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ABSTRACT

The Oct1/POU2F]1 transcription factor was previously thought to constitutively
occupy its cognate DNA binding sites, and to regulate the expression of housekeeping
genes. This stereotype led to little attention being paid to Octl activity in dynamic
cellular responses. In 2005, OctI”” mouse embryonic fibroblasts were shown to be highly
sensitive to oxidative and genotoxic stresses, implicating Oct1 as a stress sensor.
However, the mechanism connecting stress with Octl transcription regulation was
unknown. To identify the mechanism by which Octl activity is regulated by post-
translational modifications in response to stress exposure, I used affinity purification and
mass spectrometry to map specific Octl phosphorylation, O-GlcNAc¢ modification and
ubiquitination sites.

Serine 385 (Chapter 2): I identified unique mechanisms of Octl regulation in
response to stress and during mitosis, involving two different Octl phosphorylation
events. Following genotoxic and oxidative stress, Octl binding specificity is mediated by
phosphorylation of S385, switching from a monomeric into a dimeric conformation on
different binding sequences. I confirmed this mechanism by genome wide ChIPseq. The
homologous protein Oct4, a master regulator of embryonic stem cells, uses a similar
mode of regulation.

Serine 335 (Chapter 3): I identified an other phosphorylation event (pS335) as a

negative regulator of Octl binding to DNA. I found that this phosphorylation is induced



in mitotic cells as well as in stressed ones. The phosphorylated Octl is enriched in the
mitotic spindle poles and midbody. Phospho-Octl1 is also K11-ubiquitinated. Using
several different approaches, I showed that Octl directly regulates mitosis after being
displaced from mitotic chromatin.

Threonine 255 and Serine 728 (Chapter 4): In addition to phosphorylation and
ubiquitination, I also identified O-GIcNAc modification of Octl. Using an Octl
glycosylation defective mutant, I found that the glycosylated residues of Octl regulate its
DNA binding and transcriptional activity.

Finally, I confirmed in embryonic stem cells that Octl and Oct4 share binding
specificity for novel multimeric as well as conventional octamer motifs (Chapter 5).
Further, multimeric binding motifs recruit Octl and Oct4 hetero-complexes suggesting

extensive crosstalk between Octl and Oct4 in embryonic stem cells.

v
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CHAPTER 1

INTRODUCTION

Octamer Transcription Factors

The POU (Pitl, Octl/2 and Unc86) domain transcription factors were first
classified in 1988, based on the fact that the four factors share a well-conserved bipartite
DNA binding domain: POU specific (POUs) and POU homeo (POUy) (3). These
subdomains are associated with a linker domain known to be variable in length and
amino acid composition. Ensuing studies extensively identified POU family proteins
through sequence similarity, as well as expression patterns (4-7). These findings allowed
the classification of POU domain factors into subclass I-VI based on sequence identity of
POU domains and variable linkers ((8), Figure 1.1a).

Interestingly, POUs and POUy subdomains recognize distinct DNA sequences,
‘half site’ (9). The canonical “octamer” binding site consists of two half sites adjacent to
each other. The linker domain allows them to bind cooperatively to the combined half
sites. The POU domain factors also follow unique classification due to their original
identification (10). The factors that bind preferentially to the “octamer” sequence
(ATGCAAAT) are further classified as octamer transcription factors (““Oct factors”,
Figure 1.1b). POUIFI (Pitl), POU4F1 (Brn3.0) and POUG6F1 (Brn5), classified as non -

octamer transcription factors (“Non-oct factors”), are optimized to recognize
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Figure 1.1. POU domain transcription factors. (a) POU factors are categorized into
subclass I-VI according to the degree of identity. (b) DNA binding domains from
POU factors are divided into two groups: Oct Factors and Non-Oct Factors. This
grouping well reflects DNA binding specificity. Taken directly from (2)




ALTAT'/cCAT, GCATAAATAAT and GCATNN(N)TAAT, respectively (6, 7, 11). This
empirical classification turns out to be useful (Figure 1.1 and 1.2). Analyzing POU
domains using identity-based dendrograms largely separates them into two groups: Oct
and Non-oct factors, and POU domains of Oct factors more closely resemble those of
Octl, the prototype of Oct factors, than those of Non-oct factors. Although the optimal
binding sequences are different between POU domain factors, they do not completely
lose binding affinity to the others’ high affinity sites. Considering some factors are
commonly expressed in specific tissues during developmental processes, they are
speculated to compete with each other for the binding sites. The level of competition can
be determined by affinity to binding sites and amount of expression, which may fine-tune

the expression of target genes.

Cellular Functions of Oct1/POU2F1I1 and Oct4/POUSF1
Oct4/POUSF1

Among the Oct factors, research has mainly dealt with Octl and Oct4. Whereas
Octl seems to be the initial theme of studies, recent attention has been paid on Oct4, a
critical pluripotency regulator of stem cells. Oct4 expression was originally identified to
be limited to germ cells, the blastocyst inner cell mass and its derived embryonic stem
cells (ESCs) suggesting that it regulates early embryonic development (5). The essential
role of Oct4 was discovered in the knockout mouse model where its deletion abrogates
pluripotency of the inner cell mass (12). Also, when Oct4 expression is doubled,
pluripotency is lost suggesting that Oct4 expression is tightly regulated between

maintenance of stemness and differentiation (13). Therefore, the complex regulation of
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Figure 1.2. Oct and Non-Oct factors and their expression patterns. All POU factors are
depicted with conserved DNA binding domains (S:POUs and H:POUy) and Linker.
kDa represents expected molecular weight. Numbers on light blue box indicate position
of amino acids. Red numbers underneath box indicate % identity compared to each
domain of Octl. Black numbers indicate length of linker. Expression patterns are
summarized on the right of panel. Taken directly from (2).




Oct4 expression, at multiple levels and by multiple players, is one of the major topics in
stem cell biology (reviewed in (2)).

Recently, studies of induced pluripotent stem cells (iPSCs) shed new light on the
function of Oct4. Strikingly, only four factors (Oct4, Sox2, KIf4 and c-Myc) are requied
to induce pluripotent stem cells from fibroblasts. To reduce the potential of malignancy in
1PSCs, the field has focused on discovering the factors absolutely necessary for induction
(14). Oct4 alone, in combination with small molecule compounds, could generate iPSCs
(Reviewed in 15, 16). In comparison to its significance in pluripotency regulation and
1PSC biology, little is known about its detailed molecular mechanisms, such as the
upstream signal regulator, post-translational modifications and crosstalk with other Oct
factors (eg. Octl). The answers to these questions are imperative to understanding key

features in pluripotency at the molecular level.

Octl/POU2F1

Octl was first investigated as a housekeeping regulator because octamer sites are
conserved in the regulatory regions of H2B and U1/U2/U6 snRNA where Octl binding
was confirmed (17, 18). Immunological targets (IL-2 and immunoglobulin) were also a
focus for the same reason (19, 20). Surprisingly, the transcription level of these genes is
not defective in Oct/”” mouse embryonic fibroblasts (MEFs), although Oct1 knockout
mice are embryonic lethal during mid-late gestation (E12.5-E18.5, 21). Oct!”” MEFs are
also indistinguishable from wild-type littermates in the aspects of gross morphology and
cell division. However, they are hypersensitive to oxidative and genotoxic stress

indicating that Octl is required for a proper stress response (22). Further, it was shown



that DNA-PK phosphorylates multiple sites on the N-terminus of Oct1 in vitro, and point
mutation of all the serine/threonine indentified in this study abrogated the ability of Octl
to promote survival in response to genotoxic stress (23). Research interests on Octl are
now shifting toward a dynamic stress response activity. The focus now is to identify the
molecular mechanism: What kinds of post-translational modifications regulate Octl
activity responding to stress, and what enzymes are responsible for them? What are the

target genes? How does Octl regulate transcription?

Octl Interacting Partners

Octl interacting proteins can be classified by the mechanism by which they
regulate transcription (Table 1.1). Octl was shown to interact with BRCA1, DNA-PK
and PARP-1, well known DNA damage response factors (23-25). DNA-PK
phosphorylates N-terminus of Octl, but further studies need to test whether or not
BRCAT (a ubiquitin ligase) and PARP-1 (an ADP-ribosylase) can post-translationally
modify Octl. Lamin B is a nuclear matrix protein mostly present at the nuclear envelope
where it interacts with Octl. Recently, Lamin B is proposed to spatially sequester Octl
from target DNA sites (26). Upon stress exposure, Octl is released from Lamin B and
activates stress response target genes. This interaction network suggests that Octl
dependent transcription is subjected to multiple upstream regulations in response to stress
treatment.

The coactivators not only regulate Octl activity under stress conditions. Other
coactivators such as OCA-B (OBF-1, Bob.1) and OCA-S are also involved in immune

cell development or cell cycle (18, 27). Different from general coactivators, OCA-B



Table 1.1. Previous known Octl interacting factors. All factors are categorized by
their functional property and by presence or absence of DNA binding activity. *
Octl interacts with p65 by DNA binding independent manner. Modified from (2).

tional
unctiona actor inding unction eferences
F Fact DNA bindi Functi Refi
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BRCA-1 d dent W t al., 2004.
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recognizes a specific base pair in the octamer as well as Octl through protein-protein
interactions (28). The octamer sequence is usually found as two natural variants,
‘ATGCAAAT’ or ‘ATGCTAAT’. It was shown that the fifth ‘A’ of octamer is critical
for OCA-B to associate with the Octl: DNA complex. Although Octl is unable to
discriminate between them, OCA-B only uses the former one (ATGCAAAT). This
allows Oct factors to differently regulate similar binding sites, increasing the variability
of regulation in comparison to limited binding sequence variation. In Octl dimeric
complexes on alternative binding sequences, OCA-B recognition is through only protein-
protein interaction with Octl dimer (29). This will be further discussed in a later section.
In addition to transcription activation, Octl mediates transcription repression by
recruitment of a corepressor, silencing mediator for retinoid and thyroid hormone
receptors (SMRT), whose repression is achieved by competition with OCA-B for Octl
binding (30).

Basal transcription factors, TFIIB and TBP as well as their related kinase CAK,
interact with Octl (31-33). In these contexts, octamer is present near the promoter and
Octl binding facilitates recruitment of the preinitiation complex, leading to active
transcription. Besides of the basal transcription regulation within the proximal promoter,
Octl also activates transcription together with many other transcription factors by
binding to the enhancer. DNA binding of Octl with other transcription factors is highly
cooperative, which suggests that target genes are dramatically activated only when both
factors (Octl and partner) reach the threshold in their local concentration. In some cases,
two different binding sites for Octl and partner are neighboring but, in other cases, they

are distant requiring DNA looping for cooperativity. For example, snRNA transcription is



activated by Oct1-SP1 complex in the former way, while by Oct1-SNAPc complex in the
latter way (17, 34). The Octl and p65 complex is unique in that Octl is independent of
DNA binding for interaction with p65, which may expand the scope of Octl activity
beyond DNA binding motifs (35). Octl is also well known for regulating hormone
receptor dependent transcription (36-38). This issue is an active area of Octl research.
Another interesting partner is Sox2. Pax6 transcription was shown to be regulated by
Oct1-Sox2 complex on the Oct-Sox motifs in developmental processes (39). This finding
raises the question of how the core pluripotent regulators (Oct4, Sox2 and Nanog)
communicate with Octl in ESCs. Core factors are frequently found in the same
regulatory regions in genome-wide ChIP analysis (40). Because both Octl and Oct4 are
co-expressed in ESCs and share DNA binding sites, they may compete with each other
on the same sites resulting in two different complexes: Octl1-Sox2-Nanog or Oct4-Sox2-
Nanog. It will be interesting to compare the transcriptional outcomes from these two
different complexes in terms of regulation of ESC pluripotency.

So far, most studies of Octl and its interactor complexes have paid little attention
to various epigenetic modifications such as histone modifications and DNA methylation.
As aresult, Octl activities (summarized in Table 1.1) may be only part of the picture, and

may need to be revisited with consideration to epigenetic regulation.

DNA Bound Oct Factor Structures
Monomeric binding mode of Octl
The DNA binding domain of Octl was co-crystallized with its corresponding

canonical DNA binding sequence unveiling the structure of Octl bound to octamer DNA
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(9, Figure 1.3). Results from this study found that the POUg domain contains 75 amino
acids that build up four a-helices, three of which form a helix-turn-helix (HTH) unit. The
60 amino acid containing POUy is also composed of three a-helices forming HTH that is
quite similar to previously identified homeodomains. The flexible 24-amino acid linker
domain is disordered in the crystal. As shown in Figure 1.3, two different domains, both
of which recognize DNA using HTH unit, occupy the opposite sides of the DNA double
helix. The third a-helix from each domain contacts multiple residues within
corresponding major grooves of the octamer sequence (POUs: ATGC and POUy:

AAAT). The N-terminal arm of POUy additionally binds in the minor groove.

Dimeric binding mode of Octl
Octl can bind to DNA both as a monomer and as a homo/hetero-dimer. The first
identified dimeric binding was on the heptamer-octamer sequences of the immuno-

globulin heavy chain promoter: CTCATGAATATGCAAAT (41). However, the way in

which this motif regulates expression of immunoglobulin remains unknown. Next, the
Palindromic Oct factor Recognition Element (PORE): ATTTGAAATGCAAAT was
identified to activate Osteopontin transcription in ES cells (42). This sequence is located
at the first intron of Osteopontin locus where Oct4/Oct4, Oct4/Octl or Oct4/Oct6
dimerization is possible. Interestingly, Oct factors dimerize on both of these DNA motifs,
although the Oct dimer configuration of these sites turn out to be quite different (43).
Reminyi et al. characterized PORE- and MORE (more PORE)-type Octl dimerization
using X-ray crystallography. MORE was defined in this study, which is a derivative of

heptamer-octamer motif: ATGCATATGCAT. Overall, two Octl molecules bind
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ATGCAAAT
TACGTTTA

POU,,

Figure 1.3. Structures of the Octl DNA binding domain bound to octamer motif.
Schematic view (Left) and Structure indentified by Klemm et al., 1994 (right).
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palindromically to PORE and MORE along the different axis: the MORE half site
contains POUg from one molecule and POUy from the other one, while the PORE half
site contains both domains from a single molecule (Figure 1.4). In detail, POUy and
POUgs bind to AT and ATGC, respectively, on perfect palindromic MORE, while POUg
recognizes two different sequences (ATGC or TTTC) on semipalindromic PORE. The
big difference between monomer and dimer configuration is whether or not to form a
protein-protein interface between domains: Although two subdomains structurally have
no intramolecular interaction on the octamer, two different Octl generate protein-protein
interfaces through intermolecular interaction between POUg and POUy on the PORE and
MORE. The interfaces induced from PORE and MORE- type dimerization are also
distinguished: the docking of C-terminus of POUy in loop between 3™ and 4™ helix of
POUg in the MORE-type vs. the interaction of N-terminus of POUy with residue in 1%
helix of POUs in the PORE. This structural difference results in selective transcriptional
activation. OCA-B, a well-known coactivator of Octl, favors PORE-type dimerization as
an activation target (29). Structurally, the OCA-B binding area is occupied by the C-
terminus of the POUy that is used for protein-protein interface on the MORE. The same
space, however, is available in PORE-type dimerization. Therefore, OCA-B introduction
into several cell lines shows a huge induction of reporter activity only with the PORE
reporter gene. This novel regulation needs to be further validated. For example, it needs
to be recapitulated in vivo by assessing whether OCA-B knockout mice would show
defects in Osteopontin expression but not immunoglobulin or other MORE regulated
genes. Further studies need to be conducted to identify additional regulatory regions that

contain MORE and PORE maotifs. In the structure study by Reminyi et al., phospho-
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Oct-1/MORE Oct-1/PORE

ATGCATATGCAT  ATTTGAAATGCAAAT
TACGTATACGTA  TAAACTTTACGTTTA

RS- EES [

Figure 1.4. Structures of the Octl DNA binding domain bound to MORE and PORE
motifs. Structures indentified by Remenyi et al., 2001 (top) and schematic view
(below).
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mimetic mutation of Octl is shown to choose between the PORE and MORE. Therefore,
how post-translational modification of Octl regulates octamer-, MORE-, or PORE-type
binding needs to be tested, particularly in the context of unique assemblages of cofactors.
It will be interesting to identify a specific interacting partner on the MORE induced

interface.

Beyond the PORE and MORE

Since a dimeric binding of Oct factor was first identified in 1989, only small
numbers of possible target genes have been examined under the PORE and MORE
dependent regulation until 2008. It had not been studied whether or not there are
unidentified multimeric binding motifs. Therefore, it has been thought that Oct factor
dependent transcription is mostly regulated through a monomeric binding on the octamer.
This general idea has been challenged by a novel high-throughput study (44). Regular
genome-wide ChIP analysis cannot address whether Oct factor binding is monomeric or
multimeric. To make it possible, custom tiling DNA oligonucleotide microarrays were
designed and synthesized based on genome-wide ChIP analysis for Oct4 occupancy in
ESCs, and used for analyzing the binding patterns. Surprisingly, multimeric Oct4 binding
is much more pervasive than had been expected, and is formed on a variety of novel
mutimeric binding motifs that are formed by combinations of the two basic half sites. The
other Oct factors are likely to be similar in nature because Oct factors are highly similar
in the DNA binding domain. However, as a next step it is imperative to validate that
multimeric binding has distinct functions compared to monomeric binding in target gene

regulation. Because this novel finding unveils only the tip of the iceberg, it demands us to
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expand our scope to identify mechanisms by which “single” or “multiple” Oct factors

bind to DNA and regulate transcription.

Transcription Factors in Mitosis

Most studies of transcription regulation are focused on interphase cells where
transcription actively occurs on euchromatin in the nucleus. When cells enter mitosis,
chromosomal DNA is condensed into mitotic chromatin resulting in repression of most
transcription (45). However, cyclin Bl transcription is reversely regulated as it is
maximized at G2/M but repressed at G1 phase (46). The promoter region of cyclin B1 is
protected from mitotic DNA condensation, demonstrated by DNA endonuclese
sensitivity, allowing NF-Y transcription factor to bind the promoter for the activation of
cyclin B1 transcription. This observation suggests that mitotic DNA condensation is not
enough to block the accessibility of transcription factors. Supporting this idea, live image
analysis demonstrates that mitotic chromatin is kept accessible to nucleosomes and
several transcription factors (47). Nevertheless, because repression of transcription is the
hallmark of mitotic chromatin, several different mechanisms are involved in this
repression (45). One mechanism is the displacement of transcription factors from mitotic
chromatin. C2H2 zinc finger DNA binding domain containing transcription factor such as
SP1 and YY1 are excluded from DNA during mitosis after they are phosphorylated in the
DNA binding domain (48, 49). Specific phospho-residues have been mapped, and these
interfere with DNA binding of those factors by negative charge repulsion against the
DNA backbone. Intriguingly, Pit-1, a POU transcription factor family member,

undergoes mitotic DNA exclusion via a similar mechanism (50). Its phospho-residue is
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positioned in the highly conserved region of the POUy domain. The matched residue of
Octl (Ser 385) is also phosphorylated during mitosis (51). Immunofluorescent
experiments confirm that Octl is clearly excluded from mitotic chromatin (52). The
caveat of the previous study is that phospho-Ser 385 did not completely inhibit Oct1
binding on the octamer in vitro and it is unclear whether it inhibited multimeric binding
on different motifs (51). Most of all, the central question is why Octl needs to be
displaced from mitotic chromatin. There are two possibilities. First, during rapid
reorganization of chromatin structure in mitosis, transcription factors may not be as
tightly controlled as they are in interphase chromatin. Octl1 is a stress response
transcription factor that can activate cell-cycle arrest genes (53). Inhibition of Octl DNA
binding may function as a safety system where normal mitotic cells are protected from
unexpected cell-cycle arrest. Second, Lamin B is an Oct] interactor and a mitotic
regulator after breakdown of nuclear envelope (54). Octl may move out from DNA to

perform one or more unknown mitotic activities with Lamin B during mitosis.

O-GIlecNAc Modification of Transcription Factors

Although secretory and cell membrane proteins are subjected to various types of
glycosylation moving through ER to golgi, cytosolic and nuclear proteins can be mainly
regulated by O-GIcNAc modification. The chemical reaction is summarized with an
enzymatic transfer of the N-acetyl glucosamine (GIcNAc) moiety of UDP-GIcNAc onto
serines or threonines of proteins (55). This is a reversible reaction in which O-linked b-N-
acetylglucosamine transferase (OGT) catalyzes glycosylation but b-D-N

acetylglucosaminidase (O-GlcNAcase) reverts it (Figure 1.5). Although glycosylation has
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N-acetylglucosamine ———> OH

HO 0]

Ser/Thr

0O-GIcNAc Transferase
< > ~ Glycoprotei

0O-GlcNAcase

Naked protein

Figure 1.5. O-GIcNAc modification. Schematic diagram represents the reversible
reactions catalyzed by O-GIcNAc transferase and O-GlcNAcase. Modified from (1).
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been poorly studied relative to phosphorylation, recently many transcription factors have
been found with O-GlcNAc modification, implicating it as a key post-translational
modification that regulates transcription factor activities in response to upstream signals.
Two important issues of O-GIcNAc modification in transcription factors have been
actively studied. First, many researchers raised the question whether O-GlcNAc
modification antagonizes phosphorylation by competing for the same Ser/Thr residues.
Studies of p53 and Snaill tried to identify this competition (56, 57). Both studies
identified one glycosylation site each of p53 and Snaill by mass spectrometry and
showed that glycosylation inhibits their own phosphoryation and subsequent
ubiqutination pathway, leading to their stabilization. Different from initial speculation,
the site of phosphorylation in Snaill and p53 is not the same as that of glycosylation.
Instead, O-GIcNAc modification antagonizes phosphorylation via blockade of the
interaction with a kinase. Therefore, the direct antagonism of these modifications needs
to be further studied. Second, transcription factors regulated by O-GlcNAc modification
were speculated to function as a glucose sensor because glucose is required to form UDP-
GlcNAc, the substrate of OGT. NF-kB and Snaill were tested for activity and stability
under abnormal levels of glucose (57, 58). In hyperglycaemic conditions, levels of O-
GlcNAc modification are robustly induced on both proteins. As a result, NF-kB is
released from IkB and translocates into the nucleus for activating downstream genes.
Snaill is also more activated for transcription via increased stability. In physiological
contexts, high glucose in animal models can induce chronic inflammatory genes and
cancer metastasis (55, 57, 58).

Comparison between wildtype and OctI”” MEFs in gene expression profiles
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showed that Octl is required for the proper regulation of TCA cycle genes (59).
Consistent with this result, even under high glucose conditions, Oct/”” MEFs
preferentially activate the oxidative phosphorylation pathway using different energy
sources rather than the glycolytic pathway. Depending on glucose availability, a group of
TCA cycle genes are coordinately regulated in their transcription (60). Taken together,
one hypothesis consistent with the data is that Octl mediates TCA cycle gene
transcription after sensing the level of glucose. In other words, the level of glucose can
act as an upstream signal regulator of Octl. Octl is therefore speculated to be regulated
by O-GlcNAc modification as shown with p53 and Snaill whose activities are also
regulated by the level of glucose. To test this hypothesis, it is imperative to identify the

specific residue(s) of Octl modified by O-GIcNAc.

Plan of the Dissertation

As reviewed so far, Octl is a bona fide stress response transcription factor.
However, it is still unclear how Octl regulates downstream target genes in response to
genotoxic and oxidative stress. In Chapter 2, I examine the mechanism of Octl dependent
transcription. Phosphorylation is a known modification to regulate Octl activity
following genotoxic stress (23). In this study, phosphorylation sites were identified only
by an in vitro kinase assay that may be artificial. To resolve this problem, I purified
endogenous Octl from stress-treated HeLa cells and identified Oct]l modification, using
mass spectrometry. As described above, Octl binding can be multimeric as well as
monomeric. I connected Octl modification with multimeric binding regulation. Chapter 3

will discuss how phosphorylated and ubiquitinated Oct1 is displaced from mitotic DNA,
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and what kind of function Octl performs in mitotic cells. This study will expand Octl
activity beyond DNA dependent transcription. In Chapter 4, I also identified O-GIcNAc
modification in Octl using mass spectrometry. To understand the roles of O-GIcNAc
modification in Octl, I generated and assessed mutant Octl by comparison with WT
Octl. Finally, I confirmed that Octl and Oct4 share binding motifs using ChIP analysis in
Chapter 2. The ensuing question is whether or not simultaneously occupied Oct1-Oct4
hetero complex occurs in cells. To address this, I performed sequential ChIPs in Chapter
5. Using our newly established high-throughput analysis, I tried to discriminate Octl
from Oct4 activity in ESCs. This analysis resulted in the identification of genomic sites

that do or do not discriminate between Octl and Oct4, based on neighboring elements.
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Octl and Oct4 are homologous transcription factors with similar DNA-binding specificities. Here we show that
Octl is dynamically phosphorylated in vivo following exposure of cells to oxidative and genotoxic stress. We
further show that stress regulates the selectivity of both proteins for specific DNA sequences. Mutation of
conserved phosphorylation target DNA-binding domain residues in Octl, and Oct4 confirms their role in
regulating binding selectivity. Using chromatin immunoprecipitation, we show that association of Oct4 and Octl
with a distinct group of in vivo targets is inducible by stress, and that Octl is essential for a normal post-stress
transcriptional response. Finally, using an unbiased Octl target screen we identify a large number of genes targeted
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by Octl specifically under conditions of stress, and show that several of these inducible Oct1 targets are also
inducibly bound by Oct4 in embryonic stem cells following stress exposure.
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Octl and Oct4 (products of the Pou2f1 and Poubf1 genes)
are members of the POU (Pit-1, Octl/2, Unc-86) domain
transcription factor family (Herr et al. 1988; Ryan and
Rosenfeld 1997). This family is defined by the presence of
a bipartite DNA-binding domain in which two subdo-
mains, covalently connected by a flexible linker, typically
recognize DNA through major groove interactions on
opposite sides of the helix (Klemm et al. 1994). The
classical DNA recognition sequence is known as an
octamer motif (5'-ATGCAAAT-3’, hereafter called a “sim-
ple” octamer). However, we demonstrated recently that
native binding sites for Oct4 frequently exist in complex
paired, overlapping, and nonconsensus configurations
(Tantin et al. 2008).

Oct4 is a master regulator of the stem cell state and has
recently been shown to be one of three proteins sufficient
to reprogram differentiated adult mouse and human cells
to the embryonic stem (ES) cell lineage (Okita et al. 2007;
Takahashi et al. 2007; Nakagawa et al. 2008). The bi-
ological function of Octl is more enigmatic. Octl is
known to interact with regulatory sites in interleukin,

SCorresponding author.
E-MAIL dean.tantin@path.utah.edu; FAX (801) 582-2417.
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.1750709.

immunoglobulin, and histone genes (Garrity et al. 1994;
Zheng et al. 2003; Ushmorov et al. 2004; Murayama et al.
2006). Octl also moderately stimulates gene expression
reporter constructs linked to target sequences in tran-
sient transfection assays (Sive et al. 1986; LeBowitz et al.
1988). However, we showed that Octl is nonessential for
native H2B, IgH, and Igk expression (V.E. Wang et al.
2004; V.E.H. Wang et al. 2004). Oct1-deficient cells appear
morphologically normal in light microscopy and divide at
normal rates. Octl-deficient mice die in mid-late gesta-
tion (embryonic days 12,5-18.5 [E12.5-E18.5]] (V.E.H.
Wang et al. 2004).

We determined previously that Oct! ™/~ mouse embry-
onic fibroblasts (MEFs] are hypersensitive to oxidative
and genotoxic stress (Tantin et al. 2005). One explanation
for this result is that constitutive products of Octl-
mediated transcription participate in stress response
pathways. Support for an alternative hypothesis, namely
that Octl directly senses cellular stress, comes from the
findings that Octl interacts with the Ku70 subunit of
DNA-dependent protein kinase (DNA-PK) (Schild-
Poulter et al. 2001) and is phosphorylated in vitro by
DNA-PK at physiologically important serine and threo-
nine residues (Schild-Poulter et al. 2007). Octl also
interacts with BRCA1 (Fan et al. 2002; R H. Wang et al.
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2004), and PARP-1 (Nie et al. 1998), known participants
in stress response pathways.

Here, using an affinity purification approach we iden-
tify in vivo post-translational Octl modification events
following treatment of HeLa cells with ionizing radiation
(IR) or HyO,. Comparison with a second Octl modifica-
tion data set indicated that two DNA-binding domain
Octl phosphorylation events have the potential to mod-
ulate Octl association with DNA. Using two model
sequences, termed PORE (palindromic octamer-related
element) and MORE (more PORE) (Remenyi et al. 2001),
we show that DNA-binding domain modifications alter
the in vitro affinity of Octl and Oct4 specifically at
complex binding sites. We demonstrate stress-induced
binding of both Octl and Oct4 to physiological targets in
vivo, show that induced Octl binding regulates native
gene expression, and expand the repertoire of complex
site categories to which Octl and Oct4 can bind. Using
chromatin immunoprecipitation (ChIP) coupled with
deep sequencing (ChIPseq), we identify a large number
of constitutive Octl targets as well as targets specifically
induced in the presence of oxidative stress. These targets
frequently contain conserved complex binding sites for
Octl. We demonstrate that Oct4 inducibly binds two of
these targets in vivo using mouse ES cells and ChIP.
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NE NT NT IR HP NT NT IR HP
Beads

Input NT IR HP

B ol

D
a-Oct? NE
NE - - + NT IR HP NT IR HP MORE . -
mtOct  + - + - - - - - - PORE - +
4 -

Oct

28

Stress regulation of Octl and Oct4

Together, the data show that Octl and Oct4 are potent
stress response effectors.

Results

Oct1 is phosphorylated in vivo following exposure to
genotoxic and oxidative stress

We used a single-step affinity approach to purify Octl and
other DN A-binding proteins from nuclear extracts (Tan-
tin et al. 2004; V.E.H. Wang et al. 2004). This approach
involves ferromagnetic latex nanoparticles (“nanobeads”)
coupled to multimerized DNA sequence motifs for rapid
and sequence-selective enrichment of DNA-binding pro-
teins. Relative to other supports such as sepharose,
nanobeads have lower nonspecific binding {due to their
nonporous, moderately hydrophilic surface), higher ca-
pacity (due to their smaller size), and will remain in
suspension until high-speed centrifugation or magnetic
separation (Shimizu et al. 2000; Nishio et al. 2008). We
used nanobeads coupled to multimerized consensus or
mutant simple octamer sequences to purify Octl from
HeLa cells following IR or HyO, treatment. This affinity
purification approach will only isolate Octl molecules
with modifications that do not inhibit DNA binding. As
shown in Figure 1A, an ~100-kDa band was isolated

Figure 1. Genotoxic and oxidative stress induce
Octl phosphorylation and dimerization at com-
plex sites. {A) Octl was purified from Hela
nuclear extracts using nanoparticles coupled to
multimerized octamer or mutant sequences.
HeLa cells were treated with IR or H,O, and
incubated for 1 h. The eluted proteins were
resolved using SDS-PAGE and silver stained.
(NT) No treatment; (HP) HyO,. {Arrow) Octl
band. (B] Identified Octl serine and threonine
phosphorylation events superimposed on a sche-
matic of the Octl amino acid structure. DNA-
binding domain modification events identified

12 3 45 6 7 8 9 101112

separately by the Gygi laboratory are also shown.
22 (C) Octl Western blot showing protein levels in
the input HeLa nuclear extracts. (D) EMSA using
a simple octamer probe and extracts from C.
Arrows indicate free probe (P), nonspecific band
(NS), monomeric Octl (1), and Octl antibody
supershifted band (*). (E) EMSA using radiola-
beled simple octamer, PORE, and MORE probes.
Arrows indicate monomeric (1) and dimeric (2}
occupancy, and free probe (P).
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using nanobeads coupled to consensus, but not mutant
DNA (Fig. 1A, cf. lane 2 and lane 1). The 100-kDa band
was excised, destained, and subjected to tryptic digestion.
Mass spectrometry identified peptides consistent with
human Octl. Peptide coverage was good and the sequen-
ces were confirmed through sequencing using collision-
induced dissociation (CID) in the linear ion trap (data not
shown; see the Materials and Methods). The intense band
near 40 kDa was identified as -actin {data not shown).

