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Examination of Kinase-Regulated Transcriptional Networks
Using Pharmacological and Chemical Genetic Tools
Beatrice T. Wang
In response to external cues, kinases function in signaling networks to orchestrate a
transcriptional response that results in a precisely altered cellular state.

Chapter 1

introduces how kinases regulate histones and histone modifiers, the basal transcriptional
machinery, and transcription factors and cofactors to control inducible gene expression.
Due to an overwhelming number of cellular phosphorylated substrates and limited
methods for studying kinase function, it is oftentimes difficult to link kinases to their
transcriptional outputs. Chapter 2 describes how a new generation of ATP-competitive
mammalian target of rapamycin (mTOR) inhibitors has revealed a new role for mTOR in
regulating cholesterol biosynthetic gene expression and a global gene expression profile
that is resistant to inhibition using the natural product rapamycin.

Although

pharmacological inhibitors have their advantages, they do not allow for discrimination
between primary and secondary consequences of kinase inhibition. I have developed a
method to identify the primary transcriptional targets of the direct substrates of an
individual kinase. Chapter 3 describes a chemical genetic affinity labeling scheme for
tracing the direct substrates of an individual kinase and Chapter 4 illustrates how this
method may be combined with chromatin immunoprecipitation to elucidate the
transcriptional regulatory networks controlled by a single kinase.
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Chapter 1
Mechanisms for Kinase-Mediated
Transcriptional Regulation

Introduction
Inducible gene expression is a mechanism by which cells respond to the changing
external environment. A cell may receive signals to grow and divide, to differentiate, or
to undergo apoptosis. Rapid rewiring of the transcriptional network allows a cell to
synthesize the proteins necessary to adapt to the new environment, and the relative
expression levels of each protein are coordinated according to demand. Importantly,
once the signal is removed, the cell returns to its basal state. Since the ability of a cell to
respond appropriately to a stimulus ultimately determines its fate, inducible gene
expression is a tightly regulated process.
Gene expression is regulated at the level of transcription, RNA processing, RNA
transport, translation, and mRNA degradation, but regulation of transcription initiation is
the first and most important step for determining which and how much of each gene is
1

expressed. Transcription is initiated by the cognate binding of transcription factors to
regulatory elements in the promoter region of a target gene. Eukaryotes have both
proximal promoters, which lie ~250 bp upstream of the transcription start site (TSS), and
distal promoters, which can be found several kilobases upstream or downstream of the
TSS. Transcription factors are modular proteins that contain a DNA-binding domain
(DBD) and a transactivation domain (TAD). Some transcription factors, such as those
with basic helix-loop-helix (bHLH) and leucine zipper (bZip) DNA-binding domains,
heterodimerize and cooperatively bind DNA to lead to greater combinatorial possibilities
for transcriptional regulation. Binding of transcriptional activators to DNA regulatory
sequences causes recruitment of chromatin remodeling complexes, transcriptional coactivators, RNA polymerase II (Pol II), and general transcription factors (GTFs) TFIIA,
TFIIB, TFIID, TFIIE, TFIIF, and TFIIH. Transcriptional repressors, conversely, bind
DNA regulatory elements to promote chromosome condensation and inhibit Pol II
binding.

Transcription is initiated when transcriptional activators bind to DNA

regulatory sequences and recruit the multi-subunit Mediator complex to form a bridge
between the activators and RNA Pol II. The Mediator acts as an integrative hub that
assimilates upstream signals and translates them into transcriptional regulatory outputs.
Next, TATA-binding protein (TBP), a subunit of TFIID, binds to the TATA box within
the promoter, followed by binding of TFIIB. TFIIF and Pol II are then recruited to the
promoter to form a minimal initiation complex. Lastly, TFIIE and TFIIH bind to form
the pre-initiation complex (PIC).
Transcription
modifications.

initiation

is

tightly

regulated

through

posttranslational

Protein phosphorylation by kinases and dephosphorylation by
2

phosphatases is frequently used in inducible gene expression, allowing for rapid,
reversible regulation of not only signaling molecules at the cell membrane but also
transcriptional regulators and machinery within the nucleus. It is estimated that 30% of
cellular proteins are phosphorylated (1), and even though only one-third of annotated
proteins are localized to the nucleus, in vivo phosphoproteomic analysis showed that
almost half of all phosphorylation events occurred on nuclear proteins (2). Transcription
factors and co-factors, histones and histone modifying enzymes, and the basal
transcriptional

machinery

are

regulated

through

phosphorylation

(Fig.

