
splicing events. Lents et al predicted that translation of this splice variant would give rise
to an MDM2 protein lacking E3 ubiquitin ligase activity, essentially creating a loss of
function effect in MDM2. When they tested protein induction of MDM2, Lents et a/
found that, much like our results, treatment with DXR resulted in a decrease in MDM?2

protein expression, an effect that could be partially blocked with caffeine. In contrast,
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other agents, including etoposide, resulted in a robust accumulation of MDM2. When p53
induction following each treatment was compared, cells treated with DXR (and thus
making the Mdm2+108 transcript) showed a far more robust accumulation of p53 than
was seen with other treatments. This effect was reproducible in mouse C2C12 myoblasts.
Lents et al concluded that the induction of Mdm2+108 is a mechanism for breaking the
p53-MDM2 autoregulatory loop following selective types of DNA damage, such as the
potent chemotherapeutic effects of DXR. This permits the rapid and robust accumulation
of p53, ensuring cell cycle arrest and progression to apoptosis.!'*¥

The downregulation of MDM2 protein is consistent with the idea, set forth in two
papers by Stommel and Wahl (2004, 2005), that destabilization of MDM?2 is required for
accumulation of p53 in conditions of cell stress. They proposed that many types of cell
damage induce accumulation of both MDM2 and p53 in the nucleus, thus requiring
mechanisms to rapidly degrade MDM?2, and likewise suggested that elevated MDM2
mRNA following stress may be unable to inhibit p53.""">) Autoubiqutination of MDM2,
possibly under the influence of the related MDMX/MDM4 protein that is known to form
a heterodimer with MDM2, is one potential mechanism through which destabilization of
MDM2 can be achieved.!"*®! Stommel and Wahl (2004) also noted that the degradation of
MDM2 is rapidly reversible, suggesting that the induction of MDM2 transcription by
p53, presumably through the P2 promoter, creates a reserve of MDM?2 that can be quickly
stabilized and used to inactivate p53 once DNA damage signals abated.!'*® 1**!
Thus, while the precise mechanism through which MDM?2 protein is

downregulated in NCMs following treatment with DXR is unclear, our reported findings

are not inconsistent with other studies. The role that Chd8 plays in this dynamic is also
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unclear, although the data presented here create the groundwork for experimental
questions to address this. Given the model through which ChdS8 represses pS3-dependent
transcription, it is entirely possible that the loss of Chd8 from the P2 promoter permits the
pS3-dependent induction of RDM2 in NCMs, but that the resulting transcript is either
rapidly degraded or does not form a recognizable protein. The antibody used in our
studies was raised against the amino terminus of MDM?2 (amino acids 154-167) and thus
would be expected to recognize a truncation protein product like the one described by
Lents et al. While several smaller protein bands were detected in these blots, it is unclear
if they arise from nonspecific interaction or if they correspond to an MDM2 splice
variant, and if so, which one. A more effective approach would be to utilize 5’-RACE in
NCMs treated with DXR to measure alterations in promoter usage between P1 and P2.
This approach would reveal whether DXR treatment and loss of Chd8 corresponds with a
rise in MDM2 mRNA, despite the ablation of protein.

Chds is not the first chromatin remodeling protein to be described as an inhibitor
of p53, as SWI/SNF chromatin remodeling proteins been implicated in regulation of p53-
dependent transcription'”® '*"); however, Chds is the first AKAP identified to date that
has also been directly linked to the inhibition of p53-dependent transcription. It is unclear
if the AKAP function of Chd8 has a direct connection to its ability to regulate p53. Still,
the close proximity of the AKAP domain to the p53 binding site raises the interesting
question of whether Chd8 creates a scaffold that permits crosstalk between these proteins.

We will address some of those questions in Chapter V1.
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Chapter VI: Discussion.