Using equal amounts of extract from HeLa cells exposed
to IR (Fig. 1A, lane 3) or H,O, (Fig. 1A, lane 4), a small
increase in bound protein was identified compared with
normal HeLa cells (Fig. 1A, lane 2). This increase is
consistent with previous reports (Meighan-Mantha et al.
1999; Zhao et al. 2000; B. Wang et al. 2004; Chen and
Currie 2005). We excised these bands and subjected them
to mass spectroscopy to identify Octl modifications. We
unambiguously identified Octl phosphopeptides, many of
which were identified unphosphoryated in the absence of
stress (see Table 1). These data show that Octl becomes
dynamically modified in vivo shortly following stress
treatment. Although our data were consistent with
a large-scale screen for protein phosphorylation events in
HelLa cells following IR exposure conducted in the labora-
tory of Dr. Steven Gygi (S.P. Gygi, unpubl), two Octl
DNA-binding domain modifications were identified by the
Gygi laboratory that were not observed using our affinity
purification approach: phospho-$335 and phospho-S385
(Table 1). Because the Gygi laboratory screen did not rely
upon DNA binding to isolate phosphopeptides, we focused
on these two modifications, hypothesizing that they
regulate DNA binding. The complete panel of in vivo
phosphorylation events from both studies is shown in
Table 1 and in schematic form in Figure 1B.

Alteration in Octl-binding specificity following
stress exposure

The above results demonstrated that Octl becomes
dynamically modified following stress exposure. We
therefore attempted to identify dynamic changes in the
properties of the protein that could provide a functional

29

stress readout. First, we performed Western blotting
using Octl-specific antibodies and extracts from HeLa
cells exposed to IR or HyO,. Little change was observed
(Fig. 1C). We also conducted gel mobility shift experi-
ments using wild-type and mutant simple octamer
sequences. A strong octamer sequence-dependent band
was identified, but again, little change was observed using
extracts from IR or HyO»-treated HeLa cells (Fig. 1D,
lanes 4-6). There was some increase in DNA-binding
activity (Fig. 1D, cf. lanes 5,6 and lane 4}, consistent with
previous reports (Meighan-Mantha et al. 1999; Zhao et al.
2000; B. Wang et al. 2004; Chen and Currie 2005).
Recently, a PKA-mediated phosphorylation event was
identified in the CNS-specific POU domain protein Brn-2/
N-Oct-3/Poudf2 (Nieto et al. 2007). In this case, the
modification, at a position homologous to Octl S385, was
found to alter binding specificity for complex dimeric sites.
More recently, we identified native Oct4 genomic binding
sites (Tantin et al. 2008). These target sequences were
highly enriched for complex multimeric arrangements of
half-sites with the capability of binding two or more Oct4
molecules. The potential for these complex arrangements
arises from the fact that in the POU domain, the linker
connecting the two DNA-binding subdomains is flexible.
Because these results showed that native sites for POU
transcription factors frequently exist in complex configu-
rations, we tested Oct1 binding to two model complex sites,
termed PORE and MORE. We chose these model complex
sequences because structural information was available.
PORE and MORE sequences are both capable of bind-
ing Oct proteins as a dimer, but in different configura-
tions (Remenyi et al. 2001). We conducted electrophoretic
mobility shift assays (EMSA] using these sequences
together with extracts from HeLa cells cultured under
standard conditions or exposed to stress. Using a PORE,
a somewhat stronger induction of binding by stress was
observed compared with simple sequences. This was
particularly true of extracts from cells exposed to IR
(Fig. 1E, cf. lanes 8,9 and lane 7). Using a MORE, an even
stronger induction was observed following stress expo-
sure. This induction was again particularly robust using

Table 1. Oct1 phosphopeptides identified following exposure of HeLa cells to IR (mass error <3 ppm) using LC/MS/MS?

Peptide® Amino acid position Modification position Stress® Missed cleavage Follow-up?
TIAATPIQTLPQSQST#PK 255-272 T270-P IR 0 No
RIDT#PSLEEPSDLEELEQFAK 273-293 T276-P IR 0 No
RIDTPS#LEEPSDLEELEQFAK 273-293 §278-P IR 0 No
RIDT#PS#LEEPSDLEELEQFAK 273-293 T276-P IR 0 No
$278-P
RIDTPSLEEPS#DLEELEQFAK 273-293 §283-P IR 0 No
RIDTPS#LEEPS#DLEELEQFAK 273-293 §278-P IR 0 No
5283-P
FEALNLS#FK 329-337 S335-P IR 0 Yes
TSH#IETNIR 384-391 S385-P IR 0 Yes
INPPSSGGTSSS#PIK 437451 5448-P IR/HP/HU 0 No

*Modifications identified in this study and in a phosphopeptide screen performed in the Gygi laboratory (S.P. Gygi, unpubl.). $335 and

§385 modifications were only identified in the Gygi screen.
PPhosphorylated amino acid residues are marked with #.

“(IR) 1200 RAD IR, 1 h; (HP) 1 mM H,0O,, 1 h; (HU} 1 mM hydroxyurea, 12 h.
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IR and was manifested both at the level of overall binding
and increased relative dimerization (Fig. 1E, cf. lane 11
and lanes 10,12). The induced binding could be elimi-
nated by shifting the equilibrium to the bound state, as
inclusion of higher amounts of extract in the binding
reactions increased dimer occupancy and decreased stress
induction (data not shown).

Stress-induced association of Oct1 with endogenous
complex sites

A MORE has previously been identified in the promoter
for the human RNA polymerase II (Pol II) large subunit
(Polr2a) (Fig. 2A, top panel; Tomilin et al. 2000). We
identified a second MORE located immediately upstream.
Both MOREs are conserved across multiple mammalian
species (Fig. 2A, bottom panel]. Using EMSA with HeLa
nuclear extract and a probe derived from the Polr2a
2XMORE region, we confirmed that this compound
element could interact with four Octl molecules, and
that Octl binding could be strongly induced by stress (Fig.
2B). In Figure 2, B and C, the gel was run further to resolve
the multiply bound species, and the labeled free probe
was consequently run off the gel. In Figure 2B, increasing
amounts of normal and IR-treated HeLa cell extract were
incubated with either a simple octamer sequence or
a 2XMORE probe of identical size. DNA binding was
strongly enhanced by stress (Fig. 2B, cf. lanes 7,12,17). We
used an Octl-specific antibody to confirm that the
multiply bound species contained Octl (Fig. 2B, lanes
8,13,18). In Figure 2C, point mutations were engineered
into the Polr2a 2XMORE probe to verify the stoichiometry
of the protein:DNA complex. In comparison with a sim-
ple octamer (Fig. 2C, lanes 1-3), the bands produced by
the wild type, and mutant Polr2a probes were consistent
with four and two bound Octl molecules, respectively
(Fig. 2C, lanes 4-6,7-12). Complexes of one or three
molecules were not observed. Compared with the nor-
mal {unstressed) condition (Fig. 2C, lanes 1,4}, augmented
Octl binding was observed using the 2XMORE, but
not a simple octamer, following either IR or H,O, treat-
ment (Fig. 2C, cf. lanes 5,6 and lanes 2,3). Quantification
of the band intensities from Figure 2C and two replicate
experiments showed that the increase in Octl-shifted
DNA in the presence of either stress was progressively
higher with the IXMORE and 2XMORE probes compared
with the simple octamer probe, suggesting that the
stress-induced 1IXMORE and 2XMORE Octl:DNA com-
plexes were progressively more cooperative (data not
shown).

To assess complex stability, we performed kinetic
complex dissociation assays using a 200-fold molar excess
of cold competitor (Fig. 2D). Complexes were assembled
using simple octamer, IXMORE or 2XMORE probes, and
incubated with cold competitor for varying times prior to
native gel loading. Band intensities were determined and
used to plot exponential decay curves. Complex half-life
using a simple octamer was significantly shorter (T, =
10.8 sec) compared with the 2XMORE (80.2 sec). Using
a 1XMORE, we obtained an intermediate result (T, =
13.7 sec). These data show that the 2XMORE complex is
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significantly more stable than complexes formed using
a simple octamer sequence or a single MORE.

We performed ChIP assays to assess Octl binding to
the Polr2a promoter in vivo. We observed low-level
association of Octl to Polr2a in the absence of stress,
but a significant augmentation following H,O, exposure
(Fig. 3A). Occupancy was maximal at 60 min and de-
creased thereafter. In contrast, Octl occupancy of the
control histone H2B promoter (which contains a single
simple octamer) was unaffected by HyO,. Induced Octl
Polr2a occupancy was also observed following IR treat-
ment; however, in this case the kinetics were different,
with Polr2a occupancy peaking at 60 min, but subse-
quently remaining more stable (Fig. 3B). In contrast to
the induced binding at these complex sites, simple
sites showed either reduced binding or no change. At
the H2B promoter, Octl occupancy was significantly
decreased at short time points following IR exposure.
These results were reproducible, and we conclude that IR
stress affects Octl binding to Polr2a and H2B, but in
opposite ways. We also tested Octl binding to Gadd45a,
a known Octl target (also containing a simple octamer
sequence), finding that Oct1 occupancy was stable. There-
fore, the Octl transcriptional response to stress is not
uniform, but varies depending on the spatial context
in which Octl associates with the DNA of different
targets.

To determine whether Octl binding to the 2XMORE is
functional, we linked the 2XMORE to an SV-40 promoter
luciferase vector and used it in transfections with HeLa
cells together with a cotransfected thymidine kinase
promoter-linked Renilla luciferase internal control (Fig.
3C). A small, but significant increase in luciferase activity
was observed using a 2XMORE in either orientation, and
activity was decreased by MORE point mutation. Because
these experiments used the 2XMORE in the context of
a heterologous promoter, we also linked 600 base pairs
{bp) of native Polr2a promoter sequence to a promoterless
luciferase vector. A strong increase was observed relative
to the empty vector (Fig. 3D). We engineered a 2XMORE
deletion, which significantly decreased activity, although
the effect was not complete. We ascribe the residual
activity to other bound transcription factors and/or basal
promoter activity.

To determine whether Octl loss of function effects
native Polr2a gene expression under stressed conditions,
we used real-time RT-PCR with RNA prepared from
early-passage primary MEFs derived from littermate wild-
type and Octl-deficient embryos (V.E.H. Wang et al.
2004). The MEFs were either untreated or exposed to
H, 0, (Fig. 3E, left panel). Three biological replicates were
performed for each condition and averages are shown.
Polr2a is a constitutive gene, and Pol II large subunit
levels are thought to be regulated mainly at the protein
level in response to stress stimuli. We confirmed this
supposition using wild-type cells, in which only small
changes in steady-state Polr2a mRNA levels were evident
following stress (Fig. 3E, dark line). Over repeated experi-
ments, no difference in baseline Polr2a expression was
observed between wild-type and Octl-deficient cells {data
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performed in triplicate. Error bars depict
standard deviations. (D) Activity of the hu-
man Polr2a promoter fragment (—600 to +1
relative to the TSS) linked to luciferase. A 45-
bp 2XMORE deletion was made in the con-
text of the full sequence. Empty vector was
used as a control. (E, left panel) Real-time RT-
PCR using intron-spanning mouse Polr2a
primers and either wild-type or Oct1-deficient
MEFs. Message levels are shown following
treatment with 2 mM H,O, relative to wild-
type fibroblasts under unstressed conditions
on a log, scale. (Right panel) Dose response
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not shown). These results are consistent with our findings
that expression of other reported Octl targets such as
histone H2B, U2 snRNA, and immunoglobulin are un-
changed in the Octl-deficient and unstressed condition
(V.E. Wang et al. 2004; V.E.H. Wang et al. 2004). Strikingly,
in the absence of Octl a significant depletion in Polr2a
mRNA levels was observed following stress exposure
(gray line). The effect was greatest (approximately four-
fold) at 4 h. We also performed a Polr2a dose response
experiment using a fixed 4-h time point. Increasing doses
of HyO, resulted in increased Polr2a mRNA repression in
the Octl-deficient condition (Fig. 3E, right panel). These
results strongly suggest that Octl acts as a functional
anti-repressor of Polr2a following stress.

We confirmed an effect at the protein level using
Western blotting and immortalized MEFs: In the Octl-
deficient condition, Pol II large subunit levels were not
detectable several hours after HyO, treatment, although,
in this case, a transient and Octl-independent increase in
protein levels was also observed (Fig. 3F).

8335 and 8385 control MORE Octl dimerization

Octl bound to MORE DNA adopts a unique structure in
which the two subdomains of each molecule no longer
span the helix but instead occupy adjacent major grooves
on the same face of the DNA (Remenyi et al. 2001). We
used molecular modeling to identify a possible role for
Octl DNA-binding domain modifications in stress-induced

of Pol II large subunit expression in immor-
talized MEFs cells treated with HyO,. B-actin
. is shown as a loading control.

MORE dimerization. Figure 4A shows Octl occupying
MORE DNA, in which a phosphoserine has been modeled
at position 385. This phosphoserine lies in the POU-
homeodomain and is in close apposition to a lysine
residue (K296) in the POU-specific domain of the same
molecule {arrows; see inset), suggesting that phosphory-
lation at this position may structurally preorient Octl so
as to favor MORE binding.

We used extracts from Oct1-deficient 3T3-immortalized
MEFs (V.E.H. Wang et al. 2004) in which Octl function
was restored using retroviruses encoding human wild-
type Octl, or one of three engineered three point muta-
tions (S385A, S385D, and S385K]) to determine the effect
on binding in the presence and absence of IR treatment.
An alanine substitution at position 385 had little effect
(Fig. 4B, lanes 4,5,13,14), suggesting that other modifica-
tions may also induce MORE binding (see below). S385D,
a potential phosphomimetic mutation, had a deleterious
effect on monomer binding (Fig. 4B, lanes 6,7). The same
mutation significantly enhanced MORE dimerization
(Fig. 4B, lane 16). This mutation also favored MORE bind-
ing under unstressed conditions (Fig. 4B, lane 15). In con-
trast to S385D, the S385K mutation strongly inhibited
MORE dimerization, instead favoring the monomeric
form (Fig. 4B, lanes 17,18). Band intensity quantification
showed that the S385D mutation augmented MORE di-
mer formation, but only partially decreased dimer stress
induction, and that S385K disfavored, but did not com-
pletely eliminate MORE dimer stress induction (data not
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Figure 4. Octl $385 and S335 mutations modulate DNA selectivity. (A) Molecular models based on the crystal structure of the Octl
POU domain dimer bound to MORE DNA (Remenyi et al. 2001). Phospho-Ser 385 and Lys 296 are modeled (red and blue arrows).
Bottom image shows predicted A distance. Images generated using PYMOL (http://www.pymol.org). (B EMSA using nuclear extracts
prepared from Octl-deficient immortalized MEFs infected with retroviruses encoding wild-type, S385A, S385D, or $385K Octl. Arrows
indicate monomeric (1) and dimeric (2] occupancy, and free probe (P). (NS} Nonspecific. {C) MORE DNA-Octl dimer structure showing
Ser 335 (red). Lys 435 is also shown. (D) EMSA using nuclear extracts prepared from Octl-deficient immortalized MEFs infected with
retroviruses containing either wild-type, S335A, S335D, or S335K Octl ¢cDNAs and probes tagged with Cy5. Arrows indicate
monomeric (1) and dimeric (2) occupancy, and free probe (P). The gel was scanned using a Typhoon Imaging system (Molecular

Dynamics). (Below] Octl Western blot of the input extracts.

shown), again suggesting that other modification events
can also facilitate dimerization (see below). For these
experiments, low titers of Octl retrovirus were used,
because at higher titers, or higher amounts of extract,
dimer occupancy was strongly favored and the differ-
ences between the various mutants were obviated. These
data are consistent with a model in which phospho-5385
makes and contacts with K296. Mutation of K296
(which is also in close apposition to the DNA backbone)
(Fig. 4A) to alanine eliminated MORE binding, including
when made as a double mutant with S385D (data not
shown).
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The other modification identified in the Octl DNA-
binding domain was phospho-S335. This residue is lo-
cated in the POU-specific domain and is positioned close
to the DNA backbone. Figure 2C shows a different view
of the same Octl dimer/MORE DNA structure with
a phosphoserine modeled at position 335. Although there
is a lysine (K435} located across the dimer interface in the
POU-homeodomain, the intervening distance is too great
to support an interaction without changing the modeled
coordinates. We hypothesize that in order to form an
optimal interation, slight rearrangements of these do-
mains take place. We engineered similar point mutations



at this position (S335A, S335D, S335K). The S335
mutants were more robust, such that higher titers of
virus could be used to infect cells, or higher amounts of
extract could be used in the EMSA and the phenotypes
retained ({Fig. 3D; see Discussion). Using high viral titers,
S335A had minimal effects on simple octamer binding
(Fig. 4D, lanes 4,5), but strongly inhibited MORE di-
merization (Fig. 4D, lanes 13,14). $335D did not appear
to bind DNA under any conditions (Fig. 4D, lanes
7,8,15,16). This serine is closer to the DNA backbone
than S385 and it is possible that electrostatic repulsion
disfavors binding of the S335D mutant Octl to DNA.
Interestingly, the homolgous Oct4 mutation binds
a MORE in vitro but is not induced by stress (see below).
We conclude that either (1) Octl S335D is not a true
phosphomimetic or (2) phosphorylation of $335 inhibits
DNA binding, but not all Octl is phosphorylated at this
site, and the unphosphorylated fraction has augmented
MORE dimerization activity (possibly because of addi-
tional modifications). $335K demonstrated the same
selectivity effects as the alanine mutation (Fig. 4D, lanes
9,10,17,18). The mutant proteins were expressed at equiv-
alent levels (Fig. 4D, inset).

We generated a double mutation {S335A/S385D) to
determine which was dominant. S335A disrupted MORE
DNA binding even in the presence of S385D (data not
shown). This finding is consistent with the fact that S385
mutation could be compensated by increased amounts of
Octl protein, whereas the $335 mutation phenotype was
protein level-independent.

Control of Oct4 binding to complex sites by
homologous residues

Octl Ser 385 and Ser 335 are conserved in Oct2 and Oct4
(Fig. 5A), and across mammalian species (data not shown).
The conservation at 335 is interesting because alanine
and lysine substitutions at this position do not affect
DNA binding to simple octamers, suggesting that MORE
dimerization is physiologically significant (see below) and
is likely regulated by phosphorylation in multiple Oct
proteins, including Oct4. We restored Oct protein func-
tion in Octl-deficient fibroblasts using a retroviral con-
struct encoding mouse Oct4 and used this model system
to determine whether stress exposure also regulates Oct4
binding. Fibroblasts were exposed to IR and nuclear
extracts prepared after a 1-h incubation. Oct4 expression
and loading levels were confirmed by Western blot (Fig.
5B, inset). Compared with Octl-deficient fibroblasts, in
which no octamer-directed DNA-binding activity was
observed, Oct4 retroviral expression resulted in binding
activity (Fig. 5B, lanes 3,5). As with Octl, augmented
MORE binding was observed in IR-treated fibroblasts
compared with untreated cells (Fig. 5B, lanes 7,8). We
engineered an Oct4 mutation at a position equivalent to
Octl S335 (Oct4 S186D), and determined the effect on
MORE DNA binding using extracts from cells exposed to
methyl methanesulfonate (MMS) or cultured under nor-
mal conditions. As with Octl, mutation of this residue
resulted in sequence-selective effects. Unlike Octl, the
aspartic acid mutation did not eliminate DNA binding,
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but instead resulted in failure to generate induced MORE
dimerization (Supplemental Fig. 1, lanes 7-10). There
may therefore be slight differences between the proteins,
such that homologous mutations at specific positions can
elicit distinct effects in vitro.

The above experiments were performed in vitro with
Oct4 and a synthetic MORE. To verify inducible in vivo
Oct4 binding to sequences that regulate endogenous
genes, we used a previously identified MORE (CTGCA-
TATGCAT) from the Bmp4 regulatory region (Fig. 5C, top
panel; Tomilin et al. 2000). This sequence is conserved
between humans and rodents (Fig. 5C, bottom panel).
Bmp4 is an Oct4 target (Sharov et al. 2008). Using ChIP,
we verified an interaction between Oct4 and this genomic
region and showed that Oct4 occupancy was induced by
stress (Fig. 5C). The kinetics of induced Oct4 binding
were similar to those observed using Octl, with occu-
pancy peaking at 1 h

To identify genomic DNA sequences from known Oct4
targets, gene regions that associate with Oct4 in extracts
from normal or irradiated mouse ES cells, we generated
apool of tiled oligonucleotides from common human and
mouse Oct4 targets (Boyer et al. 2005; Loh et al. 2006} and
immunoprecipitation to enrich for Oct4-associated oligo-
nucleotides. Microarray analysis on the purified material
identified a number of in vitro targets (W.G. Fairbrother,
in prep.), including a site upstream of the Taf12 promoter
(Fig. 5D). This sequence, which is highly conserved
among mammals {Supplemental Fig. 2A), interacts with
Oct4 1 h following IR treatment, but not in the untreated
condition or at 3 h. We confirmed the ability of both Oct4
and Octl, which is also expressed in ES cells, to interact
with Taf12 in vivo using mouse ES cells and ChIP. Octl
also binds this region in HeLa cells (Fig. 5E). Because Oct4
binding was inducible at this sequence in vitro using
extracts from irradiated Octl-deficient fibroblasts com-
plemented with Oct4 retroviruses {Supplemental Fig. 2B),
we performed ChIP using mouse ES cells in a time course
following IR treatment. Although slight baseline binding
was observed, Oct4 binding was potently induced by
stress, with maximal binding at 1 h, decreasing thereafter
(Fig. 5E). Octl also inducibly binds this sequence with
similar kinetics in HeLa cells (Fig. 5E). We used EMSA to
show that Octl also interacts with the same site in vitro,
and that multimeric binding could be induced by stress
{Supplemental Fig. 2C). The size of the shifted band was
consistent with a dimer.

The Taf12 sequence contains half-sites for both the
POUy and POUs DNA-binding subdomains, but in a con-
figuration distinct from a MORE or PORE (Supplemental
Fig. 2D). We identified highly similar sequences in the
mouse Piwil2 (also known as Mili) first intron, and up-
stream of mouse Foxo4. In both cases the sequence was
conserved to human {Supplemental Fig. 2C). We also iden-
tified similar sequences in conserved intergenic regions
between Zcchcl6 and Lhfpl1 and between Prrié and
Srfbp1 (data not shown). Using ES cells and ChIP, we
confirmed Oct4 binding to Foxo4 and Mili {Supplemental
Fig. 2E). We term this sequence a TMFORE (Taf12 Mili
Foxo4 octamer-related element) (see Discussion).
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High-throughput identification of Oct1 targets
confirms stress-responsive binding

To identify inducible Octl targets on a large scale and in
an unbiased manner, we used Octl ChIP material from
normal or HyOo-treated HeLa cells together with deep
sequencing {ChIPseq). We used 12,190,661 (input DNA),
4,167,664 (normal cells), and 3,107,208 (HyO,-treated
cells) pipeline quality control-filtered reads with an eland
alignment score >13 in the analysis. Targets are provided
as Supplemental Table 1 (no treatment) and Supplemen-
tal Table 2 (H,O, treatment). In static maps of untreated
cells, known Octl targets such as genes encoding histo-
nes, U snRNAs, and GADD45a were represented with
high scores. We also identified differential targets (Sup-
plemental Table 3) using the untreated ChIP material,
rather than input DNA, as the control for the HyO,
sample (see the Materials and Methods). The top differ-
ential target (Ahcy) is shown in Figure 6A. The target
region mapped to the immediate 5’ end of the locus and
contained a conserved MORE (Fig. 6B). Additional genes
are shown in Supplemental Figure 3 (see Supplemental
Table 4 for annotations). Polr2a was identified using this
analysis, but not as an induced target. We observed some
Octl occupancy at this locus in the absence of stress (Fig.
3A,B), suggesting that the ChIPseq analysis represents an
underestimate of inducible targets.

A number of the most high-scoring differentially occu-
pied targets were previously identified as Oct4 targets in
mouse ES cells {Chen et al. 2008). These included Blcap,
Tnks1bp1, Fbx110, Rras, and c9orf25 (2310028 H24Rik in
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mouse). In many cases, the Octl- and Oct4-bound regions
overlapped perfectly (Supplemental Table 5). These
regions also contained highly conserved MOREs that
mapped to the immediate 5 end of their respective
targets (see Supplemental Fig. 3 for human and Supple-
mental Table 5 for mouse positions). A small number of
other regions identified using ChIPseq, although not
showing strong stress induction, overlapped with known
Oct4 target regions. These included Polr2a, Ell, and
Zmiz2. Conserved MOREs were also identified within
these regions (Supplemental Table 5). An overlapping
group of conserved MORE sequences was also identified
in the top 500 differential targets that mapped within
250 bp of the nearest TSS (Fig. 6C). We conclude that Octl
regulates a large number of genes specifically under
oxidative stress conditions, a subset of which contain
promoter-proximal MOREs.

To both validate the induced Octl ChIPseq target
results from human HeLa cells, and to determine
whether they can be applied to inducible Oct4 target
binding in mouse ES cells, we generated primer pairs
spanning the conserved equivalent regions of the mouse
genome and used them in Oct4 ChIP assays following IR
exposure. Oct4 binding was induced by stress at both
Blcap and EII (Fig. 6D).

Discussion

Here we show that Octl is dynamically phosphorylated
at serine and threonine residues in vivo in response to

C  polrza#1
Polr2a #2
Ahcy

Ell
Hmgbh3 ATGCAT-ATT
Blcap ATGCAT-ATGCAG MORE
Fbxl10 ATGCAT-ATGCAT MORE
Tnks1bp1 ATGAAT-ATGCAT MORE
Zmiz2 ATGCAT-ATGCAT MORE
Rras CAT MORE
Rras2 >
Barhil2
c9orf25

' MORE+1

Figure 6. ChlIPseq identifies inducible Octl targets. (A) Screenshots showing ChIPseq hits covering human chromosome 20. Arrow
indicates one significant hit. (Bottom panel) Higher-magnification image showing this hit upstream of Ahcy. (B) Screenshots of murine
Ahcy promoter. Sequence conservation is shown. MORE is highlighted. {C) MORE motifs in Octl targets identified by ChIPseq.
(D) Oct4 ChIP using primer pairs spanning the homologous mouse region of a subset of inducible human Oct1 targets identified by
ChlIPseq, together with mouse ES cells treated with IR. Input DNA is shown as a control.
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stress stimuli and that phosphorylation at two conserved
DNA-binding domain serine residues regulates Octl
binding to complex DNA configurations. Mutation of
ahomologous Oct4 residue also supports a role in binding
site selectivity. Octl binding to specific complex sites {in
Polr2a and Taf12) is inducible by stress in vivo, and Octl
is critical for maintaining normal gene expression at one
such site (Polr2a) following stress exposure. In vivo Oct4
DNA binding to several target loci in ES cells is regulated
in the same manner. We also identify a new class of
complex site (TMFORE) capable of binding Octl and
Oct4 as a dimer. We use ChlIPseq to confirm inducible
target occupancy on a large scale, and to identify new
constitutive and inducible Octl targets. Finally, using
Oct4 ChIP in ES cells, we confirm that Oct4 inducibly
interacts with two of these same targets in response to
stress stimuli.

We used an affinity purification/mass spectrometry
approach to purify Octl from HeLa cells under normal
and stressed conditions and to identify modifications.
Two identified stress-dependent phosphorylation events,
T276 and S278, were identified previously as in vitro
DNA-PK targets (see the supplemental material in Schild-
Poulter et al. 2007). Although we did not identify other
modifications described in that report, it is notable
that there are few substrates for tryptic digestion in the
Octl N-terminus, where these events were identified.
Comparing our data with an unpublished data set gener-
ated by the laboratory of Dr. Steven Gygi, we noted
two DNA-binding domain modification events (S335
and S385) that were not identified using our affinity
approach. We hypothesized that one or both modifica-
tions affect DNA binding. In vitro studies previously
identified the phospho-S385 modification, and it was
suggested that this modification inhibited DNA-binding
activity during M phase (Segil et al. 1991). Our data
suggest that the effect of S385 phosphorylation is more
nuanced, acting at the level of selectivity for different
classes of target sites. Using S385 and S335 mutations, we
confirmed a role for both residues in Octl target site
selectivity.

The Octl S385D phosphomimetic mutation partially
inhibits binding to simple octamer motifs in EMSA,
consistent with the suggestion that $385 modification
could inhibit Octl DNA binding (Segil et al. 1991).
Because simple octamer binding in extracts from irradi-
ated cells is not inhibited, S385D may not fully mimic
serine phosphorylation at this position. Alternatively,
only a fraction of Octl may be phosphorylated at this
position and/or other modifications may simultaneously
augment simple octamer binding. In contrast, $385D
augmented binding to MORE sites. S385K mutation had
the opposite effect: Little change in simple octamer
binding was observed, but MORE dimerization was
strongly inhibited {Fig. 4B). Our interpretation that phos-
phorylation of S385 results in an intramolecular stabili-
zation of an orientation that favors dimer binding is
consistent with the effect of the S385K, which would
create an electrostatic clash with K296 in the MORE
structure and disfavor dimerization (Fig. 4A). This in-
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terpretation is also consistent with our findings that
higher protein concentrations reduce the effects of $385
mutation (data not shown).

Octl $335 alanine or lysine substitution caused a major
change in the DNA-binding spectrum, strongly inhibiting
MORE binding, but having little effect on binding to
a simple site (Fig. 4D). Unlike S385, increasing the
amount of added protein did not alter the mutant pheno-
types, arguing for a more direct role in dimer stabiliza-
tion. An analogous Oct4 mutation also resulted in
specific effects on dimer induction following exposure
to the DNA-damaging agent MMS (Supplemental Fig. 1).

We identified a new class of complex recognition
sequences that includes sites in TAF12, Mili, and Foxo4
(Fig. 5D-F; Supplemental Fig. 2). We term this sequence
TMFORE. It is highly likely that there are a number of
additional classes of Oct protein-binding sites, each
capable of adopting unique protein:DNA configurations,
and each capable of responding to different spectrums of
Oct protein modification.

Oct protein target genes have functions consistent with
a role in the stress response. Examples include Bel-2
{Heckman et al. 2006), p15™*#* (Hitomi et al. 2007},
Cyclin D1 {Magne et al. 2003), GADD45a and GADD45g
(Takahashi et al. 2001; Boyer et al. 2005), C-reactive
protein {Voleti and Agrawal 2005), iNOS (Kim et al.
1999), PDRG (Luo et al. 2003), and a number of inter-
leukins (Pfeuffer et al. 1994; Duncliffe et al. 1997; Wu
et al. 1997; Murayama et al. 2006). Recent studies have
also identified a global association between Octl recog-
nition sequences and stress response regulation. One
study used low pH as a stress agent and identified
selective Oct-binding site enrichment in a large group of
coordinately up-regulated mRNAs (Duggan et al. 2006).
Another study identified sites in >90% of genes, with
significant changes in transcription rate following expo-
sure of HeLa cells to camptothecin (Fan et al. 2006). Octl
also appears to be a mediator of the response to heavy
metals (Glahn et al. 2008). These results support our
conclusion that Octl is a stress response effector. It will
now be of importance to re-evaluate previously defined
targets to determine whether the sequence composition
and Oct protein binding is indicative of simple octamer-,
PORE-, MORE-, or TMFORE-type configurations, or less
well-defined configurations. It will also be important to
define the different kinases and phosphatases that medi-
ate the modification of both proteins and the triggers and
signaling cascades involved.