1.1).

Phosphorylation alters the activity, DNA binding, recruitment, and subcellular
localization of the proteins involved in transcription initiation. The following sections
provide a review of the different classes of kinase substrates in the nucleus that regulate
transcription.

Fig. 1.1 Transcription initiation proteins that are regulated through phosphorylation.

Histones and histone modifiers
Over 20 kinases have been shown to phosphorylate histones or histone modifiers such as
chromatin remodeling factors (3). Numerous kinase phosphorylation sites have been
identified on the tails of histones H2B and H3, which are associated with various
functional outputs. Only two phosphorylation sites on histone H2B have been validated
3

in mammals. AMPK phosphorylates H2BS36 to promote cell survival in response to
metabolic stress (4). MST1 has been shown to induce chromosome condensation and
subsequent apoptosis, which may be mediated through caspase-3-cleaved MST1
phosphorylation of H2BS14 (5). Histone H3 phosphorylation has been studied in much
greater detail, and evolutionarily conserved residues Thr3, Ser10, Thr11, and Ser28 have
been shown to be phosphorylated by a number of kinases during both interphase and
mitosis (6). For example, during interphase H3S10 may be phosphorylated by PIM1,
IKKα, MSK1/2, or RSK2 to lead to transcriptional activation (7-10), while during
mitosis, H3S10 is phosphorylated by Aurora B and VRK1 to facilitate chromosome
condensation and segregation (11, 12).
At a more mechanistic level, histone phosphorylation may impact the
posttranslational modification of other nearby residues, illustrating the concept of
chromatin crosstalk. As an example, phosphorylation of H3T11 by PRK1 accelerates the
demethylation of H3K9 via JMJD2C, a protein that interacts with Lysine-Specific
Demethylase 1 (LSD1) (13, 14). Alternatively, Chk1 phosphorylation of H3T11 results
in recruitment of the GCN5 histone acetyltransferase to the CYCLIN B1 and CDK1
promoters and subsequent acetylation of H3K9 and H3K14 (15).
Kinases also regulate the activity of histone-modifying enzymes. For example,
Akt phosphorylation of p300 is required for its histone acetyltransferase activity at the
ICAM-1 promoter (16), while Akt phosphorylation of methyltransferase EZH2 prevents it
from binding to histone H3 thereby decreasing H3K27 trimethylation (17). Likewise,
JNK1 phosphorylates histone deacetylase SIRT1 to increase its enzymatic activity (18).
Kinases therefore not only directly phosphorylate histone tails but also regulate the
4

activity of other histone-modifying enzymes to create combinatorial sets of
posttranslational modifications that serve as recognition motifs for transcriptional
regulators (19).

RNA Pol II
RNA Pol II has a C-terminal domain (CTD) characterized by tandem heptapeptide
repeats (YSPTSPS) in its largest subunit Rpb1 that is critical for its transcriptional
regulation (20). There are 3 kinases known to hyperphosphorylate the CTD: Cdk7,
which is a subunit of TFIIH, Cdk8, which is a component of the Mediator complex, and
Cdk9, which is associated with P-TEFb (positive transcription elongation factor b) (2123).

After formation of the PIC, Cdk7 phosphorylates the CTD on Ser5, causing

Mediator dissociation and allowing RNA Pol II to interact with elongation factors and
mRNA-capping and splicing enzymes (24, 25).

During elongation, Ser2 and Ser7

respectively become phosphorylated by Cdk9 and Cdk7 (26, 27).