The data presented here represent a novel link between the ATP-dependent
chromatin remodeling protein Chd8 and the PKA signaling pathway. We have
characterized a novel and highly conserved PKA anchoring domain in the amino
terminus of Chd8 (amino acids 321-338 in Chd8-L1). Moreover, we have demonstrated
that dephosphorylation of RIla at Ser96 prevents the binding of Chd8 and Rlla,
suggesting a mechanism through which anchoring of PKA to Chd8 may be regulated
within a microdomain. We have identified a novel subcellular localization for ChdS, as
immunofluorescent staining of HeLa, MCF7, and NCMs identified nuclear and
perinuclear pools of Chd8. As studies of Chd8 function to date have focused on its
nuclear function, such as the regulation of transcription, this raises the question: does the
perinuclear Chd8 identified in this study represent a functionally distinct domain of non-
nuclear Chd8 that is committed to a function such as PKA anchoring, or does Chd8
anchor PKA to both the nuclear and perinuclear domains? Costaining for Chd8 and RII
suggests colocalization of the two proteins to the perinuclear domain; however, based on
evidence for nuclear PKA, we cannot rule out interaction of Chd8 and R in the nuclear
compartment. Taken together, these data demonstrate that Chd8 is a novel AKAP that

anchors PKA by means of an amino terminal AKAP domain.
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6.1 Bioinformatics analysis permits targeted predictions of protein interactions.

Our approach in Aim I coupled a large-scale screening assay, T7 phage display,
with bioinformatics analysis and predictive modeling to generate a targeted hypothesis as
to the location of the AKAP domain in Chd8. Pairing of these two approaches is not only
powerful but necessary, given the potential for large-scale screening assays to generate
“false positive” binding partners. Computational biology alone can also generate data that
conflicts with experimental results, such as the conflicting reports from McLaughlin et a/
and Means et al.l"*% '*" The approach used by Tien et al to identify novel Aurora kinase-
interacting proteins was particularly interesting, in that they used multiple computational
methods to mine existing data sets, essentially creating a large-scale virtual screening
assay analogous to one of the molecular methods discussed in this paper.!'*! Using this
virtual approach, Tien et al generated a handful of potential interacting proteins and
proceeded to evaluate them through experimental means such as co-
immunoprecipitation.!'*) This approach may serve as a more time and cost-efficient
approach to mapping protein interaction, when compared to large-scale screening assays
with yeast or phage.

While bioinformatics alone is not necessarily sufficient to show novel connections
between proteins, it represents a powerful tool through which targeted hypotheses can be
made. Our bioinformatics approach targeted our prediction of the AKAP domain of ChdS8
to a 14 amino acid domain within a larger, 150 amino acid peptide. Identifying this
domain revealed two things. First, we discovered the high level of conservation of this
domain, not just between isoforms, but also between diverse species. (Table 3.3, Figure

3.6) We observed 100% similarity of these residues between human and mouse, and 90%
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similarity between human and zebrafish, which denote high conservation when compared
to percent similarities of the whole proteins (96% and 55%, respectively). This high level
of conservation of the AKAP domain indicates its functional importance. Second, our
identification of the predicted amphipathic a-helix allowed us to plan site-directed
mutagenesis of the AKAP domain. These constructs were then used in experimental
approaches to validate the results from both the T7 phage display assay and from our
bioinformatics analysis. Our results demonstrate the benefit to pairing computational
approaches with canonical, experimental approaches for characterizing novel protein

interactions.

6.2 The phosphorylation state of RIla at Ser96 may serve as a switch to modulate
PKA anchoring by Chd8.

Chds8 has been characterized as a regulator of transcription through diverse
mechanisms. This is likely achieved through the formation of several different
complexes, in which Chd8 binds to a distinct set of proteins that, in turn, dictate its
function as an activator or repressor of transcription. (Table 1.1, Figure 1.5) While our
data demonstrates a novel link between anchored PKA and ChdS8, from these results it is
intriguing to consider what role, if any, PKA plays on the function of Chd8 either as a
regulator of transcription or as a chromatin remodeling protein.