Interestingly, although Octl binding to the Polr2a
locus is induced following stress exposure rather than
modulating gene expression in wild-type cells, Octl is
necessary for maintenance of normal Polr2a expression:
In the Octl-deficient condition, message levels are in-
appropriately repressed. Although it is formally possible
that there is a difference in message stability specifically
in Octl-deficient cells and specifically at time points fol-
lowing stress, the most likely interpretation is that Octl
plays an unusual functional role as a stress-dependent
Polr2a anti-repressor. In contrast to the effects on expres-
sion of the native Polr2a gene, stress exposure had little



effect in luciferase-based transient transfection assays
(data not shown). It is therefore likely that in response
to stress signals, Oct1 relieves repressive activities through
a mechanism involving genomic chromatin context not
recapitulated in transfections. Our recent results indicate
that Octl and Oct4 control gene expression, at least
in part, through control of a specific negative epigenetic
mark, consistent with this hypothesis (J. Kang, A. Shakya,
C. Collister, and D. Tartin, unpubl.).

Oct4 also has the capacity to respond to stress signals
by selectively altering the affinity for complex binding
sites in vitro. Further, Oct4 inducibly associates with
a number of in vivo targets, including Taf12, Bmp4,
Blcap, and Ell. Oct4 mutation at a serine residue homol-
ogous to Octl S335 alters binding selectivity for complex
sites in vitro, suggesting that the stress responsiveness of
Oct4 operates through modification of similar sites. The
concept that Octl and Oct4 share common modes of
regulation is not surprising, as the proteins share high
identity over a substantial portion of their amino acid
sequence, recognize DNA with similar specificity and
affinity in vitro, and regulate common targets (e.g., histo-
nes, Gadd4b, osteopontin, Taf12, Blcap, and Ell) (Botquin
et al. 1998; Wang et al. 2000; Boyer et al. 2005; this study).

The most potent and well-characterized stress response
pathways involve transcription factors strongly associ-
ated with cancer, such as p53 and NF-«B. Because Octl
and Oct4 recognize and integrate stress signals to direct
changes in gene expression, a logical extension is that
deregulation of these proteins may be a causal agent of
malignancy. Evidence for this view comes from the
findings that malignant T-cell lymphomas arise in trans-
genic mice overexpressing a fragment of Octl under the
control of the T-cell-specific Lck promoter (Qin et al.
1994), and that Octl is overexpressed in some human
breast and intestinal gastric tumors (Jin et al. 1999;
Almeida et al. 2005). Oct4 is also strongly associated
with hyperplasia and malignancy (Gidekel et al. 2003;
Hochedlinger et al. 2005; Covello et al. 2006). One study
has demonstrated a significant enrichment in Oct protein
target sites in genes overexpressed in a lung cancer
model, but not overexpression of Octl itself, suggesting
that Octl activity, rather than levels, may regulate these
processes (Reymann and Borlak 2008).

Materials and methods

Oligonucleotides

Sequences for gel-shift probes, site-directed mutagenesis, ChIP,
PCR, real-time RT-PCR, and nanoparticle synthesis are pre-
sented in Supplemental Table 6.

Plasmids, cloning, and site-directed mutagenesis

pBabe-hOct1 has been described previously (V.E.H. Wang et al.
2004). Mouse Oct4 ¢DNA was cloned into pBabe by excising the
cDNA from pGEX4T2-Oct4 (a gift of Y. Bergman) using EcoRI.
The ¢DNA was inserted into the unique EcoRI site of pBabe.
Directionality was confirmed by sequencing. Site-directed mu-
tagenesis was performed using QuickChange (Stratagene).
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The 2XMORE from the Polr2a gene was inserted into pGL2
(Promega) by synthesizing an oligonucleotide. pGL2 was digested
with Smal, and the oligo was ligated into the digested backbone
creating a dead Smal site. The ligation mixture was recut with
Smal and transformed into competent cells. Correct clones were
confirmed by sequencing.

A 600-bp fragment of Polr2a was amplified using PCR primers
with 5" Kpnl and HindIII restriction sites. PCR products were
purified, digested with Kpnl and HindIIl, and ligated into a pGL3
backbone from a plasmid digested with the same enzymes.

Cell culture

Oct1™/~ E12.5 MEFs were generated as described (V.E.H. Wang
et al. 2004). MEFs and HelLa cells were cultured in Dulbecco’s
modified Eagle’s medium (Hyclone] supplemented with 10%
heat-inactivated bovine fetal serum (FBS, Hyclone), 100 U/mL
penicillin, 100 pg/mL streptomycin, 2 mM L-glutamine (Invi-
trogen), and 50 pM B-mercaptoethanol (Sigma) at 37°C and 5%
CO, in a humidified atmosphere. R1.45 ES cells (a gift from M.
Capecchi] used 15% FBS and additionally contained 1 mM
sodium pyruvate, 0.1 mM nonessential amino acids {Invitrogen),
and 1000 U/mL LIF (Chemicon). For IR, cells were exposed to
1200 RAD using an X RAD 320 X-ray irradiator and a hard beam
filter (Precision X-Ray). The flux was ~100 RAD/min. H,O, was
used at 1 mM except where indicated.

Octl purification using latex nanoparticles

HeLa cell spinner cultures were treated with IR or HyO, and
incubated for 1 h at 37°C. Cell pellets were resuspended in 10
mM Hepes (pH 7.9, 1.5 mM MgCl,, 10 mM KCI, 1 mM DTT,
protease inhibitors (PIs), and phosphatase inhibitors (Phls,
Roche). Following dounce homogenization, nuclei were col-
lected by centrifugation at 15,000g. Proteins in the nuclear pellet
were extracted on ice for 1 h in 20 mM Hepes (pH 7.9), 25%
glycerol, 0.42 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA, 1 mM
DTT, PIs and Phls. Nuclear extracts were clarified by centrifu-
gation at 15,000g and dialyzed for 4 h at 4°C in 20 mM Hepes (pH
7.9, 20% glycerol, 100 mM KCI, 0.2 mM EDTA, 1 mM DTT, Pls
and Phls. Two milligrams of protein were mixed with 10 pL of
pelleted nanobeads in buffer A {50 mM Tris at pH 8.0, 20%
glycerol, 0.5 mM EDTA, 0.1% NP-40, 1 mM DTT, PIs and Phls)
plus 100 mM NaCl. The mixture was incubated for 1 h at 4°C.
Nanobeads were washed with buffer A containing 200 mM and
300 mM NacCl, respectively. Bound proteins were eluted with
buffer A containing 300 mM NaCl and 30 nM octamer oligomers
for 1 hon ice.

Liquid chromatography-mass spectrometry—-mass
spectrometry (LC/MS/MS)

Gel slabs were excised from silver-stained polyacrylamide gels
and destained using a 1:1 mixture of 30 mM Potassium Ferricy-
nide/100 mM Sodium Thiosulfate solution and equilibrated in
water. Protein gel bands were digested overnight with trypsin
(Promega), and reconstituted in 10 pL of 5% acetonitrile (ACN}
with 0.1% formic acid (FA), which was then manually injected (5
wL) using a nano injector (Valco) onto a self-packed column {100
pm X 75 mm, 3-pm particle size; Waters). An 80-min solvent
gradient of 5%-85% A:B (A: 5% ACN/0.1% FA; B: 80% aceto-
nitrile /0.1% FA) was used at 350 nL/min at 5% B for the first 3
min, followed by a linear increase to 55% B in 50 min, and finally
maintained at 85% B for 5 min. LC/MS/MS data were acquired
using a LTQ-FT hybrid mass spectrometer (ThermoFElectron
Corp.) equipped with a nanospray ionization source. Peptide
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molecular masses were measured by FT-ICR. Peptide sequencing
was performed by collision-induced dissociation (CID) in the
linear ion trap. Peptides were assigned from MSDB or NCBI
protein database searches, using the MASCOT search engine
(Matrix Science). All assigned peptides {including phosphopep-
tides) showed MASCOT scores >20 and had mass errors <3 ppm.

EMSA

EMSA procedures paralleled those described (V.E.H. Wang et al.
2004; Tantin et al. 2008). A monoclonal anti-Octl antibody
(Upstate Biotechnologies) was used for supershifts. Reactions
contained 10 pg (HeLa cell) or 15 pg (mouse fibroblast) of nuclear
extract.

ChIP/ChIPseq

ChIP was performed as described in Boyd and Farnham ({1999)
and Shang et al. (2000], except that the ChIP dilution buffer
included 190 mM NaCl and Protein G nanobeads (ActivMotif)
were used. HeLa or ES cells {1 X 107} were used per individual
sample. Octl and Oct4 antibodies were purchased from Chem-
icon and Santa Cruz Biotechnologies, respectively.

For ChIPseq, ChIP material was subjected to high-volume
sequencing using a Solexa GAI sequencer (Illumina). Libraries
were prepared from ~10 ng of chromatin-precipitated DNA
using the [llumina ChIPseq Sample Prep Kit. Adaptor-modified
fragments ranging in size from 350 to 450 bp were selected by
agarose gel electrophoresis, amplified by PCR, and validated
using an Agilent Bioanalyzer. library samples (2-6 pM| were
hybridized to an activated flowcell and amplified. DNA sequence
identification was performed on an Illumina Genome Analyzer I
using a 26 Cycle Sequencing Kit. Reads were mapped to
chromosomal locations in the March 2006 NCBI Build 36.1
human genome using the pipeline’s eland extended aligner.
Further analysis was performed using the USeq analysis package
(http://sourceforge.net/projects/useq). Briefly, a sliding window
(500 bp) binomial P-value was used to identify significant regions
of enrichment relative to the control. P-values were converted to
FDRs using Storey’s g-value method, adjacent windows that
exceeded an FDR of 0.01 were joined and ranked to generate a list
of putative binding peaks for each condition. For analysis of
differential Octl occupancy under stress conditions, the no
treatment ChIP data was substituted for the input. Raw data
are available at the NCBI Short Read archive.

Real-time RT-PCR

RNA was prepared using TRIzol (Invitrogen). Five micrograms of
RINA were converted into cDNA using Superscipt Il and random
hexamers (Invitrogen). PCR reactions used SYBR Green (Molecular
Probes) to detect signals in proportion to the accumulating target
amplicons and intron-spanning primer pairs. PCR results were
obtained and analyzed using LightCycler 480 Real-Time PCR
System (Roche].

Western blotting

Antibodies used for Western blotting were as follows: mouse
anti-Octl (Upstate Biotechnologies), mouse anti-Oct4 and
B-actin (Santa Cruz Biotechnologies), and rabbit anti-Pol II large
subunit (Chemicon).
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Abstract
Background: Transcription factor Octl regulates multiple cellular processes. It is
known to be phosphorylated during the cell cycle and by stress. However the upstream

kinases and downstream consequences are not well understood. One of these modified
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forms, phosphorylated at S335, lacks the ability to bind DNA. Other modification states
besides phosphorylation have not been described.

Methodology/Principle Findings: We show that Octl is phosphorylated at S335
in the Octl DNA binding domain during M-phase by the NIMA-related kinase Nek6.
Phospho-Octl is also ubiquitinated. Phosphorylation excludes Octl from mitotic

chromatin. Instead, Oct1P5**

concentrates at centrosomes, mitotic spindle poles,
kinetochores and the midbody. Octl siRNA knockdown diminishes the signal at these
locations. Both Octl ablation and overexpression result in abnormal mitoses. S335 is
important for the overexpression phenotype, implicating this residue in mitotic
regulation. Octl depletion causes defects in spindle morphogenesis in Xenopus egg
extracts, establishing a mitosis-specific function of Octl. Octl colocalizes with lamin B1
at the spindle poles and midbody. At the midbody, both proteins are mutually required to
correctly localize the other. We show that phospho-Octl is modified late in mitosis by
non-canonical K11-linked polyubiquitin chains. Ubiquitination requires the anaphase-
promoting complex, and we further show that the anaphase-promoting complex large
subunit APC1 and Oct1?***® interact.

Conclusions/Significance: These findings reveal mechanistic coupling between

Octl phosphorylation and ubquitination during mitotic progression, and a role for Octl in

mitosis.

Introduction
The Octl (POU2F1) transcription factor is a potent regulator of metabolism and

tumorigenicity (1). It is widely expressed (2, 3) and interacts with a number of proteins
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including poly (ADP-ribose) polymerase-1 (PARP-1), an enzyme that becomes activated
by DNA damage and oxidative stress (4), BRCA1, a tumor suppressor protein associated
with the DNA damage response (5, 6), and lamin B, a component of the nuclear and
spindle matrices (7-9). Octl is also a signal integrator that is phosphorylated at multiple
residues during the cell cycle and in response to genotoxic and oxidative stress (10, 11).
Some of these phosphorylation events alter Octl DNA binding selectivity, resulting in
altered target gene occupancy (10). Other phosphorylation events have not been carefully
studied.

One of the aforementioned phosphorylation events occurs at Ser335 within the
DNA binding domain. Ser335 mutation to aspartic acid blocks Octl binding to all tested
DNA recognition sites (10), and has been associated with mitosis in mass screens (12-
14). Little is otherwise known about the function of this modification. Here, we identify a
previously unknown role for this form of Octl. Consistent with the effects of the S335
phosphorylation on Oct1 ability to bind DNA, we find that phosphorylation excludes
Octl from mitotic chromosomes. Phospho-S335 Octl accumulates on centrosomes,
spindle pole bodies and kinetochores, with enrichment lost at the anaphase-telophase
transition. Late in mitosis the remaining phosphorylated Octl is modified by non-
canonical K11-linked polyubiquitin chains and colocalizes with lamin B at the midbody.
We show that the phosphorylated form of Octl interacts with lamin B, and that RNAi
knockdown of either Octl or lamin B1 in HeLa cells eliminates the midbody localization
of the other protein. We implicate the anaphase-promoting complex (APC) in Octl
ubiquitination. Octl RNAIi in HeLa cells strongly reduces antibody localization to

centrosomes, spindle pole bodies and the midbody, and results in mitotic abnormalities.
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Overexpression of wild type Octl also disrupts mitoses, resulting in improper
chromosome condensation, multinucleated cells and micronuclei. Overexpressed S335A
mutant Octl does not disrupt mitosis to the same extent, implicating this residue in Octl

regulation of mitotic functions.

Results
Phosphorylation of Octl at serine 335 during mitosis

To study the regulation and function of Octl phosphorylation at serine 335
(Oct1P5%%), we generated a phospho-specific polyclonal antibody. The peptide sequence
used to generate the antibody (EALNLS;35sFKNMC) aligns perfectly to the POU-specific
portion of the DNA binding domain of human Octl, Oct2 and Octl11. This region is less
conserved in other human POU domain proteins (not shown). Initial characterization of
the antibody using HeLLa whole cell extracts and Western blotting indicated the presence
of an intense band of high apparent molecular weight (>200 kDa) in cells arrested in
mitosis by nocodozole (Figure 3.1A, lane 2, asterisk). A band was also present in mitotic
cells corresponding to the expected unmodified molecular weight of ~90 kDa (black
arrowhead), as were intermediate forms with apparent molecular weights of ~180 kDa
and ~130 kDa (black dot and red arrow). A pan-Octl antibody (recognizing the C-
terminus) identified the same forms, albeit at different relative intensities, with the two
largest forms only found in mitotic cells (Figure 3.1A, lane 4). This result suggests that
the four observed species are different forms of Octl. No augmentation in Western blot
signal was observed using HeL a cells arrested in S-phase with hydroxyurea (not shown),

suggesting that the effects are specific to mitosis.
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Figure 3.1. Oct1”>** is enriched in M-phase HeLa cells. (A) Whole cell extracts were

prepared from normal or nocodozole-arrested HeLa cells. 10% polyacrylamide gels were

1p8335

Western blotted using anti-Oct or anti-pan-Octl (C-terminal) antibodies (Bethyl).

Anti-GAPDH is shown as a loading control. (B) HeLa cell whole cell extracts were

|PS335

immunoprecipitated with anti-Oct antibodies and Western blotted using pan-Ub or

pan-Octl antibodies. H.C.=immunoglobulin heavy chain. (C) Whole cell extracts from
nocodozole-arrested HeLa cells were treated with calf intestinal alkaline phosphatase

|PS335

(CIP), or mock-treated. Western blots using anti-Oct or anti-pan-Octl antibodies are

shown.
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We hypothesized that one or more of the high molecular weight Oct1”5** bands
represented ubiquitinated species. To test this possibility, we immunoprecipitated Octl
using the phospho-specific antibody and performed Western blots for both ubiquitin (Ub)
and total Octl. A band of the same size corresponding to the high molecular weight form
was observed in both cases (Figure 3.1B, lanes 2 and 5, asterisk). The band was further
enriched using extracts from nocodozole arrested cells (lanes 3 and 6), indicating the
presence of an Octl population enriched in mitotic cells that is simultaneously
phosphorylated at S335 and ubiquitinated. A similar result was obtained using denaturing
conditions, indicating that the phospho-specific antibody is not co-precipitating a
ubiquitinated protein of precisely the same apparent molecular weight, but rather
recognizes a phosphorylated, ubiquitinated form of Octl. These experiments also
revealed that the high molecular weight form of Octl consists of a ladder of bands
(Figure 3.2A).

To demonstrate that the form of Octl recognized by the antibody is phosphorylated,
we treated nocodozole-arrested HeLa cell extracts with calf intestinal alkaline
phosphatase (CIP), which resulted in the strong diminution of the high molecular weight
form, as well as other Octl forms, but had no effect on total Octl (Figure 3.1C). No
increase in band mobility was observed with the pan-Octl antibody following CIP
treatment, consistent with the finding that that ubiquitination is also present on Oct17%**’.
Similar loss of phospho-specific antibody signal with CIP treatment was also observed
using indirect immunofluorescence (IF) assays (Figure 3.2B).

We examined phosphorylated Octl in HeLa cells using IF and the anti-Oct17%**

antibody. HeLa mitoses were staged using DAPI and anti-o-tubulin. Oct1”>** staining in
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Figure 3.2. Further characterization of the phospho-specific antibody. (A) The

NT

s K

CIP

phospho-specific antibody immunoprecipitates ubiquitinated Octl under denaturing
conditions. IP was performed as described in the materials and methods, except cells
were lysed in the identical buffer but with 8 M urea. Upon dilution the resulting bead
incubation step contained 1.6 M urea in buffer. (B) Immunofluorescence images are
shown. Left and right panels show early and late mitosis, respectively. NT=no treatment.
METHODS: samples were prepared as described in the materials and methods, except

fixed samples were treated with CIP in CSK buffer at 30°C for 30 minutes.
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interphase cells (white arrows) was largely confined to individual puncta, the most
intense of which correspond to the site of microtubule nucleation. Increased Oct175*%
signal within an intact nuclear envelope was noted in prophase (yellow arrows). Early
mitotic cells also showed staining at two puncta suggestive of duplicated centrosomes.
Oct175%° was enriched at the prophase nuclear envelope (see prophase detail). Work of
others has associated Octl with the nuclear periphery (7, 8, 15). At metaphase, the

1P5%% was largely excluded from DNA,

chromosomes become fully condensed, and Oct
except at small puncta consistent with kinetochores. We corroborated spindle pole body
and centrosome localization in mitotic and interphase cells using y-tubulin antibodies
(Figure 3.3B and C), and kinetochore localization using CLASP1 antibodies (Figure
3.3D).

Following chromatid separation, Oct1?***° becomes concentrated at the developing
midbody (Figure 3.3A). At the transition from late anaphase to telophase, detectable
Oct1"5%° was greatly diminished with the exception of the midbody, where a
concentrated signal was retained throughout cytokinesis. No such change was detected
using pan-Octl antibodies (Figure 3.4), indicating that the diminution of the
phosphorylated form at the anaphase-telophase transition is not the result of changes in
total Octl. IF using pan-Octl antibodies showed similar concentrations at spindle pole
bodies and the midbody (Figure 3.4). Similar mitotic staining patterns were also obtained
using A549 lung adenocarcinoma cells (Figure 3.5), indicating that the pattern is not
peculiar to HeLa cells. A comparative analysis of Oct1”>*** and the well-established

mitotic marker histone H3P*'° (16) indicated that all cells that stained for histone H3P'°

also stained strongly for Oct1?%**° (Figure 3.6).
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Figure 3.3. Mitotic Oct1”%** s associated with the spindle pole bodies and midbody.
(A) IF images of mitotic HeLa cells are shown. Cells were stained with anti-a-tubulin and
anti-Oct1P5*% antibodies, and with DAPI. Scale bar: 20 mM. White arrows show an
interphase cell. Yellow arrows show different mitotic stages. (B) Similar images, except
g-tubulin antibodies, were used. Cropped images of individual mitotic cells are shown.
(C) Similar images of interphase cells. (D) Detail of a metaphase HeLa cell IF image

stained with CLASP-1 and Oct1P%** antibodies.
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Figure 3.4. Localization of total Octl in mitotic HeLa cells. (A) Total Octl
concentrates at spindle pole bodies and the midbody, and is excluded from mitotic
chromosomes. Immunofluorescence images are shown. HeLa cells were fixed and stained
with antibodies against a-tubulin and pan-Octl. Arrow indicates position of additional
puncta not recognized by phospho-Octl antibodies. (B) Pan-Octl antibodies recognizing
different epitopes stain different mitotic structures. Cells were fixed and stained as in (A).
Arrows indicate additional metaphase puncta of unknown etiology not recognized by

phospho-Octl antibodies.
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Figure 3.5. Localization of Octl phosphorylated at S335 to mitotic A549 lung
adenocarcinoma cells. (A) Immunofluorescence images are shown. Specific mitotic cell
is highlighted with an arrow. The cells were co-stained with antibodies to alpha-tubulin
and with DAPI. (B) Similar images using anti-gamma-tubulin antibodies. Protocols were

identical to those summarized in the methods section.
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Figure 3.6. Comparison of the properties of anti-Oct1”** and anti-Histone H3%""
antibodies. (A) Low-magnification (200X) immunofluorescence images of HeLa cells
stained with antibodies against phospho-histone H3 and phospho-Oct1.”*** Arrows
indicate mitotic cells. White arrows show cells in earlier mitotic stages that co-stain with
both antibodies. Yellow arrows show examples of cells staining only with the phospho-
335 and not phospho-histone antibody. (B) Immunofluorescence images of mitotic HeLa

cells stained with anti-Oct1”*** and anti-histone H3°'® antibodies. Scale bar: 20 uM.
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Octl ablation is associated with abnormal mitoses

We transiently transfected HeLa cells with Octl siRNAs, analyzing cells 48 hr post-
transfection to determine whether the staining patterns were specifically due to Octl.
Using Octl-specific but not control siRNAs , we observed mitotic cells lacking or with
significantly reduced Oct1”5** spindle pole body/midbody staining (Figure 3.7A). In
addition, nearly all (>90%) of the mitotic cells with decreased Octl staining lost the
normal pattern of a-tubulin staining (Figure 3.7A). We confirmed the effect of transiently
transfected Octl-specific siRNAs by Western blot (Figure 3.7B). We also noted
poor/abnormal chromosome segregation and other mitotic irregularities associated with
partial and complete Octl knockdown (Figure 3.7A and Figure 3.8). To quantify these
irregularities, we analyzed 668 total control siRNA and 164 total Octl-specific siRNA
mitoses over three separate experiments. There were fewer mitotic events in the Octl-
specific siRNA condition and more dead/floating cells, suggesting that following acute
reductions in Octl, a higher fraction of mitoses result in apoptosis and/or mitotic
catastrophe. We scored approximately 10% of live control mitotic events as abnormal,
based on spindle disorganization and chromosomal abnormalities (e.g., incomplete
condensation, DNA outside the metaphase plate). Using the same criteria, approximately
60% of the Octl knockdown events were abnormal (Figure 3.7C). These findings
indicate that Octl contributes to accurate mitosis in HeLa cells.

We also examined mitoses in Octl deficient primary early-passage fibroblasts. Octl
protein and activity is undetectable in these cells in Western blotting and gel mobility

shift assays using nuclear extracts, although a small amount of residual protein is
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Figure 3.7. Modulation of Oct1 levels results in abnormal mitoses in HeLa cells. (A)
IF images are shown of HeLa cells transiently transfected with control or Octl-specific
siRNAs. Arrows indicate positions of disrupted spindle pole/midbody localization.
Formaldehyde fixation was used. (B) Western blot showing effect of transfected control
and Octl-specific siRNA on total Octl expression in cycling cells. Cells were cultured
for 72 hr prior to analysis. (C) Quantification of abnormal in HeLa cells treated with
control and Octl-specific siRNAs. Values represent averages from three independent
experiments. Error bars depict standard deviations. (D) IF images of HeLa cells
transiently transfected with FLAG-Octl. Transfected cells were incubated for 48 hr prior
to formaldehyde fixation and staining with anti-a-tubulin and anti-FLAG antibodies.
Single mitotic cell images are shown. (E) IF images are shown of interphase HeLa cells
transiently transfected with FLAG-tagged wild-type Octl. Cells were stained with DAPI,
and anti-FLAG and anti-lamin B (B1+B2) antibodies. Arrows indicate transfected cells.
Asterisk indicates an area of specific Octl and lamin B co-localization. Example cells
showing multinucleated cells and micronuclei are shown. Scale bars indicate 20 mM. (F)
Quantification of the frequency of micronuclei and multinucleated cells in mock
transfected, wild-type Octl transfected, and S335A transfected interphase HeL a cells.
Error bars depict standard deviations. (G) Similar experiment as (E) using cells
transiently transfected with an Octl S335A point mutant made using site-directed
mutagenesis of the human cDNA. Top panels show mitotic HeLa cells stained with anti-

FLAG and anti-a-tubulin antibodies. Bottom panels substituted lamin B antibodies.
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A Merged  a-tubulin pS335 DAPI

Figure 3.8. Additional examples of mitotic abnormalities in HeLa cells treated with
Octl-specific siRNAs. Reference Fig. 3.7 for normal mitotic and scrambled siRNA

controls.
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observed upon enrichment by affinity purification (17). No IF signal was detected in Octl
deficient MEFs using pan-Octl antibodies (not shown). Using the phospho-specific
antibody, wild-type fibroblasts displayed a similar, albeit less uniform, mitotic staining
pattern as HeLa cells. The signal was diminished but not eliminated in OctI”" fibroblasts
(Figure 3.9). These results suggested the presence of a cross-reacting co-expressed POU
transcription factor in fibroblasts. Octl is the sole detectable octamer DNA binding
activity in MEFs (17). We therefore focused on nonoctamer binding POU transcription
factors with capacity to cross-react. One murine protein, Pit-1/POU1F1, contains a
perfect match to the peptide sequence used to generate the phospho-specific antibody.
Western blotting using pan-Pit-1 antibodies indicated that Pit-1 was expressed in murine
fibroblasts but not HeLa cells (Figure 3.9). Either due to redundancy with Pit-1 or other
differences between HeLa cells and primary murine fibroblasts, we observed more mild
evidence of abnormal mitoses in Oct]™" fibroblasts, including occasional abnormal DNA
condensation and abnormal spindles. Analysis of DNA content also revealed the presence

of aneuploidy, and an increase in cells with >4N DNA in OctI™" fibroblasts (Figure 3.9).

Overexpression of Octl results in abnormal mitoses

We tested the effect of overexpressed full-length FLAG-tagged wild-type and
S335A Octl in HeLa cells using transient transfection. Overexpression of wild-type
protein resulted in significantly increased Oct1”5** staining, in particular the generation

of interphase Oct175**

—staining puncta, while little change was observed using the
S335A mutant (Figure 3.10). In mitotic cells, overexpressed wild-type FLAG-Octl was

also excluded from mitotic chromatin and resulted in disorganized mitotic microtubules
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Figure 3.9. Phospho-S335 IF staining pattern and cell-cycle phenotype of primary
MEFs. (A) Immunofluorescence images of mitotic stages from wild-type primary early-
passage MEFs. (B) Mitotic examples of Oct/” MEFs. These examples could not be
easily staged due to abnormalities. Note the reduced pS335 staining. (C) Alignment of
human Octl and mouse Octl, Oct2 and Pit-1. Alignment was generated using a Clustal
W-based algorithm within the Vector NTI software package. Lower panel shows a
Western blot of HeLa cells, wild-type and Octl deficient fibroblasts. The Pit-1 antibody
was obtained from Santa Cruz. (D) Cell cycle profile of primary early passage Octl
deficient MEFs and wild-type littermate controls. Inset shows expanded view of cells

with super-4N DNA content.
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Figure 3.10. Effect of WT and S335A Octl overexpression on Oct1”®**° in HeLa
cells. IF images are shown of interphase and HeLa cells transiently transfected with wild-

type or S335A mutant pCG-Octl.
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as compared to adjacent untransfected controls (Figure 3.7D). We also studied interphase
cells, using lamin B (B1+B2) antibodies to visualize the nuclear envelope. Adjacent
untransfected (FLAG-negative) HelLa cells served as an internal control. Cells in which
Octl was concentrated in particular areas also displayed lamin B concentrations in the
same areas (Figure 3.7E, asterisks), consistent with a described interaction between the
two proteins (7-9). Interphase cells overexpressing FLAG-Octl displayed increases in
multinucleation and micronuclei. The micronuclei contained FLAG-Octl (Figure 3.7E,
and Figure 3.11). S335A Mutant Octl was incapable of inducing micronuclei, and
displayed reduced capacity to induce multinucleated cells (Figure 3.7F). Unlike wild-type
Octl, overexpressed S335A mutant Octl also could be found at mitotic DNA (Figure

3.7G). This result indicates that S335 is required for exclusion from mitotic chromatin.

Nek6 phosphorylates Octl serine335 during mitosis
Computational inspection of Octl using the phosphorylation site database

PHOSIDA (http://www.phosida.com/) identified a consensus Neko6 kinase target site at

S335. Neko6 is a NIMA-related kinase required for normal mitosis in HeLa cells (18). We
tested the ability of recombinant purified Nek6 to phosphorylate an Octl peptide
containing S335 fused to recombinant glutathione S-transferase (GST) in vitro. GST-
peptide fusions with a mutated target serine residue and a different kinase (Cdk7) were
used as controls. Nek6 but not Cdk7 robustly produced a reactive target peptide, but
generated no signal using mutant GST-fused peptides (Figure 3.12A). We repeated these
experiments using radiolabeled ATP to demonstrate that Nek6 was not phosphorylating

the peptide at another position, and to show that full-length recombinant Octl was
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Figure 3.11. Ectopic Octl expression in HeLa cells increases alpha-tubulin levels,
and induces formation of puncta containing alpha-tubulin but lacking DNA. IF
images are shown of interphase HeLa cells transiently transfected as in Figure S7. Fixed
cells were stained with DAPI and antibodies against the FLAG epitope and a-tubulin.

Scale bars indicate 20 uM.
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Figure 3.12. Neké6 contributes to mitotic Octl phosphorylation at S335. (A) In vitro
kinase assay using purified recombinant Nek6 or Cdk7, and GST fused to wild-type or
mutant Ser335 target peptide sequences. A Coomassie blue-stained SDS-polyacrylamide
gel is also shown to confirm presence of the purified peptide. (B) Nek6 knockdown in
HelLa cells. A Western blot using anti-Nek6-specific antibodies is shown. Extracts were
prepared 72 hr post-transfection. (C) HeLa cells were transfected with scrambled and
Neko6-specific siRNAs, incubated for 72 hr, fixed and stained with DAPI, anti-a-tubulin

and anti-Oct1P53%°

antibodies. Examples of early (left) and late (right) mitoses are shown.
Early mitotic percentages reflect the number of events showing strong Oct1”>** staining
(42/48 in the control vs. 21/47 in the Nek6 specific knockdown). Telophase percentages
reflect the number of events showing strong midbody staining (33/41 vs. 11/39).
Formaldehyde fixation was used. (D) HeLa cells were transiently transfected with FLAG-
tagged wild-type Neko6 or catalytically inactive mutants (K75M), incubated for 24 hr, and
prepared as in (B). Examples of interphase cells are shown. Arrows indicated transfected

(FLAG-positive) cells. Formaldehyde fixation was used. (E) Mitotic examples.