As RNA Pol II

processes further from the promoter, Ser5 becomes dephosphorylated as Ser2 becomes
more extensively phosphorylated, recruiting polyadenylation machinery and terminating
transcription (28). Casein kinase II (CKII), c-Abl, and Arg phosphorylation sites have
also been identified in the most distal CTD repeat, although the exact functional
consequences for these modifications are still unknown (29, 30).

Altogether, the

dynamic, reversible phosphorylation of the RNA Pol II CTD dictates the progression of
transcription elongation and co-transcriptional RNA processing.
In the case of inducible gene expression, the PIC is oftentimes preassembled and
stalled on the DNA until a signal is received to proceed with transcription elongation. In
5

this scenario, RNA Pol II that is phosphorylated on Ser5 is stalled in the promoterproximal region by transcription elongation repressors DSIF and NELF. Cdk9 then
phosphorylates not only Ser2 of the CTD, but also DSIF and NELF to stimulate
productive elongation (31). This mechanism allows for a rapid transcriptional response
to a stimulus.
Just as RNA processing factors recognize the phosphorylation pattern on the
CTD, histone-modifying enzymes read CTD phosphorylation status to distinguish
between chromatin that is proximal or distal to the promoter. For example, methylation
of H3K4 by the S. cerevisiae histone lysine methyltransferase Set1 is associated with
early transcriptional elongation and requires phosphorylation of Ser5 of the CTD, while
Set2-mediated methylation of H3K36 is associated with subsequent elongation and may
depend on CTD Ser2 phosphorylation (32, 33). It is presumed that these interactions may
be conserved in mammals as well.

General transcription factors
GTFs are also phosphorylated during transcription initiation. DNA-PK phosphorylation
of TBP and TFIIB stimulates the formation of the TBP-TFIIB-TFIIF-Pol II minimal
initiation complex (34). TBP can also be phosphorylated by mitogen-activated protein
kinases (MAPKs) ERK and p38, which enhances its ability to bind the TATA box and
transcription factors (35, 36).

CKII plays a major role in regulating transcription

initiation and has been shown to phosphorylate TFIIA, TFIIE, and TFIIF (37).
Importantly,

TFIIF

phosphorylation

promotes

PIC

assembly

and

subsequent

transcription. CKII has also been demonstrated to phosphorylate S. cerevisiae Bdf1,
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which is homologous to the C-terminal domain of mammalian TAF1 (TBP-associated
factor 1), another promoter binding protein (38).

Transcription factors and cofactors
The most diverse category of phosphorylated transcriptional regulators is the sequencespecific DNA-binding transcription factors (TFs). A recent analysis estimated a total of
1,700-1,900 TF-coding genes in the human genome (~7-8% of all protein-coding genes)
(39), and almost all eukaryotic transcription factors that have been studied in depth have
been found to be phosphorylated (40). A number of kinases are known to phosphorylate
TFs. CKII is a ubiquitous, constitutively active kinase for which 307 substrates have
been identified, and 60 of these substrates are TFs (41). The canonical MAPK family
activates a transcriptional program in response to growth factors and cellular stress. Over
75 TFs and transcriptional cofactors have been shown to be phosphorylated by at least
one member of the MAPK family (42). One MAPK family member, extracellular signalregulated kinase (ERK), has 145 identified substrates of which 49 are TFs (43). Another
MAPK, c-Jun N-terminal kinase (JNK), has at least 26 known nuclear substrates, of
which the most well-characterized is the c-Jun TF which regulates its own gene
expression (44). Phosphorylation of c-Jun by CKII and GSK3β on its DBD inhibits it
ability to bind DNA. When JNK is activated it phosphorylates the c-Jun TAD to cause
dephosphorylation of the DBD sites, DNA binding, transcriptional activation, recruitment
of the co-factor CBP, and recruitment of the basal transcriptional machinery (Fig. 1.2).