AKAPs typically function as scaffolds for components of the PKA signaling
pathway, including targets of PKA and additional proteins that regulate the stability of
cAMP and the phosphorylation state of R. Other AKAPs have also been shown to bind to

phosphodiesterases or protein phosphatases, which assist in the attenuation of the PKA
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pathway after the initial flux of cAMP." '] If Chd8 follows this model, recent work
attempting to characterize the nuclear PK A microdomain has identified several candidate

(151 One particularly intriguing result

proteins, including soluble adenylyl cyclase (sAC)
from the study of PKA in the nucleus arose from modeling of the activation of a nuclear
microdomain of cAMP and PKA. In addition to experimental evidence for a nuclear
microdomain of PKA, Sample et al created a mechanistic model for PKA activation in
the nucleus.™ They reported that addition of an unspecific nuclear AKAP improved the
ability of their model to match experimental kinetics of nuclear PKA activation.
Specifically, addition of a nuclear AKAP that bound phosphodiesterase (PDE4)
accounted for a slower activation of nuclear PKA. When they cotransfected HEK cells
with Ht31 and a PKA reporter construct with a nuclear localization signal, they observed
rapid nuclear PKA induction. From these results, Sample et al proposed that a nuclear
AKAP anchors a PDE, such as PDE4, in close proximity to nuclear PKA in order to
modulate the activation kinetics of PKA in that microdomain."*”! Chd8 is a candidate for
this theoretical AKAP, given the nuclear localization of Chd8 and the demonstrated
ability of Chd8 to bind PKA. PDE3 and PDE4 have been reported as the predominant

18] "and thus are especially

nuclear cAMP hydrolyzing enzymes in cardiomyocytes
attractive candidates for our nuclear AKAP.

What is the role of AKAP in the nucleus? Chd8 is not the first AKAP that has
been identified in the nuclear microdomain. AKAP9S anchors PKA during mitosis, and
the AKAP function of this protein has been shown to be critical to chromatin

condensation during cell division.”” More recently, the AKAP SFRS17A has been

identified in the nucleus.®™ SFRS17A is involved in pre-mRNA splicing. SFRS17A was
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found to colocalize with the C subunit of PKA to speckles in the nucleoplasm. Especially
intriguing was the observation that an SFRS17A mutant, in which the AKAP domain had
been mutated to disrupt PKA binding, was unable to properly splice the splicing reporter
E1A.®% This finding further bolsters the argument for a nuclear microdomain of PKA
holoenzyme over the past model of nuclear translocation of C, as anchoring via AKAPs
is carried out by the R subunit dimer. Thus, the AKAP function of SFRS17A is tied to its
regulation of gene splicing in the nucleoplasm.

Also of interest is nAKAP150, a developmental-specific variant of AKAP150 that
localizes to the nucleus of prechondrocytes. nAKAP150 was found to colocalize in the
nucleoplasm with RII in prechondrocytes, a localization pattern that was lost upon
differentiation.l””! This last example is particularly interesting given the high levels of
Chd8 in development. It is possible that ChdS8 plays an analogous role, in which the
conditions under which Chd8 anchors PKA are optimal during development. Moreover, it
has been suggested that the targeting of PKA varies between developmental stages and in
different cell types. Given our analysis of Chd8 expression in cardiac development, we
can hypothesize that early cardiac development sets the stage for anchoring of PKA by
Chds, analogous to the mechanism reported for nAKAP150.

With several AKAPs documented to the nuclear microdomain, what determines
which AKAP anchors PKA? SFRS17A has been reported to be a dual-specific AKAP®),
while AKAP95 exhibits a preference for RITa!'”*!. Thus, the preferential binding of
AKAPs to a given R isoform may create even smaller microdomains of PKA anchoring
within the nucleus. Measuring the binding association and dissociation constants of RII

for the Chd8 AKAP domain, and comparing these numbers to those reported for other
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nuclear AKAPs, would provide insight into how Chd8 fits into the small panel of nuclear
AKAPs that have already been identified. It has been shown that phosphorylation of Rlla
at different residues, including Thr54 and Ser96, modulates the ability of Rlla to bind to
different AKAPs. Given that there are multiple AKAPs that have been identified in the
nucleus, it is possible a similar switch governs anchoring of PKA by Chds.