Formaldehyde fixation was used.
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phosphorylated by Nek6 (Figure 3.13). The data are consistent with a model in which
Neko6 phosphorylates Octl during mitosis. To test this model, we transiently transfected
Neko6-specific and scrambled control siRNAs into HeLa cells. At 72 hr post-transfection
the knockdown was robust (Figure 3.12B). We focused on mitotic events (rounded cells
with duplicated centrosomes and partially/fully condensed chromosomes). In early

mitosis, Nek6 knockdown reduced the intensity and uniformity of Oct17%**

staining and
disrupted the organization of mitotic spindles (Figure 3.12C, left panels). Later in mitosis,
Neko6 knockdown also reduced the overall staining intensity, and specifically ablated
Oct175% detected at the midbody (right panels). We quantified the degree of pan-Octl or
Oct175% signal intensity in all mitotic cells following control or Nek6 siRNA
transfection, observing an overall two-fold decrease in Oct1”>** but not pan-Octl in
Neko6 but not control siRNA (Figure 3.13). We overexpressed FLAG-tagged wild-type or

catalytically inactive mutant Neko6 (18) (plasmids a gift of A. Fry) to determine the effect

on Octl phosphorylation. Overexpression of wild-type but not mutant Nek6 resulted in

|PS335 1p8335

accumulation of diffuse Oct and brighter Oct puncta localizing to interphase

centrosomes (Figure 3.12D). Moreover, additional Oct1?***° puncta in interphase, and
mis-localization of mitotic spindle poles, were observed. Mitotic HeLa cells also showed

|PS335

increased Oct , although the baseline expression was higher (Figure 3.12E). These

results indicate that Octl S335 is a Nek6 target.
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Figure 3.13. Further validation of NEK6 (A) Nek6 was knocked down in HeLa cells
using siRNAs as in Fig.4C, but using rabbit anti-pan-Oct1 antibodies. (B) Pan-Octl and
phospho-Octl channel signal intensity was analyzed following Nek6 knockdown using
Imagel software (NIH). 6 control and 7 Nek6 siRNA mitotic events were averaged in the
case of pan-Octl, and 5 control and 5 Nek6 siRNA mitotic events were averaged in the
case of phopsho-Octl. (C) GST-fused to the substrate peptide was tested as an in vitro
kinase target as in Fig. 12A but using g->*P-ATP. (D) Full-length, His¢-tagged
recombinant Octl purified from E. coli was used. Right panel shows a Coomassie-stained
gel of the same material. “D Octl” indicates presumptive Octl deletion products that are
also phosphorylated species. METHODS: Recombinant C-terminal Hises-tag Octl was
expressed and purified as described (Strom AC, et al., Nucleic Acids Res. 1996 Jun

1;24(11):1981-6).
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Octl is a component of the spindle matrix and participates in a complex
with lamin B1 at the midbody

Our results suggested that Octl recruitment to mitotic structures is important for
normal mitoses. We therefore attempted to identify whether other proteins known to
interact with Octl recruit it to these structures. Lamin B has been shown to interact with
Octl and can co-localize with Octl at the nuclear envelope (7, 8). Lamin B is also present
at a structure known as the spindle matrix, and is required for proper spindle organization
(19). We used antibodies against total lamin B1+B2 to observe localization in HeLa
mitoses. We observed substantial co-localization between lamin B and Oct1?****, In
particular, the spindle poles and midbody were strongly stained with both proteins
(Figure 3.14A, asterisks).

To determine whether phosphorylated Octl and lamin B interact, we performed co-
immumoprecipitation experiments using whole cell extracts from untreated or
nocodozole-arrested HeLa cells. As expected, immunoprecipitation with lamin B
antibodies enriched total Octl in cycling HeLa cells (Figure 3.14B, lane 2, arrow).
Equivalent enrichment was also observed M-phase arrested cells (lane 3), indicating that
even after nuclear envelope breakdown the interaction between Octl and lamin B is
preserved. These data indicate that the known interaction between Octl and lamin B1 can
be extended to mitosis. Immunobloting using Oct1?***° antibodies also uncovered an
interaction between mitotic phosphorylated Octl and lamin B 9 (lane 6, arrow). The high
molecular weight form of Octl enriched in mitosis interacted only poorly with lamin B

(lane 6, asterisk).
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Figure 3.14. Octl is present in the spindle matrix and forms a complex with lamin
B1 at the midbody in HeLa cells. (A) Association of phosphorylated Octl with lamin B
at the centrosomes and midbody. HeLa cells were fixed and stained with antibodies
against lamin B1+B2 and Oct1”>**. Mitotic stage is on the left. Asterisk indicates the
midbody structure. (B) Whole cell extracts from cycling HeLa cells and cells arrested in
M-phase using nocodozole were immunoprecipitated using mouse anti-lamin B
antibodies. Left panel shows a Western blot using pan-Octl antibodies. Black arrow
shows predicted Octl molecular weight. Asterisk shows the high molecular weight form
identified in Fig. 3.1. Right panel: the blot was stripped and re-probed using Oct17%**®
antibodies. (C) Spindle matrix preparations generated from Xenopus oocyte extracts
(XEE, lane 1) were Western blotted using pan-Octl, lamin B3, and a-tubulin antibodies.
(D) IF images of bead spindown preparation. Pan-Octl antibodies, and rhodamine-
conjugated a-tubulin were used. (E) Xenopus Octl was immunodepleted using magnetic
protein A-coupled beads (see methods). Octl Western blots are shown of the nonspecific
and Octl-specific depletions. a-tubulin is shown as a loading control. (F) Examples of
spindle structures generated using the depleted extracts. Images of structures conforming
to the scoring criteria used in (G) are shown. (G) Quantification of spindle structures
using non-specific of Octl-specific depletion. Error bars depict standard error of the
mean. (H) HeLa cells were transiently transfected with Lamin B1-specific siRNAs. Cells
were incubated for 72 hr, fixed and stained with a-tubulin and pS335 antibodies. Images
of cells undergoing abcission are shown. Formaldehyde fixation was used. (I) HeLa cells
transfected with control siRNAs, or siRNAs against Octl or lamin B1 were fixed and

stained with lamin B and Oct1”>*** antibodies. IF images of mitotic HeLa cells



undergoing abcission are shown. Detail at right shows isolated midbody structures.

Formaldehyde fixation was used.
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Prior studies in Xenopus have shown that lamin B helps to form a network referred
to as the spindle matrix during mitosis. This structure associates with the spindle to help
maintain spindle pole focus and spindle shape. Mass spectrometry analyses revealed that
a number of transcription factors including Oct2, an Octl paralog, are present in isolated
spindle matrix (19, 20). Spindle matrix components can be isolated from Xenopus egg
extracts (XEE) using a spindle assembly assay stimulated by magnetic beads coated with
the mitotic kinase Aurora A (19, 20). The beads function as potent microtubule
nucleating and organizing centers and efficiently organize spindle poles. We retrieved the
bead-associated spindles using a magnet (Figure 3.14C, “Spindown”). Buffer containing
nocodozole was used to depolymerize spindle microtubules. The beads (Figure 3.14C,
lane 3) and their associated spindle matrix (lane 4) were separated from each other. We
identified a band corresponding to Octl in the spindle, beads, and matrix preparations
using pan-Octl antibodies. As expected, most lamin B3, the major form of lamin B in
XEE, was present in the spindle matrix (Figure 3.14C, lane 4). The presence of Octl in
the beads and the spindle matrix is consistent with the idea that subsets of Octl are
associated with the spindle poles and surrounding matrix. We visualized the bead
preparations and the associated matrix using fluorescence microscopy. Robust levels of
Octl associated with the beads themselves as well as the associated matrix (Figure
3.14D).

The above result suggested that loss of Xenopus Octl could have functional effects
in this assay, although there is a distinct possibility of redundancy with the Oct2 protein.
To test this prediction, we immunodepleted Octl from XEE and reconstituted the assay.

Overall Octl immunodepletion was estimated at ~85% based on band intensity, although
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the antibody showed some variation in the ability to immunodeplete different Octl
species (Figure 3.14E). Immunodepleted extracts successfully reconstituted mitotic
spindle structures. However there was a statistically significant defect in ability to form
normal bipolar spindle structures relative to mock-depleted extracts, and a corresponding
increase in aberrant monopolar structures (Figure 3.14F-G).

We next silenced lamin B1 using siRNAs and monitored Oct17***® localization
during metaphase and anaphase. Lamin B1 silencing resulted in early mitotic defects
such as mitotic spindle disruption and unfocused spindle poles (Figure 3.15), as reported
previously (19). Phospho-Octl localization to both kinetochores and spindle poles
remained intact, suggesting that lamin B1 is not required for Octl localization to these
two structures. However, interestingly in late mitosis Octl midbody localization was
abolished (Figure 3.14H). This result suggested that lamin B1 localizes phosphorylated
Octl to the midbody. To study the interaction of Octl and lamin B at the midbody, we
knocked down Octl and lamin B1 in HeLa cells, and stained with lamin B (B1+B2) and
Oct175* antibodies. Control-siRNA transfected HeLa cells showed expected
concentrations of lamin B and Oct17***® at the midbody (Figure 3.141, top panel and
detail at right). Due to the presence of lamin B2, total lamin B staining was minimally
affected, however lamin B concentration at the midbody was largely eliminated (Figure
3.141, middle panels), indicating that midbody lamin B consists mostly of lamin B1 in
HeLa cells. In the lamin B1 knockdown condition, Oct17**** midbody staining was also
absent in 50% of cells undergoing cytokinesis and significantly depleted in others (detail
at right), suggesting that lamin B1 recruits phospho-Octl. Octl knockdown (lower

panels)
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siRNA: CTL Lamin B1
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Figure 3.15. Abnormal localization of Oct1P%* by lamin B knockdown in early
mitotic cells (A) HeLa cells were transiently transfected with siRNAs against lamin B1
(Santa Cruz), incubated for 72 hr and Western blotted with antibodies against lamin B1
or GAPDH as a loading control. (B) IF images are shown of mitotic HeLa cells
transiently transfected with control or lamin B1 siRNAs, and stained with antibodies
against lamin B (B1+B2) and Oct1”>** antibodies. Arrows highlight elongated/split

spindle poles.
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also quantitatively depleted lamin B1+B2 at the midbody. These findings indicate that

during cytokinesis lamin B1 and Octl are mutually required for midbody localization.

Mitotic Oct1”®* is modified by K11-linked poly-Ub chains
associated with the midbody

Our data suggested that there are qualitative differences between Oct1”%*** midbody
localization and localization to other mitotic structures: midbody association is
maintained after most signal is eliminated (Figure 3.3A), and lamin B is required for
Oct1”5*%° midbody localization but not localization to other structures (Figure 3.14F-H).
We therefore sought biochemical correlates that may underlie these differences. Proteins
modified by noncanonical K11-linked poly-Ub chains are enriched in the midbody (21).
We tested whether Octl is modified through K11-linked poly-Ub chains (K11-Ub) using
a specific antibody (21). Although Octl is ubiquitinated in cycling or nocodozole-
arrested HeLa cells (Figure 3.1C), immunoprecipitation of phospho-Octl from these cells
and Western blotting using K11-Ub antibodies produced little evidence of Octl K11-
linked ubiquitination (not shown). K11 accumulates late in mitosis (21) suggesting that
Octl may be modified by canonical Ub early in mitosis, but switches to a K11-linked
form at later stages. We therefore arrested cells in G1/S with thymidine, released them
from the thymidine block and arrested them in mitosis with nocodozole. Following
release from nocodozole arrest, K11-Ub linkages were detectable after two hours (Figure

pS335

3.16A, upper panels, 21). Under the same conditions, immunoprecipitated Octl was

associated with K11-Ub as assessed by Western blot (Figure 3.16A, lower panels). To



83

Figure 3.16: Dynamic ubiquitination of Octl during mitosis. (A) HeLa cells were
blocked in G1 with thymidine, released and arrested in mitosis using 0.1 mM nocodozole
as described (21). Top panels show Western blot with K11-Ub and pan-Octl antibodies,
and GAPDH antibodies as a loading control, from cells arrested with nocozole or
following 2 hr release from nocozole. For the bottom panels, samples were

immunoprecipitated using anti-Oct17%**

antibodies, and probed with antibodies against
pan-Ub, K11-Ub and pan-Octl. H.C.=immunoglobulin heavy chain. (B) IF images of
HeLa mitoses stained with Oct1”%*** and K11-Ub antibodies. Two metaphase, telophase
and late cytokinesis examples are shown. Merged images from the two latter cases also
show detail of the midbody structure (inset). (C) HeLa cells were arrested with
nocodozole (0.5 mM) for 18 hr, and then incubated with MG132 for a further 6 hr. Whole
cell extracts were prepared and subjected to Western blotting using Oct1”5*** and K11-Ub
antibodies. (D) HeLa cells were treated with MG132, fixed and subjected to IF using
K11-Ub and Oct1”%** antibodies. Detail of metaphase cells is shown. (E) Whole cell
extracts from HeLa cells arrested as above were immunoprecipitated with anti-Oct1°5**
antibodies and Western blotted using pan-Ub, K11-Ub or pan-Octl antibodies.
H.C.=immunoglobulin heavy chain. (F) Nocodozole-arrested HeLLa whole cell extracts

were immunoprecipitated using Oct17%**

antibodies and probed using pan-Octl or APC1
(AbCam). (G) HeLa cells were transfected with Cdh1 siRNAs. Twenty-four hr-post
transfection, cells were treated with 0.5 mM nocodozole. Forty-two hr-post transfection,
cells were treated with MG132. Whole cell extracts were prepared after forty-eight hr.
|PS335

(H) siRNA-transfected HeLa cells as in (G) were immunoprecipitated using Oct

antibodies and Western blotted using pan-Ub or K11-Ub antibodies.
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confirm this finding, we co-stained HeLa cells with the Oct1>*** and K11-Ub antibodies
and examined late stage mitoses (Figure 3.16B). In metaphase, both K11-Ub and
Oct1”5%° were excluded from mitotic chromatin. However the two antibody signals
displayed little overlap. For example, no K11-Ub was detected in the spindle poles.
Telophase cells showed co-localization to the developing midbody, however the two
signals remained spatially distinct, with K11-Ub flanking the more centrally localized
Oct1P5%° (Figure 3.16B, see inset detail at left). In contrast, cells late in cytokinesis
showed tight spatial overlap at the midbody.

The above results are consistent with models in which Octl K11-Ub occurs
exclusively late in mitosis, or in which Octl is continually modified but is rapidly
degraded, with degradation slowing or ending at late mitosis. To distinguish these two
possibilities, we treated 24 hr nocodozole-arrested HeLa cells with the proteosome
inhibitor MG 132 during the final 6 hr. Nocodozole-arrested cells showed some evidence
of Oct17%*** K11-Ub (Figure 3.16C, lane 1), presumably because the nocodozole arrest
was less precise than that in Figure 3.16A using a thymidine block. As expected, MG132
treatment caused total K11-Ub-modified proteins to accumulate (lane 4). In addition, the
higher molecular weight forms of phosphorylated Octl were increased while the lower
molecular weight forms were unaffected (Figure 3.16C, lane 2). These results indicate
that Oct1 ubiquitinated species can be enriched by proteasome inhibition. Using IF, we
found that mitotic HeLa cells treated with MG132 showed K11-Ub colocalization with
Oct175% at the spindle poles (Figure 3.16D). Mitotic cells treated with MG132 also
showed larger spindle pole puncta (compare Figure 3.16D with Figure 3.16B). We

therefore immunoprecipitated Oct1%**® from extracts of nocodozole/MG132-treated
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HeLa cells. Treatment with MG132 increased total and K11-specific Oct175**
ubiquitination (Figure 3.16E, lanes 2 and 5). These results are consistent with a model in
which Oct1?%** undergoes cycles of K11 ubiquitination and destruction throughout
mitosis, except at later stages when the protein is stabilized and detectable.

One activity known to catalyze K11-linked ubiquitination is the APC (21-23). To
test whether Octl and APC interact, we performed co-immunoprecipitation using anti-
Oct175%° and extracts from mitotic HeLa cells. Western blotting revealed the presence of
not only Octl but also the APC large subunit APC1 in the immunoprecipitate (Figure
3.16F). To demonstrate a causal connection, we knocked down Fzrl, which encodes the
APC component Cdhl, using siRNAs (21). Specific but not control siRNA transfection
significantly attenuated the high molecular weight phosphorylated form of Octl (Figure
3.16G). Further, Cdh1 knockdown attenuated several ubiquitinated Oct1?***° forms, as
measured by Oct1”**** immunoprecipitation followed by Western blotting with pan-Ub or
K11-Ub antibodies (Figure 3.16H, lane 3), including a K11-Ub-modified species (lane 6).
Lastly, Cdhl knockdown eliminated the ability of MG132 to redistribute K11-Ub signal
to sites of Octl phosphorylation, implicating the APC in the deposition of K11-Ub at
phosphorylated Oct1 that can be visualized when proteasome degradation is blocked

(Figure 3.17).

Discussion

Here we show that Octl phosphorylated at position S335 by Nek6 is ubiquitinated

|PS335

and associates with mitotic structures. Oct is displaced from mitotic chromatin and

concentrated at spindle pole bodies and the midbody during mitosis. Interphase cells
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Merged
(DAPI) K11-Ub pS335

68% concordance
(30/44)
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(7/36)

Figure 3.17. APC is responsible for the accumulation of K11-Ub signal at sites of
Octl phosphorylation upon proteasome inhibition. HeLa cells were transiently
transfected with control siRNAs or siRNAs directed against the APC component CDH1
(gene symbol Fzrl, Dharmacon), incubated for 48 hr. After 42 hr, cells were treated with
MG132 as described in the materials section. Cells were then fixed and processed for IF.
For quantification, mitotic events were scored +/- based on concordance between

Oct1”5%° and K11-Ub staining.
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show Oct1”5** staining at centrosomes. The signal detected during mitosis is
qualitatively different from that observed during interphase, and cannot be explained
simply by increased total Octl levels. With the exception of the midbody, Oct175*%
staining is rapidly lost at the anaphase-telophase transition. We identify Nek6 is an
upstream Oct175**° kinase. Previous studies have shown that Nek6 localizes to the
centrosomes in interphase cells, and to the spindle poles and midbody during mitosis.
Nek6 loss of function also results in mitotic abnormalities and apoptosis in HeLa cells
(18). The activities of Octl-associated proteins are consistent with these findings. For
example, the DNA damage sensing factor BRCA1 is known to interact with Octl (5, 6)
and is a known mitotic regulator that localizes to centrosomes (24-26). PARP-1 also
interacts with Octl (4) and localizes to centrosomes. PARP-1 is important for
centrosomal function, including limiting their duplication (27).

Octl phosphorylation has been investigated previously within the context of the cell
cycle. Mitotic phosphorylation was described at a different residue, S385 (11). S385
phosphorylation was found to be cell cycle dependent and mediated by PKA. It was also
noted that Octl purified from M-phase cells did not bind to DNA (28). Later it was
shown that Oct1 is excluded from mitotic chromatin (29). Recent screens (12-14)
identified enrichment in both Octl S335 and S385 phosphorylation during M-phase. We
found that phosphorylation at S385 does not block DNA binding but instead alters the
Octl selectivity for different DNA binding configurations (10). We postulate that S385
phosphorylation correlates with S335 phosphorylation in mitosis, but that it is S335

phosphorylation that causes Octl exclusion from mitotic chromosomes. We substantiated
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this hypothesis by showing that overexpressed FLAG-tagged Octl is excluded from
mitotic DNA while Octl with a S335A mutation is not.

Oct1P5 is also ubiquitinated, including by noncanonical K11-Ub late in mitosis.
Ubiquitinated proteins have been previously associated with the spindle pole bodies and
midbody (30, 31). Although we found that K11-Ub-modified Octl was detectable only in
late mitoses in normal HeLa cells, cells treated with the proteasome inhibitor MG132
accumulated K11-Ub at structures to which Octl localizes in early mitotic stages. This
result suggests a model in which K11-Ub modified Oct1”5** is formed throughout
mitosis, but is degraded rapidly prior to telophase, at which time degradation slows or
stops. A model for Octl phosphorylation and ubiquitination through the cell cycle is
shown in Figure 3.18. APC interacts with Octl and is required for Octl K11
ubiquitination, strongly suggesting that APC is the upstream Octl Ub ligase. We observe
these interactions and activities outside of anaphase. However it is widely recognized that
the APC is active throughout the cell cycle, including in early mitosis (32).

Although a simple model is that Oct1 is phosphorylated at S335 and becomes non-
functional, several lines of evidence suggest that Oct1>**® acquires new functions. In
Xenopus egg extracts, Octl co-purifies with the spindle matrix, which helps maintain
spindle shape. Octl also localizes with lamin B at the midbody. Lamin B1 and Oct1 are
mutually required to localize each other to the midbody, suggesting that they form a
complex. Aside from the specific localization to mitotic structures, results from both Octl
loss- and gain-of-function experiments implicate Octl as a mitotic regulator, at least in
some cell types. For example, the organization of the mitotic spindle is disrupted upon

Octl siRNA knockdown in HeLa cells. In XEE, Octl depletion causes defects in spindle



91

Figure 3.18: Model for Octl localization and modification through the cell cycle.
Octl occupies sites in the DNA and regulates gene expression during interphase.
Oct175% Jocalizes to centrosomes. Early in mitosis Octl is phosphorylated by Neké and
localizes to spindle pole bodies and kinetochores. Octl1 is also ubiquitinated. Octl
modified through non-canonical K11-linked Ub chains is rapidly degraded by the
proteasome and is not readily detectable unless degradation by the proteasome is
inhibited. Late in mitosis the bulk of phosphorylated Octl is de-phosphorylated, with the
remaining phosphorylated Octl concentrated at the midbody. K11-Ub is readily
detectable at the midbody, presumably because degradation has slowed or stopped.
Following abcission the remaining phosphorylated Octl is de-phosphorylated, degraded

or relocated to the centrosome.
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morphogenesis, implicating Octl in mitosis-specific functions. Based on the observed
Octl localization patterns, it is likely that the mitotic irregularities caused by changes in
Octl levels are directly associated with mitotic regulation. Furthermore, an intact serine
at position 335 is important for the mitotic phenotype of over-expressed Octl,
implicating this residue in mitotic functions.

We found that Octl is not required for the completion of mitosis in HeLa cells but
rather appears to play a regulatory role. In other cell types, such as murine fibroblasts and
AS549 cells, the effect of Octl is more mild than in HeLa cells. Octl deficient embryos
survive past gastrulation (17, 33) and Octl deficient MEFs proliferate normally in culture
(1, 17). Primary Octl deficient MEFs undergo oncogenic transformation poorly relative
to wild-type controls, but immortalize normally by serial passage (1). In this sense, the
role of Octl in mitosis may be more akin to BRCA1, which appears to act as a mitotic
regulator rather than a core component of the mitotic machinery (24-26). As a second
example, lamin-B RNAI results in a delay in prometaphase, following which cells can

finish mitosis (19).

Methods
Tissue culture

Octl deficient MEFs have been described previously (17). HeLa cells (ATCC) were
arrested in M-phase using 0.5mg/ml nocodozole for 18 hr. Thymidine block and release
from nocodozole were performed identically to Matsumoto et al. (21). MG132
(Calbiochem) was applied at 5 mM for 6 hr. For experiments using both nocodozole and

MG132, cells were treated with nocodozole for 12 hr, following which MG132 was
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added at 5 mM and cells were incubated with nocodozole and MG132 for a further 6 hr.
Cells were maintained in a humidified environment at 37° C with 5% CO,. HeLa cells
were transiently transfected using polyethyleneimine (PEI, Sigma) and pCG-FLAG-Octl

(34, 35) or S335 mutant Octl generated as described (10).

Antibodies

A commercial rabbit phospho-specific antibody (Bethyl) was raised against the
peptide EALNLS;35sFKNMC. The antibody was purified in two steps, first by blocking
with unphosphorylated peptide to remove nonphospho-specific antibodies, then by
affinity purification using the phosphorylated epitope. Mouse antibodies against a-
tubulin, g-tubulin, CLASP-1, lamin B, and goat anti-Pit-1, were obtained from Santa
Cruz. Mouse anti-pS10-H3 was obtained from Cell Signaling, and mouse anti-
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) from Chemicon. Human anti-
APCI antibodies were purchased from Abcam. Mouse anti-FLAG and rabbit anti-Nek6
antibodies were from Sigma. For pan-Octl, a rabbit antibody (Bethyl) was used with the
exception of Figure 3.1D, which used a mouse antibody (Millipore). Rabbit anti-Ub
antibodies were a gift of M. Rechsteiner. Human anti-K11-Ub antibodies were a gift of

V. Dixit.

Spindle matrix preparation
Assembly of spindles from Xenopus egg extracts using AuroraA-conjugated beads

was conducted as described (19). For Octl immunodepletion, rabbit anti-Oct1 (Bethyl) or
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nonspecific IgG control (Sigma) antibodies were used similarly to Goodman et al. (36),

except that 75 ml of magnetic protein A-Dynabead slurry was used per 100 ml of extract.

Immunofluorescence

Coverslips were coated with Poly-L-lysine (Sigma) for 30 min and placed into 6
well dishes where counted cells were plated. Cells were washed with phosphate buffered
saline (PBS) two times prior to fixation. Methanol fixation was performed as described
(21). For formaldehyde fixation, cells were incubated in 4% formaldehyde in CSK buffer
(100mM NacCl, 300mM Sucrose and 10mM PIPES pH6.8) for 30 min at room
temperature (RT), and washed three times with CSK buffer plus protease inhibitor
cocktail (PIs, Roche). Permeabilization was achieved by adding CSK buffer (+ 0.5%
Triton-X-100 and PIs) for 10 min, followed by 3 washes with PBS-T (PBS + 0.05%
Tween-20). IF images using K11-Ub, pan-Ub, and pan-Octl antibodies used methanol
fixation, while phospho-histone H3 antibodies used formaldehyde. Antibodies against
CLASP-1, a and g-tubulin, lamin B and phospho-S335 worked efficiently with both
fixation procedures. Fixed cells were blocked with IF buffer (PBS-T with 1% donkey
serum) for 1 hr at RT. Primary and secondary antibodies diluted in the IF buffer and were
incubated sequentially. After each incubation, cells were washed with PBS-T for 10 min.
Stained coverslips were placed on slides using mounting medium with DAPI (Vector).
Images were taken using a Zeiss Axioplan 2 imaging microscope with a 100X oil
immersion objective and a numerical aperture of 1.3. Digital fluorescence and DIC
images were acquired using an AxioCam MRm monochrome digital camera. Final

images were processed, given false color and merged using Photoshop CS3 (Adobe
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Systems). All scale bars conform to 20 mM. Mitotic staging followed established criteria,

e.g., Maiato et al. (37) and Pereira et al. (38).

In vitro kinase assay

Two sets of complimentary oligo DNA (S335 and A335) were anealed and ligated
into pGEX-4T1 (Promega) using a Smal restriction site. Expressed proteins in BL21
Codon-plus (Stratagene) Escherichia coli transformed with each construct were purified
using glutathione-sepharose resin (GE Healthcare). Sequences were S335:
5'GCGATTTGAAGCCTTGAACCTCAGCTTTAAGAACATGTGCAAGTGA3Z',
S'TCACTTGCACATGTTCTTAAAGCTGAGGTTCAAGGCTTCAAATCGC3'"; A335:
5'GCGATTTGAAGCCTTGAACCTCGCCTTTAAGAACATGTGCAAGTGA3Z,
S'TCACTTGCACATGTTCTTAAAGGCGAGGTTCAAGGCTTCAAATCGC3'". The
GST-fused peptide (WT, RFEALNLS;3sFKNMCK or S335A) were incubated with
recombinant Nek6 and CAK complex (cdk7/cyclin H/MAT1, Millipore). Kinase

activities were assayed with the purified substrate according to a manufacturer's protocol.

RNAi

siRNA pools targeting three different regions of Octl or Nek6 (Santa Cruz) were
mixed with lipofectamine RNAi1 max (Invitrogen) and transiently transfected according to
manufacturer’s protocol. Control siRNAs were used in parallel and also purchased from
Santa Cruz. Cells were cultured for 3 days prior to analysis. siRNA knockdown of CDHI
(gene symbol Fzrl) and control transfections used siRNA pools (Dharmacon). Cells were

cultured for 48 hr prior to analysis.
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Immunoprecipitation

Cells were lysed with 18mM Hepes pH 7.9, 150mM NaCL, ImM EDTA, ImM
EGTA, 1% Triton-X-100, protease inhibitors (Roche, PIs), and phosphatase inhibitors
(Roche, Phls). 500 mg of extract was incubated with 4 mg of antibody in IP buffer
(50mM Tris pHS8.0, 20% glycerol, 0.5mM EDTA, 0.1% NP-40, 1mM DTT, PIs and Phls)
overnight at 4°C. Protein-antibody complexes were precipitated using magnetic beads

(Activmotif) and washed three times with IP buffer.
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Abstract

The Octl transcription factor is a potent regulator of carbon metabolism and
tumorigenicity. Although Octl is dynamically regulated by phosphorylation, the presence
and importance of other Octl modifications is unknown. Here we show that Octl is
modified by small ubiquitin-like modifier (SUMO) and O-linked N-acetylglucosamine
(O-GlcNACc) moieties. We map two glycosylation events at positions T255 and S728
within human Octl. These glycosylated residues are required for anchorage-independent

growth, for a proper transcriptional and cellular, and for the ability of Octl to control cell
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metabolism. We also, for the first time, identify specific sites of Octl ubiquitination.

These findings suggest that Octl acts as a sensor of glucose levels and cellular adhesion.

Introduction

Octl is one of the archetypal POU (Pit-1, Oct1/2, Unc-86) transcription factors. It
appears to be expressed in appreciable amounts in all cells and tissues (reviewed in 1),
though protein levels are dynamically regulated during development and can vary
between cells within a tissue (2, 3). It is related to Oct4, a master regulator of embryonic
stem (ES) cell pluripotency, and has similar in vitro DNA binding specificity (reviewed
in 4). In mouse embryonic fibroblasts (MEFs) and A549 human lung adenocarcinoma
cells, loss of Oct1 has little impact on cell growth or viability in culture, but strongly
antagonizes oncogenic transformation in vitro and tumorigenicity in xenograft assays.
This suppression is at least partially metabolic in nature (5), though additional
mechanisms are possible.

Although long considered a static transcription factor, the observation that Octl
promotes resistance to genotoxic and oxidative stress suggested that Octl is a stress
response effector (6). More recent findings show that Octl is dynamically regulated by
phosphorylation following stress exposure (7). Some of these phospho-modifications
alter Octl DNA binding selectivity, resulting in the induced occupancy of a different
subset of target genes (7). Others block DNA binding in biochemical assays and result in
exclusion from mitotic DNA (8). Proteins reported to interact with Octl include DNA-
PK, a kinase that becomes activated in response to double-strand DNA breaks (9, 10),

and poly (ADP-ribose) polymerase-1 (PARP-1), an enzyme that becomes activated by
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DNA breaks and oxidative stress (11), the breast cancer associated gene BRCA1 (12, 13)
and lamin B, a component of the nuclear envelope and various mitotic structures (8, 14,
15). At a transcriptional level, Octl can both repress and activate target gene expression,
even at the same target, in response to different upstream stimuli (16).