7

Fig. 1.2 Kinase regulation of c-jun transcriptional activation.
Clearly, many kinase signaling cascades converge on the phosphorylation of
transcriptional regulators. As illustrated in the c-Jun example, phosphorylation can affect
DNA binding, trans-activation, and co-factor recruitment. In general, there are four basic
8

mechanisms of TF regulation by phosphorylation. Phosphorylation of a TF may alter its
subcellular localization, DNA-binding capability, interactions with cofactors and
transcriptional activity, and protein levels (Fig. 1.3). I provide a discussion of MAPK
regulation of the AP-1 and ETS families of TFs to illustrate these regulatory mechanisms.

Fig. 1.3 Phosphorylation-dependent mechanisms of TF activation.
9

The MAPK pathway
The MAPK pathway is one of the most ancient signal transduction pathways and is
conserved from yeast to humans (45). It responds to a plethora of different stimuli to
drive gene expression, mitosis, survival, apoptosis, metabolism, mobility, and
differentiation (46). The classical MAPK cascade is characterized by a three-tier kinase
module in which the terminal MAPK is phosphorylated on Thr and Tyr by a dualspecificity MAPK kinase (MAPKK), which in turn is phosphorylated on Ser and Thr by a
MAPKK kinase (MAPKKK).

MAPKKKs are oftentimes activated by the Ras/Rho

family of small GTPases in response to extracellular signals. There are 14 MAPKs, 7
MAPKKs, and at least 20 MAPKKKs in humans (46, 47) (Fig. 1.4).

Fig. 1.4 Conventional MAPK signaling cascades.
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The MAPKs can be divided into 7 conventional and atypical subtypes. The
conventional MAPKs include extracellular signal-regulated kinase-1 and 2 (ERKs), c-Jun
N-terminal kinase-1, 2, and 3 (JNKs), p38-α, β, γ, and δ, and ERK5. Atypical MAPKs
are not phosphorylated by MAPKKs and comprise ERK3/4, ERK7, and Nemo-like
kinase (NLK) (48). ERK, JNK, and p38 are the best-characterized MAPKs, and ERK is
predominantly activated in response to mitogens and growth factors while JNK and p38
are mainly responsive to environmental stress and inflammatory cytokines.
Instead of evolving more pathway components that solely function in linear
modules, cells have developed alternate specificity mechanisms for transmitting the
multitude of signals into diverse functional outputs. First, cells may use temporal control
to deliver specific signals. For example, in PC12 cells epidermal growth factor (EGF)
stimulation leads to proliferation while nerve growth factor (NGF) stimulation leads to
neurite formation (differentiation) (49). EGF causes transient ERK activation while NGF
causes sustained ERK activation (50). Interestingly, artificial prolongation of the EGF
signal by overexpression of the EGF receptor caused PC12 cells to differentiate,
indicating that different signaling kinetics can dictate distinct cellular outputs (51).
Secondly, scaffold proteins contribute to signal specificity by bringing the
relevant MAPK pathway components and substrates in close proximity and helping
stabilize the proteins (49). An example of a MAPK scaffold is the kinase suppressor of
Ras-1 (KSR1) (52). In quiescent cells KSR1 binds MEK1 (MAPKK), but not ERK or
Raf1 (MAPKKK). Upon stimulation the KSR1-MEK complex recruits Raf1 and ERK,
completing the three-tiered signaling pathway and leading to ERK activation (49).
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Inhibitory inter-pathway crosstalk is another mechanism for ensuring signal
specificity.

p38 regulates the activity of protein phosphatase PP2A, which

dephosphorylates

phosphorylated

MEK1/2

under

normal

conditions

(53).

Pharmacological inhibition and dominant-negative expression of p38 pathway
components leads to an accumulation of phosphorylated MEK1/2 and ERK, blocking the
functional output of ERK inhibition (54). JNK pathway activation can also inhibit ERK
activation. Both overexpression of a JNK upstream effector (MLK3) and expression of
an oncogenic form of a JNK downstream effector (v-Jun) inhibited ERK phosphorylation
and activation (55, 56).
Lastly, MAPK substrate specificity is dictated by its subcellular localization. It
has long been known that MAPKs phosphorylate both cytosolic and nuclear substrates,
yet it was only recently that a nuclear translocation sequence (NTS) was identified on
ERK (57). Phosphorylation of the ERK NTS allows the kinase to interact with importins
and enter the nucleus via nuclear pores. Altogether, cells use several mechanisms to
ensure that a signal is properly transduced through the network of overlapping MAPKs to
achieve the desired functional output.