AKAPs have distinct functions in addition to their ability to bind PKA. For
example, Chd8 participates in chromatin remodeling and inhibition of transcription, while
SFRS17A mediates mRNA splicing. Thus, in addition to binding PKA, an AKAP also
binds a set of proteins that are distinct from those bound to another AKAP in the same
microdomain. Thus, the shifting of PKA between AKAPs is advantageous because it
allows for the subcellular localization of PKA in close proximity to different
microdomain structures or substrates. The importance of phosphorylation at Ser96 on
RIla to its ability to bind Chd8-S (Figure 4.6) certainly suggests that activation of the
PKA signaling pathway is one means of “flipping on” the Chd8 microdomain of PKA.
There is evidence for such a mechanism for AKAP “switching” with the phosphorylation
of Rlla at Thr54, as previously discussed. (Figure 6.1A) We have shown here that a
dephosphorylated Rlla (RIIa-SA) fails to co-immunoprecipitate with ChdS8, while
unmutated and phosphorylated RIla (RIIa-SD) constructs do bind ChdS8. Another study
conducted by our lab that employed similar RIla constructs, packaged in adenovirus and
delivered to NCMs, measured the binding of RIla-SA and RIla-SD to another AKAP,
AKAP15/18. In that study, RIla-SA still bound to AKAP15/18, but that binding was
decreased by ~30%.1 Tt is interesting to note that, in our experiments, the S96A mutation

results in total loss of interaction with Chd8. This result suggests one candidate site for
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Figure 6.1 Phosphorylation of PKA at different residues modulates its affinity for
multiple AKAPs in the same microdomain. A) A proposed mechanism through which
phosphorylation of RIla at Thr54 modulates the binding of Rlla to AKAP450 and
AKAPOIS5 in the cell cycle. Phosphorylation (P) denotes phosphorylation of Thr54 by the
kinase CDK1. Under this model, in interphase cells, PKA is anchored to the centrosome
by means of tight association with AKAP450. Upon entry of the cell into mitosis, CDK1
phosphorylates RIla at Thr54, which decreases its affinity for AKAP450 and increases its
affinity for AKAP9S5. Dephosphorylation of Thr54 by a Threonine phosphatase (Thr-PP)
restores anchoring of PKA to AKAP450.'Y B) A proposed mechanism through which
autophosphorylation of PKA modulates the anchoring of PKA to AKAPs in the nuclear
compartment. Under this model, in unstimulated cells, a nuclear microdomain of PKA
that is phosphorylated at Ser96 remains bound to Chd8. Phosphorylation (P) denotes
phosphorylation of Ser96. Upon stimulation of nuclear PKA, following activation of
soluble adenylyl cyclase (sAC) which induces nuclear cAMP (1cAMP), the C subunit is
activated and the Ser96 phosphorylation site is exposed to protein phosphatases. Under
this model, Ser96 dephosphorylation reduces the affinity of PKA for Chd8, and increases
its affinity for a nearby nuclear AKAP (AKAP-nuc). Dephosphorylated PKA remains
bound to Chd8 until attenuation of the cAMP signal and reassociation of the R and C
subunits, whereby the R subunits are phosphorylated and return to ChdS.

such a “molecular switch” that mediates the anchoring of PKA between Chd8 and other
AKAPs in the nuclear microdomain. (Figure 6.1B)

One of the salient results of this study is our identification of a non-nuclear pool of ChdS.
Our report of this non-nuclear localization of Chd8 raises another important question:
which pool of Chd8 localizes PKA? We have noted that, while we were unable to
reproduce nuclear staining of RIL, several reports in the literature have identified nuclear
pools of R subunits. Particularly compelling are reports of a nuclear microdomain of
cAMP and intact nuclear PKA holoenzyme."*” Based on these results, it is possible that

limitations either from our reagents or our protocol prevented us from identifying
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nuclear R in our immunofluorescence; therefore, we cannot rule out that Chd8 anchors
the nuclear PKA described by others. Immunofluorescence to label myc-tagged ChdS8-S,
the smallest ChdS8 isoform, shows nuclear staining for this protein construct. (Figure
4.3B). This suggests that one or both long isoforms of Chd8 comprise the perinuclear
staining identified in our study. As Chd8-L2, the smaller of the two, is still three times
the size of ChdS8-S, it is possible that the long isoforms contain an as-yet uncharacterized
binding domain for a protein that partially sequesters them outside the nucleus.
Alternatively, the long isoforms may undergo post-translational modifications or nuclear
export to modulate their activity.