During our investigations of Octl phosphorylation site mutants, we have identified
O-linked glycosylation, SUMOylation and ubiquitination as other post-translational
modifications. We map two Octl glycosylation sites, at positions T255 and S728, and
two ubiquitination sites, at positions K9 and K403. We show that these modifications
regulate Octl stability and transcriptional activity. We find that Octl dampens the
induction of Gadd45a gene expression in response to acute glucose starvation. Mutation
of the Octl glycosylation sites to alanine decreases binding to the Gadd45a promoter and

augments Gadd45a induction.

Results
Phosphorylated Octl serine/threonine residues control protein
glycosylation and stability in the nucleus

Previous work from our laboratory has established that there are no fewer than
seven Octl Ser/Thr phosphorylation events that occur following exposure to genotoxic
and oxidative stress agents (7). The functions of these modifications, the upstream
kinases, the fraction modified and the degree of co-occurrence are largely unknown. To
simplify the analysis of these residues, we generated a mutant form of Octl in which

these seven amino acids were changed to alanine (“7STA”, Figure 4.1A, see Materials
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Figure 4.1. The nuclear form of Octl is predominantly modified by glycosylation. A)
Top panel shows schematic of the Octl “7STA” mutation. Bottom panel shows Western
blots of Octl-deficient 3T3-immortalized MEFs transduced with GFP-tagged Octl (wild-
type and 7STA mutant) probed using monoclonal anti-GST (Sigma) or control anti-
PCNA (Santa Cruz) antibodies. Black arrow: predicted molecular weight of GST-Octl.
Red carrot: modified form. PP1=protein phosphatase 1; CIP=calf intestinal alkaline
phosphatase. B) Immunofluorescence images of Octl deficient 3T3 cells expressing
wild-type and 7STA protein. Images were stained with anti-GFP antibodies,
counterstained with DAPI, and imaged. C) Material from cytosolic and nuclear
fractionation of MEFs was analyzed by Western blotting using monoclonal GFP and
rabbit Octl (Bethyl) antibodies. Top panels are from cells transduced with a GFP-Octl
fusion protein. Bottom panel was from cells transduced with untagged protein. D) Let
panel: HeLa cell nuclear extracts were immunoprecipitated with anti-Octl antibodies or
IgG isotype control. Following immunprecipitation, the products were Western blotted
using anti-SUMO antibodies. Right panel: input nuclear extract was Western blotted with
anti-Octl antibodies. E) HeLa cells were transduced with GFP-Oct1 fusion protein and
either immunoprecipitated using anti-GFP antibodies (using rabbit IgG isotype controls)
or precipitated using wheat germ agglutinin-agarose (WGA, using glutathione-agarose
controls). Western blots were probed using anti-O-GIcNAc or anti-GFP antibodies. IP:

immuneprecipitation, precip: precipitation.
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and Methods). We then restored Octl function in Octl deficient 3T3-immortalized
MEFs (17) using retroviral expression constructs encoding either wild-type or 7STA
Octl. To more easily monitor Octl expression and localization, Octl was also tagged
with an N-terminal GFP moiety.

Expression of GFP-tagged Octl resulted in major and minor bands as determined
by Western blotting whole cell extracts with GFP antibodies (Figure 4.1A, lane 1). The
major, faster-migrating form (black arrow) corresponded to the predicted molecular
weight of GFP-Octl. The minor, slow-migrating form (red carrot) displayed an apparent
molecular weight of ~120 kDa and was interpreted to be a modified species. The Octl
cDNA encoding the 7STA mutant eliminated the modified form (lane 4). We initially
favored the idea that the change in migration was due to in vivo phosphorylation events.
We therefore treated the wild-type extract with two different protein phosphatases
(protein phosphatase 1 and calf intestinal alkaline phosphatase). Surprisingly, no change
in migration was observed (lanes 2 and 3), suggesting that the altered migration pattern
results from some other modification, although one likely dependent on phosphorylation.

We also noted that Octl protein levels in the extracts from cells infected with the
7STA virus were reduced relative to wild-type (Figure 4.1A, compare lane 4 with lane 1).
To confirm this finding, we performed indirect immunofluorescence using the transduced
Octl deficient MEFs and anti-GFP antibodies (Figure 4.1B). Decreased Octl protein
expression was noted, particularly in the nucleus. We therefore generated nuclear and
cytosolic fractions (Figure 4.1C). No difference between cytosolic wild-type and 7STA
Octl was noted (Figure 4.1C, top panel, lanes 1 and 2). However large changes were

identified in the nuclear fraction (lanes 3 and 4). All of the modified form identified in
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Figure 4.1A resided in the nuclear fraction, and correspondingly the nuclear pool of Octl
was mostly modified. This form was largely eliminated in the 7STA mutant. Further, the
7STA form was expressed at lower levels in the nucleus and included degraded species
(asterisk). We conclude that one or more of the phosphorylation site residues are required
for nuclear Octl modification and stability. To confirm that the observed signals were
due to tagged Octl, we stripped the blot and reprobed with an Octl antibody (Figure
4.1C, “a-Oct1”), generating similar results. To confirm that the results were not due to the
presence of the GFP tag, we repeated the experiment using untagged retroviral constructs
and anti-Octl Western blots (“a-Octl (untagged)”). Similar results were observed. These
findings indicate that one or more of the seven mutated serine/threonine residues regulate
nuclear protein stability.

Given that the slow-migrating form of Octl identified above did not appear to result
directly from phosphorylation, we investigated additional post-translational
modifications. We found that in HeLa cells, the high molecular weight but not low
molecular weight form of endogenous Octl was SUMOylated (Figure 4.1D). We also
identified O-linked glycosylation as an additional modification. Nuclear extracts from
human HelLa cells expressing GFP-tagged versions of Octl (wild-type or 7STA) were
subjected to immunoprecipitation with antibodies directed against GFP, or precipitation
using wheat germ agglutinin-agarose (WGA, Figure 4.1E). Using HeLa cells infected
with wild-type Octl-encoding virus, immunoprecipitation with anti-GFP antibodies and
Western blotting using anti-O-GlcNAc antibodies, we identified a band whose size
corresponded to the modified form of Octl (Figure 4.1E, lane 2). A fast-migrating

glycosylated form was identified using the 7STA mutant (lane 3), indicating that
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glycosylation was not eliminated using the 7STA mutant. Similar results were observed
7747by precipitation using WGA (lane 6). These findings indicate that Octl is both
SUMOylated and O-glycosylated, and suggest that SUMO is the underlying reason for

the decreased mobility of wild-type relative to 7STA Octl.

Mapping of Octl glycosylation sites

Using latex nanoparticle affinity purification (7), and mass spectrometry
methodologies established by Hart and colleagues (18), we definitively mapped two Octl
glycosylation sites in HeLa cells cultured under normal conditions, at T255 (using
trypsin) and S728 (using chymotrypsin) (Figure 4.2A). This analysis also identified
multiple peptides consistent with PARP-1 (not shown), which has previously been
reported to interact with Octl (11), as well as two previously identified Octl
phosphorylation sites (7), at T276 and S448 (Figure 4.2A). We also identified two
ubiquitination sites, at K9 (with >95% confidence), and K403 (with ~75% confidence,
Figure 4.2A). We engineered point mutations at the two glycosylation sites
(T255A/S728A, “DM”, Figure 4.2B) in the context of the GFP fusion retroviral vector,
and expressed this mutant version and wild-type control in Octl deficient MEFs. Both
constructs were expressed equally (Figure 4.2C, bottom panel). There was a significant,
albeit incomplete, decrease in the ability to enrich Octl using WGA. We conclude that

mutation of T255 and S728 eliminates 66-75% of Octl glycosylation.
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Figure 4.2. Identification of Octl O-linked glycosylated. A) Octl (POU2F1) sequence
and identified trypsin and chymotripsin peptides identified by mass spectroscopy. The
complete sequence of human Octl (NP-002688, UniProtKB/Swiss-Prot: P14859) is
shown. Peptides obtained using digestion with trypsin are shown in red. Peptides
obtained using chymotrypsin are shown in purple. Glycosylated serine and threonine
residues (Sg and Ty) are shown in green. Identified phosphorylation and ubiquitination
sites are designated S, Tp,, and Kyp. B) Schematic of the known Octl modifications.
Double point mutant eliminating the glycosylation sites (“DM”) is show above. C) HeLa
cells were transduced with wild-type or DM GFP-Oct1 fusion protein and precipitated
using WGA or glutathione-agarose controls. Enrichment was detected by Western

blotting for GFP. Input GFP Western blot control is shown beneath. EV: empty vector.
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Glycosylated Octl serine/threonine residues promote survival in
anchorage-independent growth conditions

We tested primary Octl deficient MEFs stably transduced with wild-type or DM
Octl for their effect on cell growth and viability. No gross differences were observed
between Octl deficient or complemented MEFs under standard culture conditions.
However significant differences were manifested following long-term culture (not
shown). To study changes resulting from wild-type or mutant GFP-Oct1 in cells that
could be propagated indefinitely, we used Octl deficient MEFs that were additionally
deficient in p53 (5). Primary early passage MEF isolates from OctI”, p53” double-
deficient embryos were transduced with retrovirus, selected with puromycin, and tested
immediately. As with Octl deficient p53 wild-type cells, no gross differences were
observed under normal culture conditions (Figure 4.3A, left columns). However,
following 6 days of continuous culture we found that p53 deficient MEFs lacking Oct1
remained as a confluent monolayer whereas cells complemented with Octl became
overconfluent. Cells complemented with DM Oct1 largely failed to grow to
overconfluence (Figure 4.3A, right columns). To accurately quantify these data, we
counted three independently transduced sets of primary MEFs 2, 4, 6, 8 and 10 days
following seeding. OctI™", p53” MEFs transduced with Oct1 reached cell numbers nearly
double those of cells complemented with empty vector, while those complemented with
DM showed an intermediate phenotype (Figure 4.3B).

The above results could be explained either by a failure to proliferate without
attachment to the underlying substratum, and/or by the induction of apoptosis upon loss

of adherence (anoikis), in the absence of functional Octl. We noticed that many dead and
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Figure 4.3. Octl supports anchorage-independent growth in p53 deficient MEFs. A)
Brightfield and DAPI fluorescence images are shown of p53”,0ct1”” double-deficient
MEFs complemented with empty vector, wild-type Octl, or DM Octl with alanine
substitutions at the two identified glycosylation sites. 2X10° cells were seeded at a
density of 2X10* cells/cm?, and images taken at days 1 and 6. B) 2X10° cells were seeded
at a density of 4000 cells/cm” and collected every other day for 10 days. Cell numbers are
shown for triplicate transduction experiments. C) The induction of apoptosis was
measured using whole cell extracts from cells prepared under conditions identical to (B)
using antibodies reactive against full-length and cleaved PARP-1 (Cell Signaling).
Murine monoclonal GAPDH antibodies (Millipore) were used as a loading control. EV:
empty vector. D) Nuclear extracts were prepared from complemented MEFs grown under
subconfluent (SC) or over-growth (OG, incubated 6 days longer) conditions, and used in
Western blots with anti-GFP antibodies and anti-GAPDH loading controls. E)
Quantification from two such experiments. Levels were normalized to GAPDH band

intensity using Image J software (NIH).
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floating cells were present in the Octl deficient condition specifically in over-growth
conditions, suggesting that the lack of Octl confers a susceptibility to apoptosis in the
absence of 2D attachment. To test this possibility, we studied apoptosis in these
conditions using a cleaved PARP-1 assay. Cleaved PARP-1 was not observed in Oct1”,
53”7 MEFs in sub-confluent conditions (Figure 4.3C, lanes 1-3). In contrast, cleaved
PARP-1 was detectable in over-growth conditions, and was much more prominent in
empty vector-transduced cells compared to those transduced with wild-type Octl (lanes
4-5). Cells complemented with DM Octl displayed an intermediate phenotype (lane 6).
These results indicate that Octl controls aspects of anchorage-dependent survival, and
that glycosylated residues within Octl are partially responsible for this phenotype.

To begin to understand the molecular basis of the above findings, we analyzed Octl
levels and activity in complemented MEFs using Western blots and electrophoretic
mobility shift assays (EMSA). We prepared whole cell extracts from OctI™", p53”~ MEFs
transduced with empty vector, or wild-type or mutant GFP-Octl. Cells were harvested
from subconfluent or over-confluent plates incubated 6 days longer. Octl levels were
assessed using Western blotting with GFP and Octl antibodies. Relative to a GAPDH
loading control, we observed a significant decrease in DM Octl protein in over-confluent
cells relative to wild-type Octl and relative to cells grown under subconfluent conditions
(Figure 4.3D). The effect was relatively small, but consistent across multiple experiments
(Figure 4.3E). EMSA confirmed the decreased Octl activity present in DM cells grown
in over-confluent conditions (Figure 4.4A) as well as conditions of glucose withdrawal

(Figure 4.4B). However upon quantification it was apparent that there was no further
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Figure 4.4. Electrophoretic mobility shift assay comparing WT and DM in binding
capacity. Cy5 labeled octamer and MORE probes are used. A) Nuclear extracts were
prepared from MEFs under subconfluent and over-grown conditions. DNA bound GFP-
Octl and DM were observed by two different channels, Cy5 and GFP. B) MEFs were

grown under no glucose condition for 24 hr, and analyzed as experiment (A).
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decrease in Octl DNA binding activity over the decreased Octl levels (not shown).

Glycosylated Octl residues control transcriptional activity

We transiently transfected complemented OctI™", p53”~ MEFs with firefly luciferase
reporter constructs responsive to Octl, co-transfecting TK-Renilla luciferase as an
internal control. The Polr2a upstream regulatory region contains four Octl binding sites,
and the Gadd45a promoter contains two perfect octamers spaced 19 bp apart. In both
cases, we found that the presence of wild-type Octl strongly induced transcription
activity, while the double mutant was defective (Figure 4.5A). We therefore studied the
endogenous Gadd45a locus in more detail using complemented Oct1”", p53” MEFs and
gRT-PCR. GADDA45a is inducible by growth arrest and DNA damage (19). p53 and Octl
are thought to be the principal mediators of this induction (12, 19, 20). However
GADDA45a induction during anchorage-independent growth and the role of Octl and p53
were not explored. We found that Gadd45a was strongly induced in over-growth
conditions in a manner that does not require p53 or Octl (Figure 4.5B). Further,
complementing Octl”, p53™ cells with a retrovirus containing wild-type Octl
significantly blunted the inductions, indicating that under these conditions, Octl acts in a
repressive mode at Gadd45a. Again, the double glycosylation site mutant showed an
intermediate phenotype (Figure 4.5B). A p53 target gene not thought to be regulated by
Octl (p21/WAF1) and a housekeeping Octl target (Ahcy, 16) were not induced under
any conditions (with Ahcy remaining active and p21 remaining silent), indicating that the

Gadd54a gene expression changes were relatively specific (Figure 4.6).
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Figure 4.5. Glycosylated residues control Octl transcription activity. A) p53'/ " Octl™”
MEFs were transiently transfected with 1.0 mg Polr2a-TK-pGL2 (7), or

Gadd45a-pGL3 (see materials and methods), and 100 ng internal control TK-

Renilla plasmid DNA. Firefly luciferase reporter activity was measured relative to
Renilla control using a dual luciferase assay (Promega). Experiments were performed in
triplicate and error bars depict standard deviation. B) Gadd54a mRNA levels were
measured in complemented p53”,Octl”” MEFs relative to b-actin in normal (SC) and
overgrowth (OG) conditions using qRT-PCR with intron-spanning primers. Experiments
were performed in triplicate and error bars depict standard deviation. C) Quantitative
Octl ChIP enrichment in p53”,0ctl”” MEFs complemented with wild-type or DM Octl.
Experiments were performed in subconfluent (“SC”) or over-growth (“OG”) conditions

cultured for an additional 6 days.
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Figure 4.6. Transcription level of Octl control target genes. The level of Ahcy and

p21 expression is little changed in over-grown MEFs.
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We have shown that the double point mutation reduces steady-state protein levels
(Figure 4.3D,E). To determine whether or not the decreased amount of protein translated
to less bound protein at the Gadd45a promoter, we performed quantitative ChIP assays.
Bound Octl could be detected at Gadd45a under normal growth conditions using Octl”",
537 cells complemented with wild-type Octl. In contrast, no bound Octl was detected
using cells complemented with DM Octl (Figure 4.5C, “SC”). Plates grown for an
additional six days (“OG”) displayed a strong induction of Octl binding. This binding
presumably dampens Gadd54a induction. Again, binding was reduced in the DM
condition. These results indicate that Octl behaves dynamically at Gadd54a with binding
being inducible by over-growth conditions in a manner controlled by glycosylated Octl
residues.

Recently, Gadd45a was found to be induced by low glucose conditions in a manner
promoted by Octl (21). We have shown that Oct1 is required for the normal sensitivity of
murine fibroblasts to glucose withdrawal (5). To identify transcriptional effects
underlying this phenomenon, we tested endogenous Gadd45a induction in conditions of
low glucose (minus glucose for 24 hr) using uncomplemented primary MEFs prepared
from mouse embryos with different genotypes: wild-type, Octl deficient, p53 deficient
and double deficient. We found that wild-type MEFs inefficiently induced Gadd45a
under low-glucose conditions (Figure 4.7A). Cells lacking either Octl or p53 showed
stronger induction, indicating that both proteins can act in a negative capacity at this
locus. To test the effect of the glycosylated residues on Octl repression of endogenous
Gadd45a induction in response to glucose withdrawal, we complemented p53”, OctI™

double-deficient MEFs with retrovirus encoding wild-type or DM Octl. In the absence of
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Figure 4.7. Regulation of Octl activity by glucose. A) Induction of Gadd45a was
measured as in Figure 4.4B, except wild-type, Octl deficient, p53 deficient or double
deficient MEFs were used, and the cells were cultured in normal mediate with 4.5 g/L
glucose (“+Glc”) or 0 mM glucose for 24 hr (“-Glc”). Experiments were performed in
triplicate and error bars depict standard deviation. B) p53”,0ct]”” MEFs complemented
with wild type or DM Octl were cultured in 4.5 g/L glucose or no glucose. Endogenous
Gadd45a induction was measured using qRT-PCR. Experiments were performed in
triplicate and error bars depict standard deviation. EV: empty vector. C) p53™,0ctl”
MEFs complemented with wild-type Octl were cultured under normal conditions or in
media lacking glucose for 24 hr. Input material was Western blotted using GFP and
GAPDH antibodies to normalize Octl levels, following which the same amounts of
material were precipitated using WGA-agarose. The amount of recovered protein was

detected using GFP antibodies.
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either p53 or Octl, Gadd45a was strongly induced, as expected (Figure 4.7B). Wild-type
Octl blunted the induction, whereas DM Octl largely failed to do so. These results

indicate that the glycosylated residues are required for full Octl transcriptional activity.

Octl controls aspects of metabolism following glucose withdrawal

Previous findings from our laboratory indicate that Octl controls metabolic
parameters in MEFs grown under normal glucose conditions, including a dampening of
mitochondrial function. Octl deficiency induces a series of metabolic alterations that
include decreases in lactate and NADH (relative to NAD") and increases in ATP (5). The
MTS assay provides a colorimetric readout of cell viability and metabolism through the
conversion of a reactive dye to a colored compound that absorbs at 500 nm. The
conversion is mediated by mitochondrial reductases (22). Reductase activity, and hence
the amount of colored product, is directly proportional to the number of viable cells.
However, on a per cell basis the assay can also be used to detect metabolic alterations
(23). We plated p53”, Octl”" double-deficient MEFs complemented with wild-type or
DM Octl in normal media and followed MTS activity over 6 days in culture (Figure
4.8A). Wild-type complemented cells displayed significantly more MTS activity as
compared to cells transfected with empty vector (“EV”’). DM Octl failed to complement,
behaving identically to the empty vector in terms of ability to augment MTS activity.
These findings indicate the metabolic differences identified by Shakya et al. (5) are

extendable p53”, Octl”” MEFs and to MTS assays. The findings further indicate that
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Figure 4.8. Glycosylated Octl residues are critical for Octl-mediated control of

mitochondrial reducing activity but dispensable for the ability of Octl to confer

sensitivity to long-term glucose withdrawal. A) MTS assay of p53”",OctI”” MEFs.

MEFs were plated at 2X10* cells were plated into each well of a 6 well plate and MTS

readings were taken every for 6 days. B) Similar assay except cells were plated in

mediate lacking glucose. EV: empty vector
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glycosylated Octl residues are critically important for the ability of Octl to modulate
metabolism.

We and others have shown that Octl loss of function also results in resistance to
cell death following persistent glucose withdrawal (5, 21). We recapitulated this finding
using the MTS assay: in glucose-free media Octl complemented cells initially showed
activity as before, but after two days lost viability (Figure 4.8B). Interestingly, although
cells complemented with DM Octl failed to complement the Octl-mediated metabolic
phenotype (DM cells track with empty vector the first few days), they were competent to
induce sensitivity to glucose withdrawal (DM cells track with wild-type at late
timepoints). These results show that p53 deficient cells lacking Octl are similarly
resistant to glucose withdrawal, and functionally uncouple enzymatic reduction of the

MTS target molecule in mitochondria from sensitivity to glucose withdrawal.

Discussion

Oct4, a transcription factor closely related to Octl, was recently found to be
glycosylated in human ES cells (24), and to interact with O-linked GIcNAc transferase
(OGT), the enzyme that catalyzes O-linked glycosylation (25, 26). These findings lead us
to test whether Octl is also a glycoprotein. We identify two glycosylated Octl residues,
T255 and S728. The mass spectrometry peptide coverage was relatively low (23%), and
mutation of these residues results in only an ~2/3 diminution of glycosylation, indicating
that other residues may also be glycosylated. Nevertheless, we show that T255 and S728
are required for the normal induction of Gadd45a to glucose starvation and for survival

anchorage-independent conditions. Multiple transcription factors have been found to be
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glycosylated, with known examples including p53, NF-kB, and AP-1. In many of these
cases, intramolecular communication between glycosylation and phosphorylation has
been reported (27-29), most often taking the form of interference in which the same
residue is alternatively phosphorylated or glycosylated. The glycosylation sites identified
here are not known to be phosphorylated, and to date we have not identified
intramolecular communication between the glycosylation sites and the seven
phosphorylated Ser/Thr residues.

We also show that Oct1 is ubiquitinated (at K9 and K403). Octl phosphorylation
target sites are important for nuclear protein stability, and this dynamic control of protein
levels may be mediated by the ubiquitination events, both of which are associated with
PEST motifs: K9 with a weak site and K403 with a stronger site (not shown). The third
novel Octl modification we identify in this study is SUMOylation. SUMO has been
found to regulate a large set of molecular processes, including transcriptional regulation,
protein stability, stress response, nuclear-cytosolic transport, apoptosis, and cell cycle
progression (30). We anticipate that it is the SUMO moiety that causes the shift in
molecular weight blocked by mutation of the seven phosphorylated serine/threonine
residues (7STA). We found that relative to the cytoplasmic pool, Octl in the nucleus was
in a predominantly modified form, and that the 7STA mutant results in nuclear protein
degradation. Octl is known to interact with BRCA1 (12, 13). One hypothesis is that the
associated BRCA1 ubiquitin ligase activity is important for the observed changes in Octl
stability.

The glycosylated residues regulate the Octl transcriptional response to glucose

withdrawal. Double point mutation to alanine eliminating glycosylation at these two
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residues blunted Octl transcription potential: either positive potential in transient
transfection assays, or repressive potential of the endogenous Gadd45a gene locus.
Although others have identified an activation function for Octl at Gadd45a (19, 20), our
findings suggest a repressive function under conditions of glucose withdrawal and
anchorage-independent growth. Octl is known to be capable of repressing and activating
the same gene target (16). Following glucose withdrawal, we show that O-GIcNAc
moieties on Octl are depleted, and that the protein is less active, similar to the point
mutant. This model explains why Gadd45a is induced following glucose withdrawal, is
even more strongly induced in the absence of Octl, and why the double glycosylation site
point mutant partially phenocopies the empty vector control for Gadd45a induction in
response to glucose withdrawal. We also find that the double mutant fails to complement
the Octl metabolic function, but interestingly the mutant is fully competent at restoring
Octl-mediated sensitivity to long-term glucose withdrawal. These findings uncover a
dynamic and complex regulatory circuitry involving Octl, glucose levels and target genes

such as Gadd45a.

Materials and Methods

Cloning: The 7STA mutant was generated by site directed mutatgenesis
(Stratagene) of the wild-type Octl cDNA cloned into the pBabe retroviral vector. The
same primer sets for S335A and S385A were used (Kang et al. 2009). The other primer
sets are as follows: T270A, T276A, S278A, S283A, S448A (complementary primers are
not shown: 5'-TTCCACAGAGCCAGTCAGCACCAAAGCGAATTGAT, 5'-

GTCAACACCAAAGCGAATTGATGCTCCCAGCTTGQG, 5'-
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CGAATTGATGCTCCCGCCTTGGAGGAGCCCAG, 5'-
CTTGGAGGAGCCCGCTGACCTTGAGGAGCT, 5'-
TGGTGGGACCAGCAGCGCACCTATTAAAGCAATT). An ~1 kb human Gadd45a
promoter region was amplified using the following restriction site-containing primer set:
5’-GGTACCAAGCTTAGGGCATATCGAGAGCATTTT (Kpnl), 5°-
GAGCTCGGGCTCCTCCTCCTGTGCCA (Sacl). This amplicon was ligated into the
pGL3 vector (Promega) via the Kpnl and Sacl sites. The Polr2a-pGL3 reporter construct
has been described previously (7).

Indirect immunofluorescence: Immunofluoresence assays were performed
identically to Kang et al. (8).

Immunoprecipitation and WGA precipitation: For immunoprecipitation, cells were
lysed with whole cell lysis buffer (18mM Hepes pH 7.9, 150mM NaCL, 1mM EDTA,
ImM EGTA, 1% Triton-X-100, protease inhibitors (Roche, PIs), and phosphatase
inhibitors (Roche, Phls)). 500ug of extracts were incubated with 4ug of antibody in IP
buffer (50mM Tris pH8.0, 20% glycerol, 0.5mM EDTA, 0.1% NP-40, ImM DTT, Pis
and Phls) for overnight (O/N) at 4° C. Using magnetic beads (Activmotif), protein-
antibody complex was precipitaed and washed three times with IP buffer.
Immunorecipitated proteins were analyzed by SDS-PAGE and Western Blotting. For
WGA precipitation, Succinyl WGA Gel was purchased from EY laboratory.
Experimental steps and buffers were used as IP experiment.

MTS assays: were performed using a Kit (Promega) as per the manufacturer’s

instructions.
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Electrophoretic mobility shift assay: Assays were performed identically to Kang et

al. (7).
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The pluripotency control regions (PIuCRs) are defined as genomic regions that are bound by POU5FI, SOX2, and NANOG
in vivo. We utilized a high-throughput binding assay to record more than 270,000 different DNA /protein binding mea-
surements along incrementally tiled windows of DNA within these PluCRs. This high-resolution binding map is then used to
systematically define the context of POU factor binding, and reveals patterns of cooperativity and competition in the
pluripotency network. The most prominent pattern is a pervasive binding competition between POUSFI and the forkhead
transcription factors. Like many transcription factors, POUSFI is co-expressed with a paralog, POU2FI, that shares an
apparently identical binding specificity. By analyzing thousands of binding measurements, we discover context effects that
discriminate POU2FI from POUSFI binding. Proximal NANOG binding promotes POU5FI binding, whereas nearby SOX2
binding favors POUZ2FL. We demonstrate by cross-species comparison and by chromatin immunoprecipitation (ChIP) that
the contextual sequence determinants learned in vitro are sufficient to predict POU2FI binding in vivo.

[Supplemental material is available for this article. The microarray data from this study have been submitted to the NCBI

Gene Expression Omnibus (GEO; http:// www.ncbi.nlm.nih.gov/geo) under accession no. GSE27535.]

POUSF1 (formerly Oct4), SOX2, and NANOG are generally regarded
as the core set of transcription factors necessary for maintaining
the pluripotent state in stem cells (Boyer et al. 2005). The loss of
POUSF1 or NANOG causes embryonic stem (ES) cells to lose plu-
ripotency and differentiate inappropriately (Hough et al. 2006).
Precise POUSF1 levels are also critical to maintaining pluripotency
and are at least partially controlled by SOX2, a factor that can het-
erodimerize to potentially change POUSF1 binding specificity
(Niwa et al. 2000; Remenyi et al. 2003). POUSF1 can be regarded as
a central pillar in that SOX2 and NANOG interact with POUSF1 but
are not known to interact with each other; POUSF1 can be regarded
as the hub of this pluripotency network (Zhang et al. 2007).
POUSF1 is part of a larger family of POU factors (formerly
known as Oct factors) that share DNA binding specificity and
overlapping domains of expression (Phillips and Luisi 2000). The
entire family of POU factors was identified on the basis of their
ability to bind the octamer sequence ATGCAAAT (Rosales et al.
1987). In addition to POUSF1, the paralog POU2F1 (formerly Oct1)
is expressed in ES cells and is capable of heterodimerizing with
POUSF1 (Okamoto et al. 1990; Tomilin et al. 2000). This additional
complexity raises the question of how distinct biological functions
emerge from DNA binding proteins that have similar specificity.
POU binding can be influenced by POU factor—specific inter-
actions with other DNA binding proteins. The human protein ref-
erence database reports 36 DNA binding proteins that interact with
POU2F1 and 10 that interact with POUSF1, suggesting a large rep-
ertoire of complexes that may lend distinct specificities to POU
paralogs (Peri et al. 2003). The presence of cofactors can influence
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binding and distinguish one POU factor from another. For example,
POU2F1 and POU2F2, but not other POU factors, interact with the
DNA binding tissue-specific cofactor POU2AF1 (also known as
OCA-B and OBF-1) (Gstaiger et al. 1996). POUSF1 is known to di-
merize with SOX2 and can be immunoprecipitated with NANOG
(Zhang et al. 2007).

Many transcription factors bind DNA via alternate motifs
(Badis et al. 2009). Distinct binding specificities between POU fac-
tors may lie in their ability to use noncanonical modes of binding
octamer-derived motifs on DNA. The octamer motif is a bipartite
sequence (i.e.,, ATGC, AAAT) recognized by two subdomains that
together compose the POU domain. As dimers, POU factors are ca-
pable of binding a variety of palindromic arrangements of halfsites
such as the palindromic octamer recognition element (PORE), ATT
TGAAATGCAAAT, or the MORE (more PORE), ATGCATATGCAT
(Phillips and Luisi 2000; Tantin et al. 2008). The distinct conforma-
tions that POU factors form on different classes of binding sites could
modulate the access of co-activators (Gstaiger et al. 1996; Kang et al.
2009) and give rise to distinct biological activities. However, there is
evidence that the current three classes of binding sites do not describe
all the modes through which POUSF1 binds DNA (Tantin et al. 2008).

Here, we present the application of a high-throughput binding
assay to map protein/DNA complexes on ~400 kb of transcriptional
control regions that regulate pluripotency in ES cells (i.e., regions
bound simultaneously by POUSF1, SOX2, and NANOG in vivo). We
mapped protein occupancy on these DNA targets at a resolution of
10 nucleotides (nt). We discovered that while POU2F1 and POUSF1
share specificity for the octamer, they differ in their ability to bind
complex sites. Both POU factors appear to bind their targets through
clusters of sites that sometimes stretch for hundreds of nucleotides.
Numerous forkhead factor-binding sites co-occur with POU binding
sites. We demonstrate that POUSF1 competes with FOXO1 and
synergizes with NANOG, while POU2F1 binds synergistically with
SOX2. In the process of determining this network of biochemical

21:000-000 © 2011 by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/11; www.genome.org
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interactions, we also created a rich and detailed map of cis-elements
on 316 transcription control regions that are important for early
development.