AP-1 transcription factors
Activator protein-1 (AP-1) was one of the first mammalian transcription factors to be
discovered and was initially characterized as regulating gene expression in response to
the phorbol ester 12-O-tetradecanoylphorbol-13-acetate (TPA) (58). Subsequent studies
showed that AP-1 was also induced by growth factors, cellular stresses, cytokines,
neurotransmitters, polypeptide hormones, cell-matrix interactions, and bacterial and viral
12

infections (58). AP-1 is a heterodimer composed of different Fos (c-Fos, Fra-1, Fra-2,
FosB) and Jun (c-Jun, JunB, JunD) subunits.

These proteins also combinatorially

associated with other TFs such as ATF (ATF2, ATF3, B-ATF) (59). All of these proteins
contain the characteristic bZip dimerization and DNA-binding domains and dimer
formation enhances the DNA-binding ability over that of the individual monomers (60).
AP-1 binds the TPA-response element (TRE) (5’-TGAG/CTCA-3’), which is found in
the promoter regions of many immediate-early genes (IEGs) (61). IEGs are rapidly and
transiently induced without the need for de novo protein synthesis, and both c-fos and cjun are IEGs, meaning these AP-1 TFs control the transcription of their own genes.

ETS-domain transcription factors
Another class of TFs that is activated in response to growth factors and cellular stress is
the ETS family. The ETS-domain transcription factors can be divided into two major
subgroups, the Ets group and the ternary complex factors (TCFs). Ets-1, Ets-2, and
Pointed (Pt2) are members of the Ets group and each contain a single MAPK
phosphorylation site, while TCFs Elk-1, Sap1a, Sap1b, Fli-1, and Net have multiple
phosphorylation sites on their activation domains (62).

ETS-domain TFs contain a

characteristic winged helix-turn-helix DNA-binding domain and bind the consensus
sequence 5’-GGAA/T-3’.

Many IEGs contain a serum response element (SRE)

comprised of an Ets-binding site adjacent to another regulatory element known as a
CArG box (5’-CC(A/T)6GG-3’) (63). The SRE is constitutively bound by the dimeric
serum response factor (SRF), which recruits a TCF to the lower affinity Ets binding site
to regulate transcription (62).
13

MAPK regulation of TF subcellular localization
Many TFs are permanently localized to the nucleus, however some undergo
nucleocytoplasmic shuttling in a phosphorylation-dependent manner. For example, Net
is a transcriptional repressor that, when phosphorylated by JNK in response to cellular
stress, is exported from the nucleus, therefore relieving repression (64). Similarly, in
response to mitogenic signals ERK phosphorylates another ETS-domain transcriptional
repressor, ERF, at multiple residues to exclude it from the nucleus (65). In these cases
the nuclear membrane serves as a barrier, preventing transcriptional regulators from
accessing their target DNA.

MAPK regulation of TF DNA-binding
There are also mechanisms for controlling the DNA-binding capability of nuclear TFs.
ERK phosphorylation of Elk-1 in its C-terminal activation domain induces a
conformational change that enhances its N-terminal DNA-binding (66).

JNK also

influences the DNA-binding ability of c-Jun. Under basal conditions, the C-terminal
DNA-binding domain of c-Jun is phosphorylated at Thr231 and Ser243/249 by CKII and
GSK3β (Fig. 1.2) (67, 68). However in response to phorbol esters, JNK phosphorylates
Ser63/73 and Thr91/93 in the N-terminal transactivation domain, leading to
dephosphorylation of the C-terminal residues and permitting c-Jun DNA-binding (Fig.
1.2) (69). In these examples MAPKs indirectly regulate Elk-1 and c-Jun DNA-binding,
however there are other cases in which other kinases directly phosphorylate the TF DNAbinding domain to modulate its function (42).