As RlIla has been reported to localize to the Golgi apparatus and the

centrosome[76]

, we considered these structures as candidate microdomains for this
perinuclear pool of Chd8. Given the size of the Chd8 perinuclear microdomain in the cell,
we ruled out the centrosome, which in interphase cells is a much smaller, more discrete
structure than the Chd8 staining pattern we observed. In many instances, the Chd8
staining looked like several distinct layers. As the Golgi apparatus is composed of stacks
of cisternae, and based on overlapping distribution of perinuclear Chd8 and Golgi
apparatus immunostaining, we concluded that the pattern of Chd8 staining we observed
was consistent with the Golgi apparatus; however, costaining for these two proteins with
immunofluorescence yielded mixed results. In some cells, Chd8 and the Golgi apparatus
appeared to colocalize well; however, in others, the Chd8 label appeared in close
proximity to, but not directly overlapping with, the label for Golgi apparatus. (Figure 4.8)

The antibody we used to label Golgi apparatus is a monoclonal antibody in which whole

human Golgi apparatus was used as an immunogen; therefore, the precise epitope of the
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antibody is unknown. It is possible that the antibody is labeling a protein that is not in
direct register with the subcellular localization of ChdS8: for example, if the Golgi marker
recognizes a protein that is predominantly trans golgi, while Chd8 predominantly
localizes to the cis face of the organelle. Inmunocytochemistry with specific proteins in
the Golgi, particularly those which label cis- and trans-cisternae, would be useful in

determining if Chd8 localizes to a particular substructure of this organelle.

6.3 Chd8 anchors PKA near transcription factors that are known PKA substrates.
Based on our findings, we propose that Chd8 anchors PKA in close proximity to
p53, histone H1, or B-catenin within the nucleus following activation of the PKA
signaling pathway. The amino terminal AKAP domain of Chd8 lies in close proximity to
several domains of Chd8 that govern either its interaction with transcription factors or its
subcellular localization (see Figure 1.1). The AKAP domain is approximately 150 amino
acids downstream of the p53-binding domain that has been identified on Chd8-L1 and
Chd8-S. Approximately 200 amino acids upstream of the AKAP domain are the binding
domains for STAT3, histone H1, and B-catenin. The evidence for direct phosphorylation
of p53 by PKA is compelling but is limited to an in vitro study in which large amounts of
PKA enzyme were required to achieve phosphorylation of the full-length p53 protein, in
a manner that was temperature dependent.'®® In contrast, PKA has been shown to
phosphorylate B-catenin directly at two sites: Ser675 and Ser552. Phosphorylation of -
catenin at Ser675 has been shown to inhibit ubiquitination of B-catenin by its regulatory

[19

proteins''*), promotes its association with the transcriptional co-activator CREB binding

protein (CBP)*™, and promotes association of B-catenin with Tcf42! The
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phosphorylation of B-catenin by PKA at these residues has also been shown to promote
proliferation in vascular smooth muscle cells.”™" Addition of forskolin, a potent agonist
of the cAMP/PKA signaling pathway, to cells cultured with Wnt ligand has a synergistic
effect on stimulation of the Wnt signaling pathway, and this effect is blocked with the
addition of H89, a PKA inhibitor.”"* While the phosphorylation of GSK3B was found to
be a convergence point between the two pathways, Suzuki ef al noted the
phosphorylation of B-catenin by PKA may also prove to be a point of intersection
between PKA and Wnt signaling.'**”! Thus, phosphorylation of B-catenin by PKA is one
mechanism through which p-catenin-dependent transcription can be enhanced.

Given the role of Chd8 as an inhibitor of B-catenin, and the close proximity of the
B-catenin binding domain to PKA bound to Chds, it is possible that the AKAP domain
permits “fine-tuning” of the regulation of B-catenin in the nucleus. (Figure 6.2) While
Chd8 itself inhibits B-catenin, phosphorylation of B-catenin at Ser552 or Ser675 may
modulate binding affinity for Chd8. Phosphorylation at one or both of these residues may
result in decreased affinity of B-catenin for Chd8, leading to dissociation of B-catenin
from Chd8 and association of B-catenin with Tcf-4. Under canonical Wnt signaling,
activation of the Wnt signaling pathway disrupts the GSK3p inhibitory complex. (Figure
6.2A, B) This leads to an accumulation of B-catenin in the cytosol and translocation of -
catenin to the nucleus (Figure 6.2C), where, with transcriptional coactivators like Tcf4