Results

POUSFI/SOX2/NANOG modules define 316 pluripotency
control regions

‘We define pluripotency control regions (PluCRs)as genomic regions
that bind POUSF1, SOX2 and NANOG in vivo. Based on previous
chromatin immunoprecipitation (ChIP) data, we identified 316
PluCRs by demanding physically overlapping regions of ChIP en-
richment (Fig. 1A; Boyer et al. 2005). ChIP enrichment identified
regions that ranged in size from 180-3108 nt (average, 1078 nt). The
goal of this study was to map precisely which windows in these
regions were bound by the POU factors present in ES cells (POU2F1
and POUSF1) and SOX2 and NANOG. This high-resolution map
was then used to discover higher-order patterns and contexts of
transcription factor binding in PluCRs. An oligonucleotide pool was
constructed by tiling across all 316 PluCRs. (Fig. 1A). Cell extract was
added to the oligonucleotide pool, and bound proteins were re-
covered by immunoprecipitation. The enrichment of each oligo-
nucleotide in the bound fraction relative to the starting pool was
quantified by microarray (Tantin et al. 2008; Watkins et al. 2009).

High-throughput binding assay produces a comprehensive map
of binding elements on 316 PIuCRs

We used this assay to compare DNA/protein complexes in ES cell
extract before and after differentiation. The extract was prepared

A =2 genomic DNA
] T4
£ oc SOX2
&) =NANO! 1
% ( Union of the Intersections ) :
Y : n=316 length=1078nt * |
i |
' |
& I_U_Dp
4 |invitro binding assays|
- : ja ":f cell extract :4—>
rimer Binding Sites
200 nt
bound unbound
B
RA — +

. Baa sox2 @]
- = ocTa[==]

£ ISR o1 =
untreated R.A. treated TUBl’JaLr:': 53

Figure 1. Resynthesizing 316 pluripotency control regions (PIuCRs). (4)
Regions identified by chromatin immunoprecipitation (ChIP) as binding
sites for POUSF1 (Oct4), SOX2, and NANOG were resynthesized as an
oligonucleotide pool. The pool tiles through the regions, resulting in
a population of 45,793 overlapping oligonucleotides that can be ampli-
fied by a universal primer pair. The P32 radiolabeled oligonucleotide pool
was incubated in untreated J1 embryonic cell extract and in extract from
RA-treated |1 cells and separated into a bound and unbound fraction by
two methods. Ligands for specific factors were separated by coimmuno-
precipitation. Ligands for unknown cellular DNA binding proteins were
identified by their retention in nitrocellulose filter (see below). (B) Mor-
phological changes associated with RA differentiation are recorded in the
left panels. Pluripotency markers POU5F1, SOX2, and NANOG were
assayed by Western before (lane 1) and after (lane 2) RA treatment.
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from the pluripotent J1 ES cells (Li et al. 1992) before and after
retinoic acid (RA) differentiation (Bain et al. 1995). Differentiated
ES cells adopt a neuronal morphology, stop dividing, and repress
POUSF1, SOX2, and NANOG expression (Fig. 1B). We also detected
a loss of the repressor of neuronal differentiation REST, which is
expressed in ES cells and other non-neural cell types (like HeLa
cells) but not in neurons (data not shown). We concluded that our
differentiation protocol successfully shifted J1 cells from an ES
state to a neuronal-like state.

The oligonucleotide poolwas incubated in extract derived from
undifferentiated ES cells. POUSF1, POU2F1, SOX2, and NANOG
immunoprecipitations were used to separate the oligonucleotide
pool into a bound and unbound fraction. The degree of oligonu-
cleotide enrichment in the immunoprecipitate was measured by
hybridizing differentially Cy-labeled bound pool and starting pool
to a custom oligonucleotide microarray (for detailed methods and
comparisons between replicates, see Supplemental Data). A single
round of immunoprecipitation achieved a maximal enrichment of
100-fold in our assays. Throughout this article, we refer to the log10
normalized red/green ratios as “enrichment,” and this value is used
throughout the article to rank the oligonucleotides by their binding.
As these oligonudleotides represent tiled windows of genomic se-
quence, the enrichment from all microarray probes that overlap
each nucleotide position was averaged and rendered on a genomic
coordinate system (Fig. 2A). To estimate the selective pressure on
these binding elements, the top 1% of oligonucleotides enriched in
the immunoprecipitated fractions in these four experiments were
examined across 17 vertebrate species. Binding elements of these
specific transcription factors were between three- and fourfold more
conserved than background levels, suggesting that these elements
are functional (Supplemental Table S1).

A well-known target of POUSFI, DPPA4, is enriched
in the POUSFI bound fraction

To consider a specific functional element within the more than
316 kb analyzed in this study, we considered a well-characterized
target of POUSF1 regulation, the DPPA4 gene. The DPPA4 pro-
moter was one of the most enriched signals in the original POUSF1
ChIP experiment in human ES cells, is highly expressed in ES cells,
and is regulated by mutationally characterized POUSF1 sites (Boyer
et al. 2005; Babaie et al. 2007; Chakravarthy et al. 2008). This ex-
ample of the DPPA4 gene illustrates two generalizations about
POUSF1 binding that can be made across the 316 PluCRs: (1) Binding
of POUSF1 can occur across large regions that can extend hundreds
of nudleotides; and (2) the ubiquitously expressed paralog POU2F1
can also bind POUSF1 sites. As POUSF1 possess a nonredundant
function in maintaining stemness in ES cells, a competition among
POU paralogs could modulate this stemness function within the
pluripotency control network.

To verify the results of the array and confirm that POU2F1 was
binding in vivo, we performed ChIP on the characterized POUSF1
binding site in DPPA4 (Fig. 2B). While the relative contribution of
each POU factor cannot be determined by this assay, both POU2F1
and POUSF1 are enriched at this locus in vivo relative to the beta-
ACTIN control (Fig. 2B). Sequential ChIP (re-ChIP) experiments
with a variety of previously identified POU2F1 ligands suggest that
POUZ2F1 and POUSF1 bind together in vivo, perhaps by forming
heterogeneous complexes similar to those shown in vitro (Tomilin
et al. 2000). While ChIP is not capable of resolving events at the
level of single complexes, the re-ChIP clearly demonstrates that the
POU2F1/POUSF1 binding ratio varies with local sequence context.
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Figure 2. A map of transcriptional complexes on DPPA4, a known tar-
get of POU5F1 (Oct4). (4) The oligonucleotide pool was subjected to
binding assays to identify specific protein DNA complexes by coim-
munoprecipitation with SOX2, POU2F1 (Oct1), POU5F1 (Oct4), and
NANOG antibodies. Specific oligonucleotide enrichment in the bound
fraction was analyzed by two color microarray (bound vs. starting pool).
The oligonucleotides were mapped back to genomic coordinates (x-axis),
and their average logo red/green ratio (enrichment) is plotted on the
y-axis. UCSC known gene annotation of the DPPA4 indicates transcription
and translation start sites and a portion of the first intron of the DPPA4
gene. Dotted vertical lines mark the boundaries of complexes identified in
the J1 extracted. (B) The enrichment of DPPA4 and a control region (beta-
ACTIN) by chromatin immunoprecipitation with anti-POU2F1 (anti-Oct1),
anti-POUSF1 (anti-Oct4), and irrelevant (p53) antibodies measure bind-
ing in vivoin 1 ES cells. No antibody and input controls are labeled on the
figure. ChIP and sequential ChIP (Re-ChIP) performed on previously
identified POU2F1 (Oct1) targets are labeled similarly.

POUSFI binding is more octamer-based and clustered
than POUZ2FI binding

To discover signals that influence which paralog joins a POU factor
complex, we compared sequence motifs that were discovered de
novo in the bound fraction of the POU2F1 immunoprecipitate
against those from the POUSF1 immunoprecipitate. As expected,
the canonical octamer binding site ATGCAAAT was the dominant
motif returned in both the POU2F1 and POUSF1 binding assays
(Fig. 3A). The ATGC submotif appeared more prominently in the
POUSF1 immunoprecipitate. POU2F1 and POUSF1 also differ in
their preference for the previously characterized noncanonical
MORE and PORE binding elements. Each of these elements rep-
resents palindromic combinations of halfsites (sequences in Fig.
3A) that support POU dimer formation. Although oligonucleotides
that contained any octamer-based motif were more enriched in
POUSF1 than POU2F1, both POU factors appeared to bind a simple
octamer and the PORE element. However, oligonucleotides con-
taining a MORE sequence were differentially enriched for POUSF1
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(98th percentile) but not POU2F1 (Fig. 3A; Supplemental Table S5).
This result suggests that POUSF1 binds octamer-based oligonucle-
otides with higher affinity, and MOREs are more “tuned” to POU5SF1
than POU2F1. Consistent with this observation, POU dimers bound
in a MORE confirmation are structurally incompatible with the
POU2F1 cofactor POU2AF1. However, when bound in the PORE
conformation, these contacts are permitted (Tomilin et al. 2000).

As the flexible linker connecting the two POU subdomains
allows some spacing between the ATGC and the AAAT halfsites,
the tolerance for intervening nucleotides within the octamer was
compared for POU2F1 and POUSF1. Annotating the top 1% of
POU2F1 and POUSF1 ligands with various gapped binding models
suggests both POU factors tolerate up to 2 nt of spacer (Fig. 3B).
However, a greater fraction of high-affinity POUSF1 binding events
are found on gapped octamers than perfect octamers.

After determining the primary sequence motifs for POU2F1
and POUSF1, we characterized the transcription factors’ affinity for
higher-order motif patterns. In the DPPA4 gene, POU binding
stretches over multiple oligonucleotides encompassing an enriched
region of 92 nt (Fig. 2A). An examination of POU binding across all
316 PIuCR reveals 42 regions where POU binding seems to span
more than a hundred consecutive positions, suggesting a clustering
of sites. In order to measure the tendency of sites to cluster, we
considered the top 1% of oligonucleotides enriched in the immu-
noprecipitate to be bona fide POUS5F1 “ligands.” We reasoned that
an architecture of clustered sites would be evident from examining
the oligonucleotides neighboring these ligands. If clustered binding
was a prevalent mode of POU binding, the oligonucleotides adja-
cent to the strong ligands would also be enriched above background
in the POU bound fraction. We used this residual enrichment ob-
served in the areas of the peak that lie beyond the dominant
“ligand” oligonucleotide to measure a transcription factor’s ten-
dency to bind in cluster (Fig. 3C). For POUSF1 ligands in the PluCRs,
we observed a sloping shoulder of enrichment that, on average,
accounted for 34% enrichment of the peak and reached background
enrichment levels 70 nt away from the ligand. The degree to which
binding is clustered is slightly less for POU2F1 and considerably less
for NANOG and SOX2 (Fig. 3C; Supplemental Table S2). These
findings indicate that POU factor binding extends well beyond the
footprint of a traditionally defined transcription factor binding site.

PluCRs contain shared POU2FI/ POUSFI sites, a subpopulation
of POUZ2FI-specific sites and patterns of local associations
between POU and other transcription factors

To explore the differences in binding specificity between POUSF1
and POU2F1 at higher resolution, we returned to the output of the
high-throughput binding assay. This assay shows that the affinity of
all 45,793 oligonucleotides for POU2F1 or POUSF1 can be inferred
from their enrichment in the POU2F1 and POUSF1 coimmuno-
precipitate. We report a clear positive relationship between the af-
finity of an oligonucleotide for POU2F1 and its affinity for POUS5F1
(Fig. 4A, diagonal trend) and a significant population of oligonu-
cleotides (102 oligos observed, five expected) that are ligands for
both factors (Fig. 4A, region 2). This high-resolution comparison of
POU factor specificity suggests that the overlapping specificity ob-
served represents shared sites and not two similar classes of sites that
are occupied exclusively by POU2F1 or POUSF1. Motif sampling
performed on subregions of this distribution indicate that these
shared sites contain stronger octamer motifs than found in either
comparison alone (Fig. 4A vs. Fig. 3A). While few oligonucleotides
recognize only POUSF1 at this threshold, there is a prominent
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Figure 3. Identifying the specificity and clustering tendency of transcription factors. (4) De novo

motif finding was used to identify sequence motifs enriched in the top 1% of oligonucleotides ranked by
enrichment in the POU2F1 (Oct1) and POUSF1 (Oct4) immunoprecipitate. The average percentile rank
of oligonucleotides matching the three existing POU factor binding models was recorded. Reported
conformations of POU factor binding are shown. (B) The distribution of the top 1% of POU2F1 (Oct1)
and POU5F1 (Oct4) ligands within gapped octamers is depicted. (C) The tendency of binding events to
cluster was analyzed by measuring the average enrichment in the neighborhood of the top 1% of

ligands. The percentage of area of the peak that fell outside of the ligand
scription factor’s clustering tendency.

subpopulation of oligonucleotides that bound POU2F1 but not
POUSF1 (Fig. 4A, region 3 vs. region 1). In contrast to the pop-
ulations of POUSF1 binding oligonucleotides (region 1 and 2), dis-
tinct nonoctamer motifs were found to be enriched in the POU2F1
subpopulation, implying alternate modes of POU2F1 binding or
indirect recruitment via factors with alternate DNA binding speci-
ficity (Fig. 4B; Supplemental Fig. S3).

To systematically assess the contribution of other transcription
factors, we annotated all oligonucleotides with a data set of tran-
scription factor binding motifs and calculated the average POU2F1
and POUSF1 enrichments for the set of oligonucleotides that contain
a particular motif. These average enrichments (POU2F1, POUSF1)
were plotted as transcription factor binding site “centroids” (Fig. 4B)
and summarized the relationship between the TRANSFAC or JASPAR
binding models and POU binding. Most centroids clustered at zero
enrichment in the immunoprecipitated fraction for both factors, in-
dicating no relationship with POU binding. However, numerous
centroids fell along the upper right diagonal, indicating an association
with POU factor binding. Similar to the comparison of POU2F1 to
POUSF1 oligonucleotide binding enrichment observed in the pool,
we observed an overrepresentation of TRANSFAC centroids in the
region that represents POU2F1-specific sequences (Fig. 4B, gray areas).

Unsurprisingly, the strongest associations with POUSF1 and
POUZF1 binding are found in the numerous highly similar G.e.,
overlapping) POU factor binding motifs in the database. However in
addition to the many POU factor binding models, certain other tran-
scription factor binding sites were associated with oligonucleotides
that bound both POU factors (Fig. 4B, upper right). These factors could

and FOXOI forms a molecular switch
in PluCRs

In order to mechanistically classify the
relationship between FOXO1 and POUSF1
as cooperative or competitive, we used
recombinant POUSF1 and probes from the
RABSA and ERMN gene in an in vitro
binding assay. Both genomic regions con-
tain equally strong matches to the octamer site (ATGCA[A/T]AT,
4C—Tinboth regions) and two FOXO1 binding sites (TTGTTT) (Fig.
5A). These oligonucleotides map to in vivo regions of POUSF1
binding and are located upstream of ERMN and RABSA genes. We
performed a series of gel mobility shift assays with varying con-
centrations of recombinant POUSF1 and FOXO1 in order to de-
termine the nature of the binding events. Although each binding
site was tuned to bind either FOXO1 (e.g., the RAB5A probe) (Fig. 5B,
lane 3 vs.lane 2) or POU5SF1 (e.g., the ERMN probe) (Fig. 5B, lane 2 vs.
lane 3), both probes were capable of binding both proteins; however,
there was no evidence of an additional species corresponding to
both factors binding simultaneously. FOXO1 binding immediately
decreased with increasing POUSF1 (Fig. 5B, lanes 4-7). Incubation
with antibodies against POUSF1 had a supershifting effect (“«S”;
Fig. 5B, lane 8). This antibody also had a blocking effect, thereby
reducing the binding of POUSF1 to the probe, which allowed
FOXO1 to remain bound (Fig. 5B, lanes 9-12). POUSF1 binds ERMN
with higher affinity than RAB5A (Fig. 5C); however, the quantity of
POUSF1-containing species is reduced by increased concentration
of FOXO1 (Fig. 5C, decreasing supershift, lanes 4-7). We conclude
that POUSF1 and FOXO1 bind competitively to these sequences. As
FOXO1 and POUSF1 are expressed together in ES cells, this com-
petition could also be occurring in vivo (Fig. 5D). To test whether
POU2F1 also competes with FOXO1, we purified recombinant
POU2F1 and assayed binding on the RAB5A probe. POU2F1
exhibited the same binding preference as POUSF1 on the two sub-
strates tested binding with equal or perhaps slightly lower affinity
and exhibiting a greater tendency for dimerization that increased

was used to measure a tran-
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Figure 4. Defining the relative specificity of PIuCR oligonucleotides for POU2F1 (Oct1) and POU5F1
(Oct4). (A) The enrichment of all 40,000 oligonucleotides in the bound fraction of POU5F1 (Oct4) and
POU2F1 (Oct1) was compared by scatterplot. The top 1% of oligonucleotides defined in each experi-
ment is indicated by vertical (POU2F1) and horizontal (POU5F1) dashed lines. Motifs derived from the
doubly enriched and POU specific fraction were identified as in Figure 3. Their enrichment in the bolded
data points is printed to the right of the motifs. (B) The association between TRANSFAC/JASPER binding
models and POU2F1/POU5F1 binding tendencies. The entire set of vertebrate TRANSFAC/JASPER
binding models was used to annotate the oligonucleotide pool. The average POU2F1 (Oct1; x-axis) and
POUSF1 (Oct4; y-axis) binding enrichment of the set of oligonucleotides that contain a significant
match to a TRANSFAC motif was plotted for each TRANSFAC motif that contained multiple matches.

with POU2F1 concentration (Fig. 5D, lane 2, upper band; data not
shown). Unlike POUSF1, there was no detectable decrease in mo-
nomeric POU2F1 binding with increasing FOXO1 over several dif-
ferent concentrations (Fig. 5D, lanes 4-14) but rather an increase in
multiply bound probe (lane 14).

Proximal binding of NANOG or SOX2 influences POU2FI
versus POUSFI binding

‘While there are many more potential cooperative and competitive
relationships suggested by this analysis, the most obvious hypoth-
esis for secondary influences on POUSF1 binding is the nearby
binding of NANOG or SOX2. To understand the effect of SOX2 and/
or NANOG binding on POU specificity, the oligonucleotide pool
was ranked by NANOG binding. The nested sets from the top and
bottom of this ranked list were then analyzed for POU2F1 and
POUSF1 binding. One striking observation is that oligonucleotides
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enriched in the bound fraction of both
NANOG and SOX2 are also enriched in the

InE?elgse bound fraction of POU5F1 and POU2F1,
respectively (Fig. 6, diagonal trend toward

¢ 12.3x the upper right quadrant with increas-
ing enrichment in SOX2 and NANOG).

23.6x While the association between these bind-

ing patterns validates previous reports of

interactions, the resolution and scale of

1.67x this binding study afforded the oppor-

tunity to search hundreds of biologically
relevant binding sites to determine the

1.37x relative binding locations of POUSF1 to
NANOG and SOX2.
3.17x Previous studies have demonstrated

that SOX2 positioned upstream of the
octamer ATGCAAAT can be separated by
up to 3 nt and retain protein—protein com-
plexes; however, no structural information
has been reported for NANOG (Remenyi
et al. 2003; Williams et al. 2004). Com-
paring the distribution of NANOG sites
relative to the octamer motif revealed
that high-affinity NANOG sites were
significantly more likely (P-value = 0.016)
to contain the NANOG recognition ele-
ment CATT in the forward orientation 3
or 4 nt upstream of the octamer to make
the combined motif CATTNNN(N)ATGC
AAAT (Supplemental Fig. S2; Supplemen-
tal Table S$3). In comparing NANOG (as
a cofactor) versus SOX2, proximal NANOG
binding is more strongly associated with
POUSF1 binding than POU2F1 binding.
Conversely, SOX2 is more highly associ-
ated with POU2F1 binding than POUSF1
binding in this assay. This is consistent
with reports that while NANOG is known
to interact with POUSF1 alone, SOX2 can
also interact with POU2F1 (Williams et al.
2004). In addition, the structure of POUSF1/
SOX2 contact was determined by ho-
mology modeling a complex contain-
ing POU2F1’s and not POUSF1’s POU
domain (Remenyi et al. 2003).

It is interesting to note that in the tripartite structure (DNA/
POU domain/SOX2), the SOX2 protein contacts DNA and the
POU; domain of the POU factor. The POU factor’s POUg sub-
domain recognizes the ATGC of the octamer through contacts that
are presumably stabilized by the interacting SOX2. As an POU
factor in complex with SOX2 has the added stability of protein—
protein complexes, we hypothesized a lesser requirement for the
DNA contacts in the ATGC motif than would be observed in
POU2F1 or POUSF1 binding in the absence of SOX2. To test this
idea that strong SOX2 binding rescues suboptimal binding of the
POU, domain to DNA, we compared the tolerance of mismatched
octamers in POU2F1 ligands that bind SOX2 (top quartile) versus
ligands that do not (bottom three quartiles). Within the set of
octamer containing POU2F1 ligands, the subset of regions that also
bind SOX2 has significantly weaker octamer sequences than re-
gions that do not bind SOX2 (P-value = 0.0007). This result sug-
gests that SOX2 can rescue a deficiency in octamer binding sites in
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Figure 5. Defining a competition between FOXO1 and POU5F1 (Oct4)
for DNA binding at the RAB5A and ERMN loci. (A) Oligonucleotides origi-
nating from the RAB5A and ERMN upstream control regions that contain
annotated octamer and FOXO1 sites were analyzed for FOXO1 or POU5F1
(Oct4) binding. (B) A radiolabeled oligonucleotide was incubated with
recombinant POU5F1 (Oct4) or FOXO1 and fractionated by native PAGE.
Antibody added prior to loading was used to supershift POUSF1 (Oct4)
containing species (marked S). A panel of binding assays containing in-
creasing amounts of POU5SF1 (Oct4) was used to assay the ability of
POUSF1 (Oct4) to displace FOXO1. (C) An analogous binding assay per-
formed with increasing the amounts of FOXO1 was used to test binding
competition at the ERMN loci. (D) POU2F1 (Oct1) and FOXO1 protein levels
were measured in differentiated and undifferentiated extract. Binding
competition between POU2F1 (Oct1) and FOXO1 was tested by gel shift on
the RAB5A probe. Increasing concentration (1, 5, 10 ul) of FOXO1 was
incubated with a fixed concentration of POU2F1 (Oct1). The ratio of mul-
tiply bound to monomeric probe was quantified by phosphoimager.

POU2F1 but not POUSF1 binding. The region most tolerant of
mismatches is the ATGC halfsite that is recognized by the POUg
domain. As the SOX2 interaction domain is contained within the
POU, subdomain, this result suggests that the interaction with SOX2
can rescue a loss in canonical protein—-DNA contacts with the ATGC
halfsite. This phenomenon of protein—protein interactions rescuing
suboptimal protein—-DNA interactions is only observed in POU2F1/
SOX2 complexes and not in POU5SF1/SOX2 or POU2F1/NANOG
complexes. On the contrary, stronger octamer sites are required for
POUZ2F1 binding in the presence of NANOG binding, suggesting
that POU2F1 needs a stronger octamer perhaps to compete with
POUSF1 that can be stabilized by NANOG. Consistent with this,
octamers in POUSF1 ligands that also bind NANOG are slightly
weaker, although this difference did not reach the threshold of sta-
tistical significance. This analysis suggests that SOX2 more effec-
tively stabilizes POU2F1 than POUSF1 on DNA and that NANOG is
most associated with POUSFI.

Sequence motifs enriched in the POU2FI subclass of POU
ligands are predictive of POU2FI binding in vivo

The analysis of the POU2F1-specific ligands suggests that there are
sequence determinants that allow for the prediction of POU2F1
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binding within POUSF1 regulated genes. These sequence deter-
minants are complex and integrate the contribution of a multitude
of unknown secondary binding events (perhaps similar to SOX2 and
NANOG) with the intrinsic difference in POU binding specificities to
types of sites (such as MORE, POREs, gapped octamers). We devel-
oped a prediction tool that captures these sequence determinants for
the purpose of detecting POU2F1 binding in vivo within POUSF1
ChIP enriched regions, such as the PluCRs (Fig. 7A, prediction
scheme). We identified a subset of 5-mers (Supplemental Table S6)
enriched in POU2F1 binding sites that were drawn from human
POUSF1 ChIP enriched regions. We scored PluCRs for agreement to
this word set to return a score that predicted whether an entire PluCR
would be predominantly bound by POU2F1 or POUSF1.
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Figure 6. POU2F1(Oct1)/POU5F1(Oct4) binding is influenced by

proximal SOX2 and NANOG binding. (A) Subsets of the oligonucleotide
pool were created by ranking the pool by SOX2 (red squares) and NANOG
(blue squares) enrichment. For each subset, a data point was plotted
comparing the average POU2F1 (x-axis) and POUSF1 (y-axis) binding en-
richment. (B) The top 1% of POU2F1 (Oct1) and POU5F1 (Oct4) enrich-
ments are denoted as POU2F1 and POU5F1 “ligands” and annotated with
an octamer binding model that allowed up to three mismatches. The
number (n) and quality of octamer sites were compared for the POU ligands
that did or did not bind SOX2. The darker font indicates closer agreement of
a halfsite to the octamer consensus in the subset of POU ligands bound by
SOX2. The lighter font indicates less agreement. The same analysis was
repeated for NANOG. Statistically significant differences in comparisons of
half-site strength are listed in red.
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Figure 7. In vivo validation of predicted POU2F1 (Octl) binding. The prediction algorithm is
depicted in A. Significantly enriched words in the top 1% of POU2F1 (Oct1) binding oligonucleotides
were added to the predictor with their enrichment score (x? statistic). This score calculated over a
window of 100 nt was used to the predict POU5F1 ChIP regions in mouse and orthologous regions in
human, cow, and dog. (B) High-scoring regions predicting POU2F1 binding were tested by ChlIP in
mouse. Low-scoring regions predicting background levels of POU2F1 binding were also tested.

Initially, we sought to evaluate the quality of the POU2F1/
POUSF1 predictions by particular cross-species comparisons.
POU2F1 is found in all vertebrates, whereas POUSF1 is restricted to
vertebrates that undergo implantation during embryogenesis.
Therefore, we reasoned that if computational prediction correctly
distinguishes POUSF1 from POU2F1 binding, then the PluCR
targets predicted to only bind POUSF1 should be less conserved
than the POU2F1 targets in egg-laying vertebrates. It has recently
been demonstrated that sites of POUSF1 binding are rapidly
evolving (Kunarso et al. 2010). Therefore this comparison was per-
formed on the subset of PluCRs that were retained across three of the
four mammalian genomes used in this study. Comparing the con-
servation of this subset of human PIuCR in chicken reveals that
orthologs of the predicted POU2F1-bound PluCRs can be found at
a higher rate (56%) than orthologs of predicted POU5SF1 PluCRs
(37%) for cases where the gene is conserved (P-value = 0.18). This
observation that POUSF1 predicted targets are under reduced se-
lection in a species lacking POUSF1 suggests that the POU2F1/
POUSF1 predictor is accurate; however, the statistical confidence of
this claim is modest because of the low numbers of successful double
alignments (22 PluCR + gene alignments) and the fact that POUSF1
is only one of many trans-acting factors that bind PluCRs.

To directly test the validity of the POU factor predictions, we
performed ChIP on predicted POU2F1 and POUSF1 ligands. Positive
and negative predictions for POU2F1 binding were selected on the
basis of consistently high or low scores in three vertebrate orthol-
ogous regions. We found windows that contain words enriched in
POU2F1-specific ligands bind POU2F1 in vivo (Fig. 7B, predicted
positives), and that the opposite is also true; regions that lack these
words are not enriched in POU2F1 ChIP’ed regions and appear to
bind POUSF1 exclusively (Fig. 7B, predicted negatives). By in-
corporating the local context of binding, these findings demon-
strate how data derived from in vitro binding results performed in
extract can be predictive of transcription factor binding in vivo.

Discussion

We have developed a high-throughput implementation of a classic
biochemical binding assay to map 400 Mb of genomic sequence for

PREDICTED POSITIVES (OCT1/0CT4 BINDERS)

chr17 35112069-35112184
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the precise sites of complex formation in ES
cell extract. Mapping DNA binding at the
resolution of 10 nt over thousands of in-
dividual sites facilitates the detection of
nuanced differences in binding between
highly similar paralogs and discovering co-
operative and competitive binding events
on a genomic or semi-genomic scale. This
approach will help solve a common ge-
neric problem: There are many families of
nucleic acid binding proteins that share
similar biological specificity but possess
nonredundant functions.

Here we compared binding between
POU2F1 and POUSF1, two factors that are
expressed in ES cells and were originally
discovered (and named) by their affinity for
the same octamer sequence, ATGCAAAT.
As POU factors are well-studied proteins,
many early biochemical characterizations
of POU binding performed on synthetic
sequences can be revisited with endoge-
nous sequences on a genomic scale. The
ability of POU factors to bind palindromic combinations of halfsites
(MORE and PORE motifs) is a point of difference between POUSF1
and POU2F1; POUSF1 has a higher affinity for MORE elements (Fig.
3A). Structural studies demonstrated that the flexible linker con-
necting the two POU subdomains enables POU binding to tolerate
a space of up to 2 nt between halfsites (Tomilin et al. 2000). This
analysis finds that the thousands of binding events observed on real
sites conform almost perfectly to this limit, but again, there are
differences between paralogs. While the single largest class POU2F1
ligand is the perfect octamer, POUSF1 ligands appear to be almost
three times more likely to contain a space (i.e., a 1- or 2-nt gap) than
to be perfect octamers (Fig. 3B).

Here we report that POU2F1 and POUSF1 both bind the
octamer sequence with some important distinctions. POUSF1’s
predominant mode of interacting with DNA is dominated by full or
combinations of half octamer sites. Relative to POU2F1, the more
prominent ATGC halfsite is found in POUSF1 ligands, and binding is
spread over broader genomic regions. While POU5SF1 mostly binds
DNA through some combination of octamer halfsites, motif analysis
suggests POU2F1 can bind or be recruited through alternate mech-
anisms (note nonoctamer motifs in Fig. 4A, region 3). The human
protein reference database reports 36 interactions between POU2F1
and other DNA binding proteins compared with 10 for POUSF1 (Peri
etal. 2003). While there are many potential biases in the interactome
data, this study does suggest that POUSF1’s primary mode of binding
may be more direct than that of POU2F1 in the PluCRs. It is possible
that POU2F1 is serving as an adapter and interacting with the
transcriptional machinery as heterogeneous complexes with distinct
functions. The need to spatially separate these distinct signals may
explain the lower tendency of POU2F1 sites to cluster. Indeed, a side
population of oligonucleotides seems specific for POU2F1 and not
for POUSF1. Scoring the ligands in the oligonucleotide pool for
matches to the TRANSFAC motifs suggested patterns of a second
transcription factor binding with POU2F1 or POUSF1. Some of these
second factors have been implicated in cooperative binding events
with a spedific POU factor. For example, NF-Y binding motifs are
associated with POU2F1 binding across the PluCRs. This trend is
supported by reports of NF-Y forming complexes with POU2F1 on
the GADD45 promoter (Fan et al. 2002).

chr2: 21882390-21882490

Genome Research 7
Www.genome.org



In addition to this interesting class of elements, there are sites
that are strongly associated with the binding profile of both POU
factors. Not surprisingly, half of the most enriched binding models
presented in Figure 4B belong to the multiple TRANSFAC POU po-
sition weight matrices. More than a fifth of the remaining tran-
scription factor binding sites belong to forkhead (FOX) transcription
factor motifs. We show at multiple loci that POU5F1 and FOXO1 are
engaged in a mutually exclusive binding pattern. A similar compe-
tition pattern was reported with FOXD3 and POUSF1 on the osteo-
pontin promoter (Guo et al. 2002). However, here we present an
analysis that suggests that this relationship exists between the entire
family of forkhead and POU factors at numerous regulatory regions
within the PluCRs.

Evidence suggests that this antagonistic binding relationship
between POU and forkhead transcription factors is mirrored by
counteracting roles in maintaining stemness. At an organismal level,
studies on null FOXO allele mice reveal defects in tissue homeostasis
of various adult stem cell populations. The defects are characterized
by a small stem cell compartment in the adult and, in some cases,
a transient bloom in differentiation at younger stages. FOXO3-de-
ficient animals undergo premature follicle hyperactivation, which
depletes oocytes and causes infertility (Castrillon etal. 2003). FOXO-
deficient animals develop increased brain size and proliferation of
neural stem cells in early life, followed by a greatly reduced stem cell
compartment and neurodegeneration in adult life (Paik et al. 2009).
This transient increase in a stem cell compartment following FOXO
depletion argues for an antagonistic function between forkhead
factors and factors that maintain a pluripotent state. In the FOXO-
deficient background, the hemotopoetic stem cell compartment is
reduced and marked by elevated levels of oxidative stress (Tothova
et al. 2007). This loss of homeostatic control is reversed by antioxi-
dants. FOXO1'’s role in controlling oxidative stress and in restricting
the population of stem cells antagonizes POU factor function, as
POU factors have recently been found to increase their binding ac-
tivity in response to cellular stress (Kang et al. 2009). Taken together,
the forkhead and POU factors represent two large transcription factor
families that are important in development, have roles in cellular
stress response, and bind regulatory regions competitively with over-
lapping specificities. Furthermore, FOX proteins appear to restrict
adult stem cell populations in early development and, in this regard,
antagonize the pluripotent function of POU factors.

In addition to competition, the proximal binding of SOX2 and
NANOG appears to play a large role in the modulation of POU
specificity in the PluCR regions. The association between strong
NANOG and POUSF1 binding is compelling and is supported by the
finding that NANOG and POUSF1 can be coimmunoprecipitated in
vivo (Zhang et al. 2007). The optimal binding location of NANOG lies
3—4 nt apart from the octamer motif, raising the possibility that, at
least on these substrates, NANOG may not directly contact POUSF1.
SOX2, on the other hand, is associated with both binding events, but
strong SOX2 sites are tilted toward POU2F1 but not POUS5F1 binding.

The POU/SOX2 interaction surface that forms along the POUg
domain of POU2F1 ligands appears to have relaxed the stringency of
the ATGC halfsite that the POU; domain recognizes. Recently,
molecular simulation between the POUg domain of POU2F1 and
SOX2 have kinetically modeled the binding of the POUg domain of
POU2F1 to its ATGC substrate with and without SOX2 (Lian et al.
2010). Extensive hydrophobic protein/protein interface between
POU; and HMG (e.g., SOX2) is largely responsible for ensuring a
stable ternary complex formation. Using mutations that perturb the
protein/protein interface and the POUs/DNA interface, we conclude
that the protein/protein interface effectively prevents the dissocia-
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tion of POUs from the DNA. This result explains the loss of the re-
quirement of ATGC for POU2F1 when SOX2 is bound proximately.
Given this, it is interesting to note that POUSF1 binding motifs
observed in this study feature more prominent ATGC motifs in the
octamer than POU2F1 (Figs. 3A, 4A).

While the idea that POU2F1 and not POUSF1 binding syner-
gizes more strongly with SOX2 may seem surprising, there is addi-
tional evidence that supports this claim. There are examples that
these factors interact to coregulate genes outside ES cells. POU2F1
and SOX2 have been shown to function synergistically in the reg-
ulation of the PAX6 and nestin genes later in neural development
(Donner et al. 2007; Jin et al. 2009). SOX2 is widely expressed and
therefore present with POU2F1 in many more tissues than POUSF1,
including cell types and cell lines (e.g., HeLa) where POU2F1 is the
only POU factor detectable (M Gemberling and L Ferraris, unpubl.).
All structural evidence of POU domain/HMG interactions comes
from studies on POU2F1. The solution structure of the HMG/POU
domain interaction on DNA was performed with POU2F1, not
POUSF1 (Williams et al. 2004). Both structures of POUSF1-SOX2
on the UTF1 and FGF4 promoter elements were crystallized with
POU2F1 and converted to POUSF1 coordinates by homology
modeling (Remenyi et al. 2003).

Finally, using this high-throughput binding assay as a means of
interrogating the context in which DNA/protein interactions occur,
we effectively model DNA/protein interactions in vivo. While
chromatin features and epigenetic marks are unlikely to be re-
capitulated in this assay, we are performing these assays on ChiP’ed
regions that are both accessible to and bound by POU, SOX2, and
NANOG in vivo. The resolution of ChlIPs is on a different scale than
the 10-nt resolution achieved in vitro because of the technical
limitations of the shearing step during the ChIP protocol. Despite
this difficulty, averaging the in vitro-generated prediction over
longer windows distinguishes genomic regions that bind POU2F1
from those that bind only POUSF1. This tool can be applied to
PluCRs to reevaluate the network and provisionally identify genes
that are more likely to be regulated by POUSF1 than POU2F1. High-
POU2F1 scoring genes included HDGF, NFIB, HES1, and TGFA. The
most significant GO term associated with POU2F1-predicted genes
was “positive regulation of cell proliferation.” The most strongly
associated motif was FOXO1, which suggests the possibility that
POU2F1 and FOXO1 interact to regulate cell fate (Subramanian et al.
2005). Given the overlapping specificity of POU factors and their
distinct binding relationship with FOXO1, it is possible that the
exchange of POU factors on these targets during differentiation acts
as a switch that triggers FOXO1 binding. Understanding which
targets are important to reprogramming a pluripotent state in so-
matic cells will be of major interest as the therapeutic potential of
induced pluripotent stem cells are better evaluated. Likely POUSF1-
only genes included POUSF1 itself, GAL, FOXH1, FGFR1, and
RAB2B. As POUSF1 is a central player in this triad of factors and
POU2F1 and SOX2 are already present in many somatic cells, we
intend to focus on predicted POUSF1-specific targets for refining
the pluripotency control network in ES cells.

Methods

Cell culture and cell extracts

ES cells were cultured in DMEM + HEPES supplemented with 1 mM
glutamine, 1 mM sodium pyruvate, and 1 mM MEM nonessential
amino acids (Invitrogen) plus 15% ES cell-qualified heat-inactivated
fetal bovine serum (HyClone), 50 mM 2-mercaptoethanol (Sigma),
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and leukemia inhibitory factor (LIF/ESGRO; Chemicon). Differen-
tiation of J1 ES cells occurred in the presence of 107 M (or 100 nM)
RA over a 16-d period. Whole-cell extracts were obtained from J1 ES
(male) undifferentiated and RA differentiated cells. Cells were pel-
leted, resuspended, and incubated in extraction buffer (200 mM
KCl, 100 mM Tris at pH 8.0, 0.2 mM EDTA, 0.1% Igepal, 10% glyc-
erol, and 1 mM PMSF) for 50 min on ice. Cell debris was pelleted, and
extracts were frozen using liquid N, and stored at —80°C.

Library design, oligonucleotide synthesis, cloning,
and sequencing

A complex pool of 60-mer oligonucleotides was synthesized to
contain the union of the intersections of ChIP-ChIP fragments of
POUSF1, NANOG, and SOX2, as found in core transcriptional reg-
ulatory circuitry in human ES cells (Boyer et al. 2005). The pre-
viously described MEGAshift protocol was used to map binding to
the PluCRs (Reid et al. 2009). This pool was synthesized as a custom
oligonucleotide microarray and liberated from the slide by boiling
for 1 h at 99°C. Low-cycle PCR was used to amplify the pool.
Electrophoreticanalysis was used to ensure log linear amplification
as described previously (Reid et al. 2009). Each oligonucleotide
was designed as a tiled genomic 30-mer flanked by the common
sequences CCAGTAGATCTGCCA and ATGGAGTCCAGGTTG,
which were used as the universal primer binding pair. This oligo-
nucleotide pool was used in coimmunoprecipitation binding stud-
ies with antibodies identified below. Nonuniform representations of
oligonucleotides are normalized by the two color array approach
described in the next section.

Microarrays

We used 8x15k and 2x104k Custom Agilent oligonucleotide
microarrays designed complementary to oligonucleotides in each
oligonucleotide pool. DNA oligos isolated from four different coim-
munoprecipitation reactions (POUSF1, POU2F1, SOX2, NANOG)
were amplified with T7 tailed primers and used as templates to
produce RNA targets for array analysis. The starting pool was sub-
jected to equal PCR cycles/treatments. RNA targets were produced
containing amino-allyl UTP using MEGAshortscript High-Yield
Transcription kit (Ambion) after appending a T7 promoter to the
oligonucleotides. Amino-Allyl UTPs were then coupled to Cy3 and
CyS5 dyes, through a labeling procedure. RNA was pelleted and re-
suspended in 1 M NA>CO3; monoreactive dyes were added; and the
reaction was allowed to continue for 1 h at room temperature. We
used 4 M hydroxylamine to quench the reaction followed by phe-
nol:chloroform and ethanol precipitation to remove remaining free
nucleotides. Microarrays were hybridized for 3 h at 50°C using an
optimized Agilent gene expression hybridization kit and protocol.
Microarrays were scanned at 5 pm using a GenePix 4000B scanner
and were analyzed using Feature Extraction Software from Agilent.
Raw data and UCSC Genome Browser tracks can be downloaded
at http:/fairbrother.biomed.brown.edu/data/pluripotent-2010
or through GEO at http://www.ncbi.nlm.nih.gov/geo/ using acces-
sion no. GSE27535. Replicate measurements were averaged, and
oligonudeotides were ranked according to enrichment. Oligonu-
cleotides were separated into categories according to enrichment,
and a variety of sequence analyses and comparisons were performed
on these sets as described in the text. Data analysis is described in
detail in the Supplement.

EMSA

Oligonucleotides were prepared for EMSA by end labeling
PCR products with g-32P-ATP. Samples were prepared in 20 pL
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(0.6 Buffer D, 50 ng/pL Poly dIsdC, 1 pg/pL BSA, 1 mM DTT, and
20 ng of probe). Samples were incubated at room temperature for 30
min. Native 4% polyacrylamide gels (29:1 acrylamide:bisacrylamide,
1% glycerol, 0.5X TBE) were prerun for 1 h at 80 V; samples were
loaded and run for 1.75 h at 80 V. A POUSF1 antibody (Santa Cruz
Biotechnology) was used for the supershift.

Predictor of POUZ2FI binding

Briefly, this tool was trained on the human in vitro binding data
described above, and the occurrence of frequency of motifs asso-
ciated with POU2F1 binding was used to score a test set derived
from a mouse POUSF1 ChIP study. To detect words preferentially
enriched in the POU2F1 binding subpopulation, we fragmented
each 30mer oligo into its constituent k-mer and then compared the
frequency of each of these k-mers in the POU2F1 enriched set against
the background of the total pool. A power calculation indicates 90%
of twofold enrichment events can be detected with 5-mers.

Annotation of POU5FI ChIP regions for potential
POUZ2FI binding

We proceeded to use the chi-square scores of 5-mers from our
POU2F1 data to determine regions that could be reasonably pre-
dicted to interact with POU2F1. The cross-species comparative
analysis of POU2F1 word enrichment in known POUSF1-binding
regions began by mapping POUSF1 ChIP regions in Homo sapiens
to Rattus norvegicus, Bos taurus, and Pan troglodytes with the UCSC
tool, liftover. We scanned through all possible 100-mer windows in
these four species and annotated regions in which three of the four
species had average chi-square scores that were above or below
threshold (average chi-square >100). Regions for which at least
three of four species had data and in which the average of the
window exceeded threshold were used for validation (Fig. 7) and
for comparison of conservation in chicken, a species that lacks
POUSF1. This final comparison recorded the success rate of iden-
tifying the ortholog of the regulatory region (i.e., the PluCR) and
its associated gene in chicken.

Western blotting and immunodetection

Following SDS-PAGE separation, proteins were transferred electro-
phoretically onto a nitrocellulose membrane for 1 h at 30 V fol-
lowing Western blotting. The antibodies used to blot the membrane
were anti-POUSF1, anti-SOX2, anti-POU2F1, anti-FOXO1 (Santa
Cruz Biotechnology), anti-NANOG (Cosmo Bio), anti-mouse, and
goat anti-rabbit HRP-linked (Cell Signaling Technology). The results
were visualized by a chemoluminescent reaction using Pierce ECL
Substrate Western blot detection (Pierce). For blot development, the
membranes were exposed to Kodax Bio Max Light Film.
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CHAPTER 6

CONCLUSION

Octl is a prototypic octamer transcription factor. Although its activity was
initially identified as a regulatr of housekeeping genes, recently the focus has shifted to
its role in regulating stress response genes. Here I established the mechanism by which
post-translational modifications regulate Octl activities in response to genotoxic and
oxidative stress (Figure 6.1, Chapter 2). I unexpectedly found that Octl has novel mitotic
activity beyond transcriptional regulation through S335-phosphorylation and
ubiquitination (Chapter 3). Furthermore, I also showed that O-GIcNAc modifications of
Octl are involved in Octl dependent transcription (Chapter 4). These forms of
regulations seem to be similarly applicable to the Octl paralogue, Oct4 from my and
others’ studies (1-3). Besides the similar post-translational modifications, I also showed
that Octl and Oct4 share multimeric binding motifs in ESCs establishing a form of
crosstalk between them (Chapter 5).

Throughout my studies discussed in this dissertation, I also identified novel
protein interactions and functions. They can be categorized into Octl regulators/effectors.

These are updated in Table 6.1.
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Figure 6.1. The whole post-translational modifications identified by mass
spectrometry in the dissertation works. Hela nuclear extracts were used for the
analysis. Phosphorylation events were identified following stress exposure.
Ubiquitination and glycosylation events were identified under normal culture
conditions.
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Table 6.1. Previous known and newly identified Octl interacting factors. Proteins

with bold characters are novel factors and functions.

Modified from tablel in

chapter 1.
Functional — :
Factor DNA binding Function References
Category
[ ) Spindle checkpoint activation
BRCA-1 d dent W t al., 2004.
independen Activation of Gadd45a expression ang etat,
DNA-PK independent Oct1 stabilization by phosphorylation ggg;ld—Poulter etal,
PARP-1 independent Increase in Oct1 DNA binding affinity Ha et al., 2002.
4 ) . Oct1 sequestration in nuclear periphary Malhas et al., 2009.
R=] LaminB independent . .
9 Regulates the spindle matrix Kang et al. Chapter 3
=
% OCA-S independent Activation of S phase specific H2B expression Zheng et al., 2003.
2
5 ) N ) .
= partially Activation of Immunoglobulin expression .
[ OCA-B H Tomilin et al., 2000.
g independent Activation of PORE-type Oct1 complex ’
[
x . . Removes H3K4me2 iv
Jmjd1a independent emoves 3 e2 to activate Shakya et al. 2010.
transcription
SMRT independent Repression of Oct-1 transactivation Kakizawa et al., 2001.
NuRD independent Repression of Oct-1 transactivation Shakya et al. 2010
NEK6 independent Pr.‘os'?horylatlon on S335 during Kang et al. Chapter 3
mitosis
APC1 independent Ubiquitination of Oct1 during mitosis Kang et al. Chapter 3
— Mitosis specific phosphorylation
_E CAK independent P . phosphory o Inamoto et al., 1997.
5 s TFIIH recruitment to the preinitiation complex
=
§ 3 TFIIB independent Transcription initiation on TATA-less promoter Nakshatri et al., 1995.
c
£ — TBP dependent Interaction with distal activator Bertolino et al., 2002.
SNAPc dependent Activation of snRNA transcription Zhao et al., 2001.
2 Sp1 dependent Activation of snRNA transcription Lim et al., 2009.
o
E p65 independent* Repression of NF-kB transactivation dela Paz et al., 2007.
S
[
£ STATS dependent Activation of CyclinD1 expression Magne et al., 2003.
w
= Hormone
2 receptors dependent or o . . Gonzalez et al., 2001,
s AR/GR/ independent Positive/negative regulation of hormone receptors  Chandran et al., 1999,
5 { indep Kakizawa et al., 1999.
2 TR)
<]
(] Sox2 dependent Activation of Pax6 expression Donner et al., 2007.
L— C/EBP-b dependent Inhibition of immunoglobulin gene transcription Hatada et al., 2000.
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Octl as a Stress Sensor

Stress response transcription factors are often highly post-translationally modified
following stress exposure. For example, p53 is well studied for dramatic changes in its
functions depending on different post-translational modifications (4). Interestingly,
several specific phosphorylation and acetylation events restrict pS3 DNA binding to the
enhancers of apoptotic target genes, although their DNA sequences are not distinct from
those of the non-apoptotic targets. Octl turns out to adopt similar regulation. Phospho-
Ser385 (pS385) converts Octl specificity from the octamer to MORE motif (5). Upon
stress treatment, Oct1-pS385 is increased resulting in preferred binding to the MORE.
However, the octamer binding is constitutive, suggesting that additional Octl binding is
absent. Genome-wide ChIPseq data showed that inducible MORE-type binding occurs at
a large group of specific genes in stressed cells. I also showed that stress-mediated Oct4
binding is also inducible on the MORE and is conserved on the novel MOREs identified
by Oct1-ChlPseq indicating that Oct factors can be regulated by the same mechanism.

I also examined Polr2a regulation by Octl. Two consecutive MOREs
cooperatively recruit four Octl following stress, resulting in stable Polr2a expression.
Comparing mRNA levels between WT and OctI”” MEFs, I found that Octl acts through
an anti-repression mechanism. This mechanism is now elaborated. Stress induces the
repressive histone modification, H3K9me?2 on the Polr2a promoter (6). Octl binding to
the 2XMORE motif recruits a H3K9me2-specific demethylase, Jmjdla, and efficiently
removes this negative modification.

To better understand Octl mediated stress responses, we need to identify

substantial sets of inducible Oct1 targets under different conditions and via more



149

elaborate genome-wide studies. It is also required to define different types of inducible
motifs. For example, the MORE is speculated to be just one of a larger set of inducible
motifs because the novel TMFORE motif was also shown to be in this category.
Moreover, many binding sites identified by ChlPseq are also inducible motifs that do not

match either the octamer or the other known motifs.

Octl as a Mitotic Regulator

Previous studies showed that pS385 of Octl1 is responsible for Octl displacement
from mitotic chromatin (7). However, I found that although pS385 has little negative
effect on the octamer binding, it enhances MORE-type binding of Octl (5). I instead
identified pS335 as the bona-fide negative modification that inhibits both the octamer and
MORE-type binding. Using a phospho-specific antibody for pS335, I showed that DNA-
released Oct1-pS335 moves to important mitotic structures such as the kinetochore,
spindle poles and midbody (Chapter 3). I also showed that pS335 is required for Octl
displacement from DNA using an Oct1-S335A mutant. In terms of Octl mitotic
function, Octl and Lamin B co-regulate a structure known as the spindle matrix that
shapes spindle organization. Further, noncanonical ubiquitination (K11-Ub) is
additionally attached on Oct1-pS335 in the spindle poles and midbody. To simplify the
findings identified from Chapter 2 and 3, Octl has mitotic activity ‘OFF’ the DNA as
well as transcription factor activity ‘ON’ the DNA.

To further substantiate Octl as a mitotic regulator, we need to identify interacting
proteins in mitotic structures such as the spindle matrix, spindle poles, and midbody.

Also, except for the DNA binding domain, the functions of other regions of Octl are not



150

well defined. A series of truncated Octl mutants will provide important clues to identify

functional domains in mitotic cells.

Octl as a Potential Glucose Sensor

Based on the hypothesis that Octl can be regulated by O-GlcNAc¢ modification
(details in Chapter 1), I analyzed purified Octl by mass spectrometry and mapped two O-
GlcNAc modified residues: T255 and S728 (Chapter 4). They are present outside of the
DNA binding domain and structure information is not available. Initially,
phosphorylation defective mutant Octl does not have a slow migrating band with strong
glycosylation in Western Blotting suggesting that three different modifications
(phosphorylation, glycosylation and sumoylation) may cross talk. This finding should be
studied further.

The expression level of T255A/S728A double mutant Octl1 is slightly lower than
WT Octl suggesting that O-GIcNAc modification partially regulates Octl stability.
Moreover, both DNA binding affinity and transactivation of reporter genes associated
with defined binding sites are much weaker than those of WT Octl, which is confirmed
by Octl ChIP findings. Surprisingly, although findings of others have identified an
activation function for Octl at Gadd45a (8, 9), our findings indicate a repressive function.
We already showed that Octl can repress and activate the same gene (IL2, 6). In this
context, Octl as a repressor of Gadd45a recruits a co-repressor complex. NuRD complex
recruitment by Octl on the Gadd45a promoter is currently being investigated.

Glucose withdrawal significantly reduces the level of O-GIcNAc modification of

Octl leading to low Octl binding on the octamer, consistent with glycosylation defective
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mutant Octl. The data suggest that O-GlcNAc¢ modification of Octl is dynamically
changed depending on environmental glucose levels. Octl regulates TCA cycle genes
(10). It is possible that transcription profiles of TCA cycle genes change upon exposure
to high and low glucose conditions through O-GIcNAc modification of Octl. The next
efforts will focus on identifying this connection, which will confirm Octl as a direct

metabolic regulator.

Octl and Oct4 Interaction Network

Oct4 is an essential factor in pluripotent ESCs (11). Functionally, it is a part of the
core transcriptional regulatory circuitry with Nanog and Sox2 for maintaining self-
renewal and pluripotency (12, 13). The three factors frequently co-occupy the regulatory
regions (pluripotency control regions) of many target genes. However, Octl, an Oct4
paralogue, has been ignored in this regulatory network, although substantial amounts of
Octl are expressed in ESCs (13). Both proteins share similar DNA binding domains and
DNA binding specificity (14). Therefore, they are speculated to compete for monomeric
binding sites as well as cooperate for multimeric binding sites. Here we performed high-
throughput in vitro binding studies and conventional ChIP analysis for Octl and Oct4.
We found that Octl can occupy Oct4 binding sites with similar affinity in the
pluripotency control regions. Interestingly, we also identified sequences with preference
for Oct4. Octl and Oct4 form a hetero-complex on mutimeric binding sites indicating
that Octl1 is involved in Oct4 dependent transcription. Altogether, I hypothesized that
Octl is required to maintain developmentally-inducible genes in a poised configuration in

ESCs.
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Future studies will be dedicated to investigating these phenomena in vivo. For
example, our lab has generated Octl”” ESCs and can be examined for transcription
profiles compared to WT ESCs. Differentially regulated genes will be further studied for

Octl and Oct4 co-regulated targets.

Future Directions: Octl and Somatic Stem Cells

Oct4 expression is highly limited to pluripotent embryonic SCs. This has been
controversial because studies reported that multipotent somatic SCs may also express
Oct4 (15, 16). However, extensive studies using several different tissue specific Oct4
knockout mice do not identify substantial Oct4 expression and function in somatic SCs
(17). The hypothesis consistent with this finding is that somatic SCs use a replacement
for Oct4 for at least some functions to maintain “stemness”. This is speculated to be one
of Oct factors. Throughout all chapters, we showed that Octl and Oct4 share DNA
binding specificity and upstream modes of regulation. Octl is expressed in all types of
tissues, whereas the other Oct factors are expressed in only limited tissues. Therefore,
Octl is the best candidate to replace Oct4 for the regulation of stemness in somatic SCs,
which is consistent with some crucial unpublished findings in our laboratory. Further,
asymmetric centrosomal inheritance in mitosis has been reported as a key feature of
somatic SCs, which implicates centrosomal Octl (Chapter 3) in asymmetric inheritance
of centrosomes (18, 19). In the future, our laboratory will attempt to substantiate Octl
functions in maintaining stemness, which will cover both aspects of transcription

regulation and centrosomal function.
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APPENDIX A

MAPPING OF CDK7 DEPENDENT OCT1

PHOSPHO-RESIDUE(S)

The Cyclin-dependent kinase-Activating Kinase (CAK) complex comprises three
components: cdk7, cyclin H and MATI. It interacts with Octl through MAT1, and
phosphorylates Octl (1). However, the specific phosphorylated residue is not known.
CAK is a subcomplex of the general transcription complex TFIIH (1). Interestingly,
TFIIH plays important roles in repairing damaged DNA as a nucleotide excision repair
complex as well as in initiating transcription as a basal transcription factor complex (2).
By analogy, Octl can regulate both basal transcription and DNA damage response (3),
implicating TFIIH as a possible regulator of Oct1 activity.

To investigate whether or not TFIIH regulates Octl activity, here I performed an
in vitro kinase assay using CAK, a part of TFIIH. RNA polymerase is a well-known
substrate for CAK (4). Its CTD region is heavily phosphorylated in repeated motifs
(YSPT*S5P*S7: *S is phophorylated, 5). Using a single CTD motif sequence, I scanned
the human Octl protein sequence and found two similar sequences covered at positions
360-373 and 517-530 (Figure A.1A). While the former is conserved between limited
species, the latter is highly conserved between multiple species including human, mouse

and chicken. They resemble two tandem CTD motifs. To test whether CAK
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Figure A.1. Mapping Octl residues phosphorylated by CAK. (A) Peptide
substrates are indicated on human Octl diagram (4S and 360-373). (B)
Comparison between CTD of polymerase and Octl peptides in CAK dependent
phosphorylation in vitro. (C) 521S and 523S are candidate residues for CAK
dependent phosphorylation. (D) 5218 is a bona-fide phospho-residue by CAK.
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phosphorylates either or both of the two different sequences, I designed and cloned
double-stranded oligomers into the pGEX vector system. Using purified GST conjugated
substrates, an in vitro CAK assay was conducted (Figure A.1B). As expected, CAK
strongly phosphorylates 2XCTD motif but not GST alone (Lanes 1 and 2). In Octl
derived sequences, 4S (517-530) is the only substrate of CAK (Lanes 3 and 4). To
specify the exact residue(s), I introduced alanine mutations into potential serine residues.
Both 2A and 4A mutants were not phosphorylated, which narrows down possible
residues to S521 and S523 (Figure A.1C, lanes 3 and 4). The fact that SPA (S521/A523)
is phosphorylated but not APS (A521/S523) indicates that the S521 is a possible
physiological phospho-residue (Figure A.1D, lanes 3 and 4). However, the
phosphorylation level of SPA is much lower than that of WT 4S. There are two
possibilities. First, S523 could be an interacting site for CAK whose alanine mutation
could interfere with the CAK interaction. Second, both S521 and S523 could be
phosphorylated just like CTD (YSPTS’PS’) but S523 phosphorylation could require
phospho-S521 as a priming phosphorylation. To test whether both serine residues are
phosphorylated by CAK, I designed two different phospho-mimetic mutants (Figure
A.2). If S521 is a priming site, DPS (S523) would be phosphorylated and we could
conclude that both S521 and S523 are phosphorylated by CAK.

Although I identified phopho-residues in vitro, I should validate them in vivo. A
phospho-specific antibody is the best reagent to prove it, but is not available.
Alternatively, I will complement Oct1” MEFs with WT, S521A and S521D Octl
expression constructs using a lentiviral transduction system. Those cell lines will be

assessed in Octl dependent basal transcription, DNA damage responses and DNA
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Figure A.2. Mutant substrate sequences. To make phosho-mimetic mutant,
serine will be replaced with aspartic acid.
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binding activity. If I find loss or gain of functions from mutant cell lines, I will take this

an evidence favoring the idea that phospho-residue is real and functional. Using more

direct approaches, I will confirm in vivo phosphorylation eventl, e.g., phospho-serine

antibody blotting after immunoprecipitation of WT and S521A Octl and cdk7

knockdown for the same experiments.

References

1.

Inamoto, S., N. Segil, Z. Q. Pan, M. Kimura, and R. G. Roeder. 1997. The cyclin-
dependent kinase-activating kinase (CAK) assembly factor, MAT1, targets and

enhances CAK activity on the POU domains of octamer transcription factors. J
Biol Chem 272:29852-29858.

Drapkin, R., J. T. Reardon, A. Ansari, J. C. Huang, L. Zawel, K. Ahn, A. Sancar,
and D. Reinberg. 1994. Dual role of TFIIH in DNA excision repair and in
transcription by RNA polymerase II. Nature 368:769-772.

Kang, J., A. Shakya, and D. Tantin. 2009. Stem cells, stress, metabolism and
cancer: a drama in two Octs. Trends Biochem Sci 34:491-499.

Shiekhattar, R., F. Mermelstein, R. P. Fisher, R. Drapkin, B. Dynlacht, H. C.
Wessling, D. O. Morgan, and D. Reinberg. 1995. Cdk-activating kinase complex
is a component of human transcription factor TFIIH. Nature 374:283-287.

Akhtar, M. S., M. Heidemann, J. R. Tietjen, D. W. Zhang, R. D. Chapman, D.
Eick, and A. Z. Ansari. 2009. TFIIH kinase places bivalent marks on the carboxy-
terminal domain of RNA polymerase I1. Mo/ Cell 34:387-393.



APPENDIX B

GENERATION OF iPSCs USING OCT1 AND

OCT4 CHIMERAS

The transduction of four factors (Oct4, c-Myc, K1f4 and Sox2) reprograms
differentiated fibroblasts into induced pluripotent stem cells (iPSCs, 1). In many cases,
the three factors, except for Oct4, can be replaced by family members (2). This finding is
surprising if it is considered that Octl and Oct4 share DNA binding specificity and
modes of regulation, as shown throughout my dissertation. Therefore, this Oct4
specificity raises interesting questions of what differences between Octl and Oct4 result
in distinct outcomes: Oct4 but not Octl induces pluripotency in the context of the three
factors. We hypothesized that regions outside of DNA binding domain determine whether
pluripotency can be induced. Octl and Oct4 have functionally poorly defined N- and C-
terminal domains. Those domains of Octl are much longer than those of Oct4. The first
possibility is that longer N- or C- domains of Octl have a negative effect on induction of
pluripotency. To test this, we generated a series of Octl deletion mutants: AN-Octl, AC-
Octl and ANC-Octl (Figure B.1). The second possibility is that N- or C-terminus of Oct4
may be required to interact with crucial effectors to induce pluripotency. Therefore, we

replaced N-, C- or N&C- termini of Octl with those of Oct4. Lastly, although DNA
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No Name Sequence
1 Bam.dNoct1.for GGATCCATGCAGCTCCTGGCCGCTGCA
2 Sal.dNOct1.rev GTCGACTCACTGTGCCTTGGAGGC
3 Bam.dCOct1.for GGATCCATGAATAATCCATCAGAAACC
4 Bam.dNCOct1.for GGATCCATGGCCCAGCTCCTGGCCGCT
5 Sal.dNCOct1.rev GTCGACTTACGTCGAGTCTGTAGTGCC
6  SnaB1.0ct1DBD.for ~ TACGTAGAGGAGCCCAGTGACCTT
7 Hpa1.0ct1DBD.rev GTTAACTCTTTTCTCCTTCTGGCG
8 SnaB1.0ct4DBD.for ~ TACGTAGACATGAAAGCCCTGCAG
9  Hpal.OctdDBD.rev  GTTAACTCTTTTGCCCTTCTGGCG
10 Oct1N.for ATGAATAATCCATCAGAAAC
11 Oct1N.rev CAAGCTGGGAGTGTCAAT
12 Oct1C.for ATCAACCCGCCCAGCAGT
13 Oct1C.rev TCACTGTGCCTTGGAGGC
14 Oct4N.for ATGGCTGGACACCTGGCTT
15 Oct4N.rev CTGGGACTCCTCGGGAGT
16 Oct4C.for TCAAGTATTGAGTATTCCCA
17 Oct4C.rev TCAGTTTGAATGCATGGG
Construct Primers Cloning sites
N| [s T [H] lc  AN-Oct1 1/2 BamHI/Sall
N | s | H] Jc AC-Oct1 3/5 BamHI/Sall
N| s | H] |c ANC-Oct1 4/5 BamHI/Sall
N| [s T TH] Ic Oct1:0ct4N 14/15:6/13 SnaB1
N Ls ] [H] ]c Oct1:0ct4C 10/7:16/17 Hpa1
N [sT TH] Jc Oct1:0ct4NC 14/15:6/7:16/17  SnaB1/Hpa1l
N| | s [n] |c  Oct4:0ctINC 10/11:8/9:12/13  SnaB1/Hpa1

Figure B.1. Cloning scheme. Upper table summarizes all primers used for all
cloning procedure. Lower diagram summarizes chimeric constructs and
corresponding primer sets and restriction enzymes. Blue and yellow box is derived
from MmOct]l and MmOct4. S and H represent POU specific and homeo domain.
These constructs will be inserted into pBABE vector using either BamHI/Sall or
SnaBI site.
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binding domain of Octl and Oct4 is highly similar, they may discriminate between some
of the crucial pluripotency-related targets. Consistent with this idea, we identified Oct4
preferential binding sequences (3). In this case, N- and C- termini of Oct4 will be
replaced by those of Octl. To maintain the original sequence of each protein, we
designed multiple primers for the same domain.