[203,204] A o

and CBP, it promotes transcription. Chd8 has been shown to compete with

[21

Tcf4 for the same binding site as B-catenin®', and as overexpression of Chd8 has been

[21, 55, 56]

shown to inhibit B-catenin activation , 1t 1s interesting to consider Chd8 as a
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Figure 6.2 Proposed mechanism through which Chd8 potentially mediates the
synergistic effect of the cAMP/PKA signaling pathway on Wnt signaling. A) In
unstimulated cells, ChdS8 resides on the promoter of B-catenin-responsive genes (Axin2)
and inhibits transcription. Chd8 is bound to PKA, which is phosphorylated at basal levels
(P, orange). B-catenin resides predominantly in the cytosol, where it is maintained at low
levels by complexes such as GSK3/APC. B) Activation of the Wnt signaling pathway
leads to an accumulation of B-catenin in the cytosol. C) Accumulated p-catenin
translocates to the nucleus, where it binds Chd8. D) Stimulation of the nuclear
cAMP/PKA microdomain by soluble adenylyl cyclase (sAC) leads to activation of PKA.
E) Anchored PKA phosphorylates the -catenin bound to Chd8 (P, yellow). F) The
phosphorylation of B-catenin decreases its affinity for Chd8 and increases its affinity for
Tcf4. Dephosphorylation of RII at Ser96 leads to dissocaiton from ChdS8. G) Loss of
Chd8 from the promoter permits activation of transcription through B-catenin/Tcf4. As
the PKA signaling pathway is attenuated, R and C subunits reassociate and C
phosphorylates R. H) ChdS8 reassociates with phosphorylated RII and dephosphorylated
B-catenin, attenuating B-catenin-dependent transcription.

“brake” between the translocation of -catenin and the initiation of transcription. In this
hypothetical model, translocated 3-catenin binds to Chd8 until it is phosphorylated by
PKA (Figure 6.2E), at which point it is released from Chd8 and binds Tct4 (Figure 6.2F),
permitting transcription (Figure 6.2G). We have demonstrated that phosphorylation and
dephosphorylation of RIla at Ser96 is a viable means for regulating binding of Rlla to
Chd8, and it is entirely possible that a similar mechanism stands for -catenin and ChdS.

Our data demonstrate that Chd8 is a novel AKAP; however, additional work is
needed both to characterize where and when Chd8 localizes PKA in the cell. Subsequent
experiments include, but are not limited to, further mutagenesis studies,

immunoprecipitation of protein extracted during development, and SPR to measure the
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binding affinity of Chd8 compared to other known AKAPs. These additional studies will

provide a more dynamic look at how ChdS8 functions as an AKAP.

6.4 Chd8 is detected in cardiac tissue, but expression of Chd8 is not altered in
failing hearts.

As Chd8 has largely been studied in the context of development or in
immortalized cell lines, we undertook investigation of Chd8 expression in the heart, an
organ comprised in large part of terminally differentiated cells. We found that ChdS8 is
expressed at its highest levels in early post-natal cardiac tissue, specifically PN7, which is
particularly interesting given the extensive cardiac remodeling and DNA synthesis that
occurs during this time. Despite the decrease in mRNA observed in RNA extracted from
adult rat cardiac tissue, Chd8 was detected in cardiac tissue extracted from both human
and mouse. Also of interest was the observation of a similar distribution of ChdS, as
detected by immunofluorescence, in the NCM preps. Nuclear and perinuclear Chd8 was
detected in both NCMs and fibroblasts, although the perinuclear distribution differed
between these two cell types. One likely reason for this is the architecture of each cell
type. NCMs are contractile cells and primary NCMs form cell junctions and contract in
culture for at least a week after isolation.!”***! Thus, organelles such as the Golgi
apparatus are likely to have a different distribution between contracting NCMs and
fibroblasts.

Based on the fact that developmental proteins are sometimes upregulated in
failing heart as part of a “fetal gene” switch, we measured Chd8 expression in normal and

failing hearts; however, we did not see a significant difference in Chd8 expression. This
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data does not rule out alterations in function of Chd8 between these tissues. Work by our
lab has demonstrated that autophosphorylation of RIla is decreased in heart failure.> ¥
Our data indicates that dephosphorylation of Rlla reduces interaction of RIla with ChdS.
Thus, Chd8 may bind RlIla less well in failing hearts, despite the fact that the protein is
expressed at similar levels. This hypothesis is consistent with reports from our lab'™ * and
others (reviewed in ! 2°)) that indicate decreased PKA anchoring by AKAPs in failing
hearts.

The majority of research done on Chd8 has identified it as a regulator of genes
that are relevant to cell cycle progression and cell survival (See Chapter 1); however,
Chds is also expressed in terminally differentiated cells such as NCMs. This raises the
interesting question of which genes are regulated by ChdS in terminally differentiated
myocytes. To that end, an approach like ChIP-Seq in cardiac tissue, which employs a
large-scale sequencing survey of ChIP eluate with Chd8, would identify the promoters to
which Chd8 binds in the heart. Utilizing this method across chromatin isolated from
embryonic, post-natal, and adult hearts could likewise generate an intriguing look as to
the changing role of Chd8 in transcription during cardiac development, although the scale
of data produced in such an assay is great. Still, identification of cardiac genes that are
regulated by Chd8 may indicate the role Chd8 plays both in normal development and in

the pathophysiology of heart failure.

6.5 Chd8 is a novel link between PKA and pS3 signaling pathways.
As far as we are aware, ChdS is the first AKAP that has also been identified as a

regulator of p53 at p53-responsive promoters, which raises the possibility that ChdS is a
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novel link between p53 and PKA. Work by Nishiyama et a/ (2009) has established Chd8

(53] Our data likewise demonstrates that Chd$8

as an inhibitor of p53-dependent signaling.
is found near the p53 response elements on the P2 promoter of MDM2. The P2 promoter
is typically associated with a p53 inducible transcript of MDM2 that preferentially
produces a greater amount of full-length MDM2 transcript in comparison to the truncated
form. (Figure 6.3) Transcription from the P2 promoter occurs through p53, and also

(175,176, 193] Or results show that activation of the

through additional transcription factors.
p53 signaling pathway results in a decrease in Chd8 bound to the P2 promoter, a result
which is consistent with what would happen if Chds8 is inhibiting transcription from the
P2 promoter under basal conditions; however, we observed a coincident decrease in
MDM2 protein. It is possible that transcription of mRNA from the P2 promoter is
elevated in this condition and kept in reserve while the DNA damage persists in the cell,
in keeping with the model proposed by Stommel and Wahl.!"**! The model proposed by
Nishiyama et al suggests that declining expression of Chd8 during development leads
loss of Chd8 from the promoter and permits selective activation of p53-dependent
transcription, and there appeared to be some decrease in Chd8 protein in our western blot
of NCMs treated with DXR; however, the presence of the AKAP domain raises the
possibility that there is more than one mechanism in place to remove Chd8 from the
promoter of p53-target genes. A schematic of those mechanisms is illustrated in Figure

6.4.

While the stability of Chd8 may still play a role, as Chd8 has been shown to be

[207

sumoylated, which can lead to ubiquitination and degradation of protein®’”! (Figure

6.4A), it 1s possible that PKA anchored by Chd8 mediates phosphorylation of Chd8 or
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Figure 6.3 Different sources of DNA damage generate different MDM2 transcripts
from the P1 and P2 promoters. A) In undamaged cells, transcription of MDM2 is
initiated through the P1 promoter, which gives rise to either full length MDM2 or a
truncated MDM?2 protein that is unable to bind p53. The ratio between these transcripts is
labile depending on conditions in the cell.l'?I B) Following DNA damage by agents such
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as etoposide or by irradiation, transcription from the P2 promoter increases. Transcription
from this promoter gave rise to a higher ratio of full length MDM2 to truncated
MDM2.['") C) A proposed mechanism for an alternately spliced transcript following
treatment of cells with doxorubicin (DXR). After DXR treatment, induction of the
MDM2+108 transcript is observed, along with a decrease in MDM2 protein. The
transcription of the MDM2+108 alternative splice product effectively breaks the feedback
loop, which permits a more rapid and profound accumulation of p53 following exposure
of cells to DXR.!"