Recent protocol allows us to generate iPSCs using only Oct4 with several small
molecule inhibitors (4). The previous protocols using 3 or 4 factors may increase
complexity of data interpretation, considering multiple interactions between factors. The
novel protocol makes it possible to directly compare Oct4 with Oct1-Oct4 chimeras in
induction of pluripotency, which more corresponds to our purposes.

Following the protocol developed by Yuan et al., we transduced the early passage
of MEFs using Oct4, Octl and AC Octl. Beginning 2 days later, we regularly changed
the ES culture media and observed transduced MEFs. In three weeks, iPSC-like colonies
were formed and counted. As shown in Figure B.2, colonies from Oct4 expressing MEFs
have a clear borderline like ESCs, but those from Octl and dC-Octl fail. Research in
progress is summarized in Figure B.3.

Until now, because studies have focused on Oct4 transcription targets, little is
known about Oct4 activities at the molecular level. The proposed experiments will
provide directions for studying molecular mechanisms by which Oct4 regulates
pluripotency. For example, if we identify a critical domain of Oct4 for pluripotency
induction, we will make attempts to identify interacting proteins using that domain. The

interaction network through this domain may represent an Oct4-specific pluripotency



Figure B.2. The examples of iPSC like colony. Oct4 with compounds (left) and
Octl with compounds (right) are used for iPSC generation. These colonies are
taken in 3 weeks after transduction.
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Knowns/controls:
DNA Binding Domain
— Factor
1 131 353
N| S TLIH] lc Oct4/POU5F1
100 17 100
1 282 746
N[ Cs Iilnl lc  oct1/POU2F1
64 26 58.6
Construct
N s T TH] lc  AN-Oct1
N| Ls [ THI Jc AC-Oct1
N [s H] Ic ANC-Oct1

N LS | [HIJ

|c  Oct1:0ctaN

N| Ls [ THI Jc

NI Ls | THI |c

Oct1:0ct4C

Oct1:0ct4NC

Nl |8 [H]

|C  Oct4:0ctINC

Figure B.3. Research in progress. Diagram in top represents identity between Octl and
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activity. Or, if we find that chimera of the Oct4 DNA binding domain on the Octl N- and

C- terminal domains has similar potential in pluripotency compared to WT Oct4, we will

conclude that Oct4 preferential targets are critical for pluripotency. This research is

currently ongoing.
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Stem cells, stress, metabolism and
cancer: a drama in two Octs

Jinsuk Kang, Arvind Shakya and Dean Tantin

Department of Pathology, University of Utah School of Medicine, Salt Lake City, Utah 84112, USA

It is a classic story of two related transcription factors.
Oct4 is a potent regulator of pluripotency during early
mammalian embryonic development, and is notable for
its ability to convert adult somatic cells to pluripotency.
The widely expressed Oct1 protein shares significant
homology with Oct4, binds to the same sequences,
regulates common target genes, and shares common
modes of upstream regulation, including the ability to
respond to cellular stress. Both proteins are also associ-
ated with malignancy, yet Oct1 cannot substitute for
Oct4 in the generation of pluripotency. The molecular
underpinnings of these phenomena are emerging, as are
the consequences for adult stem cells and cancer, and
thereby hangs a tale.

Setting the stage: Oct transcription factors in
development, pluripotency and disease
Oct proteins [1] are odd ducks. Defined by their ability to
interact with a DNA sequence known as the ‘octamer
motif, an important aspect of Oct protein biology relies
upon interactions with alternative sequences [2-4].
Although implicated in biological processes as vital and
diverse as housekeeping gene expression [5], early embryo-
nic development [6], the development of complex organ
systems [7], and the immune/inflammatory response [8],
there are nevertheless profound unanswered questions
about their biology. One of these proteins (Oct4, also known
as POU5SF1) currently receives far more attention than all
other family members combined owing to its role in
embryonic stem (ES) cell pluripotency (ability of ES cells
to differentiate into all cells and tissues of the organism), as
well as its thus far uniquely essential role in generating
induced pluripotent stem (iPS) cells [9]. However, based on
sequence composition of full-length human proteins, Oct4
appears to be a typical member of this group (Figure 1A).
Despite the high level of attention, little is known about
how Oct4 and other Oct proteins regulate target gene
transcription. Another member of this family, Octl, has
been reported to regulate multiple housekeeping genes in
vivo, yet Oct1 '~ cells are viable but stress-sensitive. Here,
we review recent developments relating to Octl and Oct4
that resolve some of these paradoxes. Other questions
awaiting explanation reveal current boundaries to our
understanding and provide avenues for future research.
Oct proteins constitute a sizable portion of the metazoan-
specific transcription factor family containing an ~150
amino acid POU (Pit-1, Octl and /2, UNC-86) domain

Corresponding author: Tantin, D. (dean.tantin@path.utah.edu).

(Figure 2). POU proteins have been divided into six classes
(POU1 to POUSG) based on DNA binding domain homology
[10], Figure 1B). This method also reveals the Oct4 DNA
binding domain as an outlier, and partitions these proteins
by their ability to bind the classical octamer sequence
(5’ATGCAAATS’): classes 2 (Octl, Oct2, Skn-1a), 3 (Tst-1,
Brn-1, Brn-2, Brn-4) and 5 (Oct4) have high affinity for the
octamer motif and are classified as Oct proteins. Classes 1
(Pit-1), 4 (Brn-3.0, Brn-3.1, Brn-3.2) and 6 (Brn-5), though
structurally similar, do not recognize this sequence with
appreciable specificity. DNA recognition by POU proteins is
mediated by two covalently linked DNA binding sub-
domains (known as the POU-specific domain or POUg
and POU-homeodomain or POUy) which independently
interact with specific sites in the helix [11]. Notably, Oct
proteins can also recognize fundamentally different (non-
octamer) DNA sequences [12]. The basis of this recognition
lies in the conformational fiexibility of the linker domain,
which allows the two DNA binding sub-domains to spatially
reorganize themselves relative to each other.

Octl is widely expressed in adult and embryonic tissues
(Figure 2). Octl-deficient mice die during embryogenesis
over a relatively wide developmental window (E12.5-
E18.5), and Oct1 is surprisingly dispensable for the viabi-
lity and growth of cells [13]. However, Octl-deficient cells
display striking phenotypes, including sensitivity to ioniz-
ing radiation and resistance to glucose withdrawal [14,15].
Octl is a transcription factor, so these phenotypes are
almost certainly transcriptional.

Oct4 expression is much more restricted and largely
limited to the germline and early embryonic development,
where it is expressed in the inner cell mass ofthe blastocyst
(Figure 2). Oct4 is also expressed in ES cells, which are
derived from the inner cell mass. Oct4 is necessary for the
maintenance of the ES cell phenotype and for progression
past the blastocyst stage [6]. In a major breakthrough in
regenerative medicine, combinations of transcription fac-
tors and in some instances small molecules have been
shown to convert somatic cells of multiple different
lineages to a pluripotent phenotype apparently identical
to ES cells. These reprogrammed cells are termed iPS cells
(for review see [16]). To date, all combinations of factors
and small molecules used to generate iPS cells include
Oct4 as an obligate component (Box 1). These findings
suggest a unique feature of the activity or potency of
Oct4 that creates a requirement for this transcription
factor. For example, SRY (sex determining region Y)-box
1 (Sox1) and Sox3 can replace Sox2, and L-Myc and N-Myc
can replace c-Myc in the generation of iPS cells. By
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Figure 1. Dendrograms illustrating the degree of relatedness between different human POU transcription factors. {(a) Dendrogram generated using full-length proteins. (b}
Dendrogram generated using only DNA binding domains. Oct4 becomes more of an outlier when analyzing the DNA binding domains alone. Trees were generated based
on sequence distance using guide tree calculation (neighbor joining) algorithm within the Vector NTI software package.

contrast, Octl cannot substitute for Oct4 in iPS cell gener-
ation [17]. Although it is likely that future reprogramming
protocols will use small molecules and particular somatic
cell types to minimize the number of exogenous factors,
these findings suggest that Oct4 likely will remain a
requirement in many instances.

Target genes

Classification of Octl and Oct4 targets is an imperfect
exercise. Some gene targets can fall into multiple
categories, and others might not be classified into any
category. Yet there are important lessons to be learned
by highlighting a small number of prototypic targets, and
demarcating targets shared or exclusive to Octl and Oct4.
A sizable number of targets for both proteins were ident-
ified using traditional molecular biological techniques.
More recently, however, far larger numbers have been
identified using high-throughput chromatin immunopre-
cipitation (ChIP)-microarray or ChIPseq methods [2,23-
25]. The total number of functional Oct1 and Oct4 targets is
not known, but a lower conservative estimate can be put at
hundreds of different loci for both proteins. This type of
analysis is made particularly difficult because stress sig-
nals dynamically regulate the DNA binding specificity of
these proteins. Although a careful analysis of common and
distinct Octl and Oct4 targets under different conditions
has not been undertaken, comparing the datasets in two
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recent ChIPseq studies [2,26] identifies approximately 150
genes in common. We present a subset of common and
unique targets, with an emphasis on genes for which
functional data exist (Table 1).

Unlike traditionally identified target genes, target
regions identified using an unbiased approach frequently
lack identifiable octamer motifs. In these instances, Octl
and Oct4 appear to recognize DNA through paired, over-
lapping and other higher-order arrangements of octamer
motif half-sites with unusual orientations and spacing
[2,23].

Housekeeping genes

Housekeeping genes comprise some of the first identified
(and best described) Octl and Oct4 targets. For example,
genes encoding components of the core transcription
machinery such as TBP-associated factor 12 (Taf12),
elongation factor RNA polymerase II (Ell) and polymerase
(RNA) II (DNA-directed) polypeptide A (Polr2a) contain
conserved Oct protein binding sites occupied by Octl and
Oct4 in somatic and ES cells, respectively (Table 1). In the
one case where it has been studied (7af12), occupancy by
Octl in ES cells is also observed [2]. The wide expression
pattern of these targets might seem inconsistent with the
known role of Octd as a specific regulator of stem-cell
pluripotency, and in fact these genes are not frequently
highlighted. Nevertheless, Oct4 is clearly associated with
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Figure 2. POU domain transcription factor expression patterns and inter-relationships. Schematics of the most common isoforms of the human POU family members are
shown. The upper group constitutes the Oct subfamily. The lower group is composed of POU domain proteins that lack specificity for the octamer motif. The predicted
protein molecular weight in kDa is shown at the left of each protein. The tissues in which prominent expression is observed are shown on the right. The humbers above
each protein show the amino acid position at the start of the DNA binding domain and at the C terminus. Beneath each protein is the percentage identity to Oct1 for the
equivalent DNA binding subdomain (POUg and POU,,), and the number of amino acids in the linker region between the two subdomains. CNS: central nervous system. ICM:

inner cell mass.

multiple housekeeping gene loci in ES cells [23-25]. The
static nature of these targets has led to the interpretation
that Octl and Oct4 are static transcription factors,
although several lines of evidence have helped to disman-
tle this idea. In the absence of Octl (or any other octamer
motif-binding activity) there is little change in the expres-
sion of multiple housekeeping targets such as histone H2B,
U2 and U6 snRNA, and Polr2a [2,13]. Instead of affecting
cell viability, loss of Octl confers hypersensitivity to
genotoxic and oxidative stress agents such as ionizing

Box 1. iPS cell induction requires Oct4

radiation, doxorubicin and hydrogen peroxide [15]. Octl
responds to these stress agents by inducibly binding to a
subset of these targets, including Polr2a and Tafi2,
through mechanisms that will be summarized below.
The traditional prediction from these results is that the
expression of these targets should be modulated (up or
down) in wild-type cells but not in Octl-deficient cells
after stress exposure. Interestingly, this prediction is
incorrect: wild-type cells show stable Polr2a expression
after stress exposure whereas Octl-deficient cells display

iPS cells have been generated from somatic cell types corresponding
to all three germ layers {endoderm, ectoderm, mesoderm) using
various approaches involving small molecules and transduced factors
[10]. These reprogrammed cells, which appear to be indistinguishable
from ES cells, can differentiate into all three germ layers and can form
teratomas in vivo. Additionally, murine iPS cells can generate
complete viable and fertile animals just like their ES cell equivalents.
Despite the breadth of different protocols used to generate iPS cells,
and the differing efficiencies depending on the protocols employed,
Oct4 is a common requirement (Table 1).

Table I. Known iPS cell inducers

Factors Compounds Reference)
Oct4 Sox2 KIf c-Mye None [9]

Oct4 Sox2 Kif4 None [17,18]
Oct4 Sox2 Nanog LIN28 None [19]

Oct4 Sox2 valproic acid [20]

Oct4 KIf4 BIX-01294, BayK8644 [21]

Oct4 Sox2 Esrrb None [22]
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Table 1. A subset of Oct1 and Oct4 target genes.
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Cellular Process Target gene Oct1 target? Oct4 target? Refs
Housekeeping H2B Yes Yes [24,27]
Poir2a Yes Yes [2,23,28]
Taf12 Yes Yes [2,24]
Ell Yes Yes [2,23]
Developmental Regulators Pax6 Yes Yes [24,29]
o2 Not determined? Yes [23]
Pou4ft Not determined Yes [23]
Hoxb1 Yes Yes [30]
Immune/Immunomodulatory/Inflammatory IgH and Igk variable promoters Yes Not detected® [8]
-2 Yes Not detected [31,32]
-3 Yes Yes [23,33]
-4 Yes Yes [23,31]
-5 Yes Yes [23,33]
Metabolic Pcx Yes Yes [14,23]
Hk1°¢ Yes Yes [2,23]
Ndufa3® Yes Yes [2,23]
Atpsd Not determined Yes [23]
Atp5g2 Not determined Yes [25]
Embryonic stem cell identity Pou5f1 Not determined Yes [34]
Sox2 Not determined Yes [34]
Nanog Not determined Yes [35,36]
Fgf4® Not determined Yes [37]
Other common target examples Spp1 (Opn)f Yes Yes [38,39]
Gadd45a° Yes Yes [24,40,41]

“No published study definitively identifies this gene as a functional Oct1 target.

"No high-throughput Oct4 target gene identification study identifies this gene as an in vivo target.

°Encodes Hexokinase 1.

9Encodes NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 3.
°Encodes Fibroblast growth factor-4.

fEncodes Osteopontin.

9Encodes Growth arrest, DNA damage-alpha.

marked inhibition [2]. These results indicate that Octl
carries out a stress signal-dependent anti-repressive func-
tion at this gene. The molecular mechanism underlying
this observation is unclear, but might involve the ability of
Octl to block deposition of negative epigenetic marks.
Further experiments are needed to justify or invalidate
this model.

Developmental regulators

Another group of target genes encode lineage-specifying
master regulators of patterning and organogenesis; these
targets are tissue-specific and often encode transcription
factors. This group includes paired box 6 (Pax6), orthoden-
ticle homeobox 2 (Otx2), Poudf1, and genes encoding Hox
family proteins (Table 1). These genes are Oct4 targets, but
are not expressed in pluripotent tissues or ES cells.
Instead, Oct4 helps to maintain these genes in an inactive
but ‘poised’ state such that they can be rapidly induced in
response to the appropriate developmental cues, or stably
repressed if an alternative developmental lineage is speci-
fied. This situation is consistent with an anti-repressive
(rather than activating) role for Oct4, extending the ana-
logy with Oct1. The degree to which Octl co-occupies these
targets in ES cellshas not been determined, nor is it known
if Octl targets a substantial number of these genes in
developing embryos and specific adult tissues. However,
anecdotal evidence suggests that this might be the case.
Pax6, for example, is also a functional Octl target [29].
Octl and Oct4 appear to utilize cooperative transcription
factor interactions to regulate many of these targets. For
example, Octl and Oct4 form cooperative complexes with
Sox2 at the Pax6 and Hoxb1 enhancers, although it is not

494

clear if Octl and Oct4 recognize the same sites within the
Pax6 enhancer [23,29,30].

Immunological targets

Immune, immunomodulatory and inflammatory genes
comprise a large group of Oct1 targets. Regulatory regions
in the IgH and Ig« loci, and at the interleukin-2 promoter
constitute some of the earliest identified Oct1 binding sites
[8]. Although Oct4 expression and the expression of these
targets do not significantly overlap, high-throughput data
suggests that some of these targets might behave similarly
to the lineage-specifying developmental regulators
described above because they are bound by Oct4, silent
with respect to transcription, and poised for expression in
ES cells. Interleukin-3 and interleukin-4, for example, are
known Octl targets that also appear to be bound by Oct4 in
ES cells [23].

Metabolic targets

Several common Oct4 and Oct1 targets are associated with
metabolism. Much like housekeeping genes, these targets
are not frequently highlighted as examples, but they con-
stitute a major class. Examples include pyruvate carboxy-
lase (Pex) and genes encoding multiple mitochondrial ATP
synthases, including Atp5d (Table 1). The products of these
genes mediate the decision between oxidative and
anaerobic glycolytic metabolism which is implicated in
carcinogenesis and stem-cell identity. In Octl-deficient
cells, carbon utilization is less fermentative and more
oxidative in nature [14]. These metabolic changes oppose
those frequently encountered in tumor cells, suggesting
that loss of Octl might have cancer-protective effects.



Consistent with this prediction, loss of Octl reduces onco-
genic transformation in culture and cancer incidence in
mouse models. Transformation by serial passage is unaf-
fected [14]. Although Oct4 is not known to directly govern a
similar metabolic switch, the high glycolytic rate in ES
cells points to a parallel function [42]. A study by Plath and
colleagues stratified genes induced by an iPS cell induction
cocktail (Oct4, Sox2, KIf4 and c¢-Myc, Box 1) into those
induced rapidly and relatively efficiently, and those
induced slowly and inefficiently [25]. Metabolic targets
tend to fall into the former group, suggesting that they
might not be rate-limiting targets in the generation of
pluripotency.

Genes associated with pluripotency

Oct4 regulates the circuitry governing ES cell pluripo-
tency, in particular the genes encoding Oct4, Sox2 and
Nanog (reviewed in [43]). These transcription factors
mutually enforce each other’s expression in a self-sustain-
ing network that helps to maintain a pluripotent state.
This core circuitry has been refined and extended in a
recent study [44]. Unlike metabolic genes, these targets
are induced slowly and inefficiently by iPS cocktails [25].
These genes could represent largely unique Oct4 targets
because no evidence exists for their occupancy by Octl.
Therefore, Octl may help mediate the early, relatively
efficient stages of iPS generation, but not the late and
inefficient ones. The molecular explanations for these
differences in target profile are unknown, but might
involve unique modifications or interacting partners.

Regulation of Oct factors
Regulation of Oct4 expression has been a topic of continued
investigation (Figure 3a). In addition to Oct4 positively
regulating its own synthesis, evidence implicates hypoxia
inducible factor-2 (HIF-2), estrogen-related receptor beta
(Esrrb) and Sal-like 4 (Sall4) as potential positive regula-
tors [45-47]. The Pol II-associated factor 1 complex (Paf1C)
is also thought to positively regulate Pou5fI expression
through its ability to maintain histone H3K4 trimethyla-
tion in the promoter and coding region [48]. Factors impli-
cated in PoubfI repression during ES cell differentiation
include Cdk2 associated protein 1 (Cdk2apl) and germ cell
nuclear factor (GCNF) [49,50]. The orphan nuclear recep-
tors steroidogenic factor-1 and Tr2 also appear to nega-
tively modulate Pou5fl expression [51,52]. Epigenetic
regulators, most notably G9a, also repress Oct4 expression
during ES differentiation [53,54]. After generation and
processing of a Pou5f1 transcript, the mature mRNA can
be repressed by binding of the microRNA miR470 to target
sites within the coding region [55]. The large number of
currently delineated factors involved in controlling Oct4
expression suggests that its levels must be tightly
regulated. Indeed, finely tuned Oct4 levels are crucial as
elevated or reduced expression leads to loss of pluripotency
[566]. Therefore, induction and repression of Oct4 during
early mammalian embryogenesis and in the germline are
likely to be heavily regulated, and additional layers of
regulation might emerge.

Relatively less is known about how Octl (Pou2fl)
expression is regulated, although some evidence points

171

to a role for Octl in regulating its own synthesis [57].
Although Oct1 expression has been thought to be uniform,
work in the developing eye shows that at a fine level its
expression is variegated [29]. Moreover, preliminary stu-
dies from our research team indicate that Octl expression
in epithelial tissues is non-uniform. Therefore, key insights
remain to be uncovered about the regulation of expression
of Octl and Oct4.

Until recently, comparatively little attention has been
given to regulation of these proteins at the post-transla-
tional level. It is now evident that the activities of Oct1l and
Oct4 are regulated at multiple levels. For example, Oct4 is
sumoylated and ubiquitylated (Figure 3a), stabilizing and
destabilizing the protein respectively [58,59]; however,
neither Octl ubiquitylation nor sumoylation have been
studied. Particularly in the case of Octl, modification by
phosphorylation has been more fully characterized.

Octl and Oct4 are modified by phosphorylation at
multiple positions (Figure 3b). The kinases responsible
for these phosphorylation events have not been fully
described. DNA-dependent protein kinase (DNA-PK), which
is activated after DNA damage, is a known kinase in vitro
[60], as is protein kinase A, which phosphorylates mouse
Oct4 S229 [4]. DNA-PK phosphorylates Oct1 at physiologi-
cally important serines and threonines in the N-terminus
[60]. Octl is also phosphorylated at multiple sites around
the DNA binding domain in response to stimuli, including
oxidative stress [2]. Mounting evidence indicates that
upstream signaling events can modulate the DNA binding
selectivity of Octl and Oct4 through DNA binding domain
phosphorylation events that favor or disfavor particular
orientations of the DNA binding subdomains relative to
one another. Two human Octl phosphoserines (S335
and S385) are known to alter its sequence selectivity, in
particular for non-consensus ‘complex sites’. Many of the
phosphorylation target residues are conserved in Oct4, with
some of these sites undergoing phosphorylation (Figure 3b,
[4]). An amino acid substitution at one of these sites modu-
lates Oct4 DNA binding selectivity similarly to an analogous
Octl mutant [2]. The ‘complex’ recognition sequences
described above generate Oct1-DNA and Oct4-DNA struc-
tures distinct from classical octamer sequences. In these
structures, the two DNA binding sub-domains are
rearranged relative to one another (Figure 3c). These differ-
ent structures are favored or disfavored by different phos-
phorylation events, allowing the sequence specificity of
these factors to be regulated through a phosphorylation
‘code’ that might control target gene expression patterns.

Oct factor interaction partners

Octl and Oct4 interact with many proteins, more than can
be effectively summarized here. Instead we will focus on a
subset of prototypic interaction partners (Table 2). Octl
interacts with several factors implicated in the response to
genotoxic stress, including breast cancer 1, early onset
(BRCA1) and poly (ADP-ribose) polymerase 1 (PARP-1)
[61-63]. Octl also interacts with lamin B, and associates
with the nuclear periphery in a manner that could be
controlled by oxidative stress [65]. A recent study of
lamin-associated DNA regions identified a strong enrich-
ment in Oct1 binding sites, thus lending support to the idea
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Figure 3. Regulation of Oct1 and Oct4. Various mechanisms are in place to regulate the activity of Oct1 and Oct4. {a} Oct4 transcription, translation, and feedback positively
regulate its own synthesis. Points of regulation by different activities are shown by colored lines. Factors in blue {such as Oct4 itself) carry out positive regulatory activities,
including H3K4 methylation; those in red are thought to act in a negative capacity {e.g. DNA and H3K9 methylation). Black arrows shows known protein-protein
interactions. CR1-4 are Pou5f1 promoter and enhancer regions with a high degree of sequence conservation. {b} Known Oct1 and Oct4 modifications. Amino acid positions
of the human proteins are shown. Serines (S) and threonines (T) undergo site-specific phosphorylation events; lysine (K) can be sumoylated or ubiquitylated. {c} Specific
examples of how Oct1 and Oct4 protein-DNA complexes can be favored and disfavored by specific phosphorylation events (shown in orange). Dotted lines show the linker
domain connecting the two sub-domains. Putative electrostatic interactions mediated by phosphorylation are shown by arrows. Putative repulsive events that disfavor
binding are shown with a “@". The depicted non-canonical sequences are termed PORE (Palindromic Octamer Related Element) and a MORE (More PORE).Mm: Mus
musculus; Hs: Homo sapiens.

that Octl can tether DNA to the nuclear periphery [72].
Two Octl co-activators have been described. One is a
widely expressed multi-subunit complex known as OCA-
S [27] that contains two glycolytic enzymes, glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) and lactate
dehydrogenase (LDH), yet resides in the nucleus. The
complex also contains the DNA repair protein uracil-
DNA glycosylase (UNG; also called UDG), two chaperones
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(Hsp70 and STIP1; stress-induced-phosphoprotein 1) and
two proteins of poorly-defined function (nm23-H1 and nm-
23-H2). The other co-activator, OCA-B (also known as
OBF-1 or Bobl), is a single polypeptide. OCA-B is
expressed predominantly in the B lymphocyte lineage,
and interacts with Octl or the related protein Oct2, but
not Oct4, Oct6, or Pit-1 [73]. Interestingly, certain complex
site DNA binding configurations allow OCA-B binding



Table 2. A partial list of Oct1 and Oct4 interaction partners.
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Category Protein Function Refs
Oct1 interacting proteins
Regulators/effectors BRCA1 Checkpoint control; Activation of Gadd45a expression [61,62]
PARP-1 Alters DNA binding affinity [63]
DNA-PK {Ku70) Oct1 phosphorylation [64]
LaminB Sequestration to the nuclear periphery [65]
OCA-S Regulation of H2B expression [27]
OCA-B {POU2AF1) Activation of B cell-specific genes [8]
Basal transcription TBP Transcription initiation [66]
TFIIB Transcription initiation [67]
TFIIH {(MAT1) Transcription initiation/RNA Pol Il phosphorylation [68]
Oct4 interacting proteins
Regulators/effectors EWS Transactivation [69]
PIASy Sequestration in nuclear periphery and inhibition of activity [70]
Ubc9 Sumoylation and stabilization [71]
Wwp2 Ubiquitination and degradation [58]

whereas others do not [28]. Oct1 and Oct4 possess similar
DNA binding specificity, so differential recruitment of
these and possibly other undiscovered co-activators might
provide a basis for some of their biological differences.

Another group of Octl-interacting proteins are involved
in basal transcription. Octl can form cooperative com-
plexes with TATA box binding protein (TBP) on DNA
containing TATA boxes and octamer motifs [66]. Moreover,
the general transcription factor TFIIB as well as ménage a
trois 1 (MNAT1), a component of the Cdk activating kinase
(CAK) TFIIH sub-complex, also interact with Oct1 [67,68].
These interactions might partially mediate transcriptional
activity, particularly in situations in which the Oct1 bind-
ing site is close to the core promoter.

Known Oct4 interaction partners are fewer in number
and include Ewing’s sarcoma protein (EWS), which might
function as a transcriptional coactivator [69]. Another
interacting partner, the protein inhibitor of activated
STAT (PIASy), was isolated in a yeast two-hybrid screen
and appears to sequester Oct4 to the nuclear periphery
[70]. Oct4 also cooperates with several sequence-specific
transcriptional regulatory proteins, including Zfp143, to
regulate target gene expression [74]. Additionally, Octl
interacts cooperatively with many sequence-specific DNA
binding proteins at compound DNA binding sites, in-
cluding Sox2 and CCAAT-enhancer binding protein beta
(C/EBPB) [29,75].

Roles for Oct proteins in somatic stem-cell function and
cancer

The high degree of homology (Figure 2), similar binding
specificity, common targets (Table 1) and common modes of
upstream regulation (Figure 3b,c) suggest that these two
proteins might have parallel functions, or that one protein
carries out a subset of the other’s functions in some
instances. The known role of Oct4 as a master regulator
of stem-cell identity therefore suggests that Octl or other
Oct proteins might carry out similar functions in somatic
cells, and/or that Octl or other Oct proteins assume Oct4-
like functions in malignancy. However, the properties of
pluripotent and somatic stem cells are not identical. One
possibility is that in those aspects where the biology of
pluripotent and somatic stem cells diverge, other regula-
tors could have prominent roles, whereas Octl and Oct4

carry out key regulatory functions where the biology is
similar.

Several studies indirectly suggest that Oct proteins
other than Oct4 function as regulators of ‘stemness’. A
pluripotency gene expression signature has been identified
in aggressive human breast carcinomas without concomi-
tant Oct4 expression. It was suggested that Oct4 paralogs
assume Oct4-like functions in these tissues [76]. Similarly,
a recent study identified an embryonic stem-cell gene
expression signature in myeloid leukemia stem cells
associated with myeloid/lymphoid or mixed-lineage leuke-
mia (MLL), again without Oct4 expression [77]. Octl is
associated with a metabolic pattern characterized by low
mitochondrial function and high rates of glycolysis (see
above); similar patterns are observed in ES cells, somatic
stem cells and cancer stem cells [42,78]. Loss of Octl
function inhibits transformation and tumorigenicity,
apparently through its ability to modulate metabolism
[14]. Although it remains an open question whether Oct
proteins other than Oct4 regulate stem-cell phenotypes,
these observations suggest that targeting Octl (or the
pathways in which it operates) are viable avenues for
cancer research.

Oct4 is expressed in the germline and its expression is
clearly associated with germ-cell malignancy [79]. Several
studies have also identified Oct4 expression in adult
somatic stem cells and soma-derived malignancy [80-
82]. Although cross-reactivity with other Oct proteins
might have resulted in mis-interpretation of data in many
of these cases [83], it is hard to ignore the bulk of these
data. Further study of this issue should resolve whether
Octd or other related Oct proteins are involved in the
etiology of somatic malignancy.

Curtain call: the future

A striking dichotomy remains between the important roles
of Oct transcription factors, e.g. as regulators of stem-cell
identity, key components in the generation of pluripotent
cells from adult somatic cells, and as mediators of trans-
formation and tumorigenesis, and our understanding of
their basic biology. Which pathways control their phos-
phorylation, sumoylation, ubiquitylation, and perhaps
other modifications? How do Oct proteins modulate target
gene expression? Are there unknown mechanisms which

497



regulate the expression, activity and stability of these
proteins? What is the biological role of the known Octl
and Oct4 interacting proteins, and will others be ident-
ified? Which Oct proteins have important roles in human

t

umor etiology and through which pathways? What are the

molecular underpinnings of the apparently unique ability
of Oct4 to generate iPS cells? By addressing such ques-

t

ions, we should gain a clearer understanding of these

interesting and important transcription factors.
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