associated proteins. Chd8 has been shown to bind both H3K4 and H1, and stimulation of
the PKA signaling pathway has been shown to phosphorylate histone H3 directly at
Ser10.1%® Interestingly, cAMP has also been shown to stimulate phosphorylation of this
H3S10 during the cell cycle™, an event that is followed by PKA phosphorylation of
histone H1 at Ser351'%. In these studies, stimulation of cAMP inhibited progression
through the cell cycle and was independent of DNA damage mechanisms."**”! Likewise,
phosphorylation of histone H1.4 at Ser35 decreases affinity of histone HI for DNA in

210]

mitotic cells™'”), and phosphorylation/dephosphorylation of histone H1 has been

(21 Thus, in the context of

proposed as a means to regulate the binding of HI to DNA
Chds at the p53-responsive promoter, phosphorylation of histone H1 by PKA anchored

to Chd8 may lead to dissociation of H1 from the p53-responsive promoter. (Figure 6.4B)
This is a particularly attractive mechanism given the finding that depletion of H1 resulted
in activation of p53 and apoptosis, similar to the effects of depleting Chd8.1>*>%!

Moreover, expression of HI was required for the suppression of p53-dependent

transcription by Chd8.1>* It is possible that the DXR treatment of NCMs stimulates
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Figure 6.4 Possible mechanisms through which Chd8 is removed from the P2
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downregulated following DNA damage by DXR. Chd8 is sumoylated by an
undetermined protein and degraded by the proteasome. This model is closes to the one
proposed by Nishiyama et a/, as the downregulation of ChdS8 protein permits the
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activation of p53.°*) B) Under this model, PKA bound to Chd8 phosphorylates histone
H1, altering the affinity of H1 for DNA. This leads to loss of Chd8 and H1 from the P2
promoter and induction of transcription by p53. C) Under this model, PKA bound to
Chd8 phosphorylates Chd8, leading to its release from P2 and the induction of
transcription from P2.

phosphorylation of H1, which in turn leads to loss of Chd8 from the MDM2 P2 promoter.
(Figure 6.4B) Relevant to this hypothesis is the fact that treatment of cells with DXR and
caffeine, which blocks general kinase activity, prevents transcriptional alterations in
MDM?2 observed in DXR alone.""”* Taken together, the histone binding partners of Chds8
represent an attractive means through which PKA bound to Chd8 could modulate the

activity of Chd8 itself.

6.6 Future Directions

The results reported here demonstrate a novel role for Chd8 in the PKA signaling
pathway, and identify the P2 promoter of MDM2 as a novel gene target for Chd8 in
human HeLa cells as well as rat-derived NCMs. This novel link to PKA signaling adds to
the characterization of Chd8 as a large scaffold through which multiple pathways can act;
however, these data raise additional questions that should drive research beyond the
directions previously discussed.

Of particular interest in future studies is the role of Chd8 in cardiac tissue, which
1s composed in large part of terminally differentiated cells. While the expression of Chd8
in cardiac development mimics a pattern reported for whole organism, with high levels of

Chd8 mRNA expressed in embryogenesis and decreasing later in development, previous
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reports of Chd8 expression by Nishiyama et a/ (2009) indicate that Chd8 decreases in late
embryogenesis."*) In contrast, our developmental timecourse of Chd8 mRNA in cardiac
tissue identified high levels of Chd8 into post-natal time points, with peak expression at
PN7. Thus, a tissue-specific or inducible knockout of Chd8, which would enable the
study of Chd8 knockdown in specific tissues and at specific timepoints in development,
may reveal a cardiac-specific role for ChdS8 that is masked in whole-organism knockout
studies. This is of particular interest as defects in Chd7, a member of Chd subfamily III
and interacting partner of Chd8, lead to a multi-symptom developmental disorder called
CHARGE, which is characterized in part by cardiac defects.”*” Alternatively, a knock-
in approach in which a construct of Chd8 lacking the AKAP domain is introduced to
either cardiac tissue or the whole organisms may reveal the importance of the AKAP
domain of Chd8 on the function of Chd8 during development and in the heart. Future
studies which focus on the role of Chd8 on the development of the heart, and its ability to
regulate cardiac genes, will help shed light on the role of Chd8, novel nuclear AKAP, in

this tissue.
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