14

MAPK regulation of cofactor binding and transcriptional
activity
Transcriptional cofactors recruit RNA Pol II and the general transcription machinery to
target promoters and also play a role in chromatin remodeling. Phosphorylation of c-Jun
at Ser 63/73 by JNK leads to recruitment of co-activator CREB-binding protein (CBP),
which bridges phosphorylated c-Jun with the basal transcriptional machinery to promote
transcriptional activation (Fig. 1.2) (70).

ERK phosphorylation of Elk-1 promotes

recruitment of the Mediator subunit Sur2 (71).
Phosphorylation may also influence the activity of histone-modifying enzymes.
Under basal conditions, the C-terminus of Elk-1 associates with the N-terminus of coactivator p300, but additional interactions are formed when Elk-1 is phosphorylated by
ERK at Ser383/389.

Importantly, these new interactions stimulate the histone

acetyltransferase activity of p300 and promote transcriptional activation (72). The TF
ATF-2 also has histone acetyltransferase activity and that is regulated by MAPK
phosphorylation. In response to UV irradiation JNK phosphorylates Thr69/71 on the
ATF-2 transactivation domain, enhancing its histone acetyltransferase activity toward
histones H2B and H4 and facilitating transcription activation (73).
Transcriptional activation may also be achieved by relieving repression. For
example, Elk-1 contains a transrepression domain that is modified by the small ubiquitinlike modifier (SUMO) on Lys249 (74). ERK phosphorylation of Elk-1 at Ser383 causes
its deSUMOylation, thus relieving repression and activating transcription (74).
Interestingly, MAPKs may also alter a TF’s transactivating and transrepressive
properties. As described earlier, Net is a transcriptional repressor that is phosphorylated
15

by JNK to lead to its nuclear exclusion. However, Net is also phosphorylated on another
set of residues by ERK, which reverses its repressive function and turns it into a
transcriptional activator (75, 76). In summary, phosphorylation-dependent transcriptional
activation is facilitated by the recruitment of the basal transcription machinery, activation
of histone modifiers, and de-repression of transcriptional repressors.

MAPK regulation of TF protein levels
MAPKs regulate the levels of AP-1 TFs by activating their transcription in the IEG
response. The c-jun promoter contains two TREs that are occupied by c-Jun:ATF2
heterodimers and are the key mediators of its transcriptional activation (77). c-Jun is
phosphorylated on its activation domain at Ser63/73 by JNK (78), while ATF2 is
phosphorylated on its activation domain at Thr69/71 by both JNK (79, 80) and p38 (81).
Phosphorylation of c-Jun leads to recruitment of co-activator CBP and subsequent
activation of c-jun gene transcription (Fig. 1.2) (70).
The c-fos promoter contains a SRE bound by two SRF molecules. In response to
both mitogenic and stress stimuli, ERK , JNK, and p38 phosphorylate Elk-1 at several
residues, including Ser383 which is required for transcriptional activity in all three cases
(81-84).

Phosphorylation of Elk-1 increases its DNA-binding ability and promotes

formation of the ternary complex with SRF at the SRE. In addition to the SRE, the c-fos
promoter also contains two other important regulatory elements, the cAMP-response
element (CRE) and the sis-inducible element (SIE).

Studies using transgenic mice

harboring mutations in each of these regulatory elements demonstrated that cooperation
between all three elements is required for c-fos transcription (85). By rapidly inducing
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the expression of IEGs, the cell synthesizes more AP-1 TFs that regulate subsequent
rounds of transcription.
MAPKs also regulate TF stability. For example, inactive JNK associates with cJun, JunB, and ATF-2 and targets them for ubiquitination and degradation.

JNK

phosphorylation of these TFs prevents their degradation, thereby prolonging its half-life
and promoting transcriptional activation (86, 87).

It is also known that ERK

phosphorylation of c-Fos on Ser374 increases its stability (88), so there may be a parallel
or distinct mechanism for regulating c-Fos protein levels.

MAPK-activated protein kinases
MAPKs also phosphorylate other kinases known as the MAPK-activated protein kinases
(MAPKAPKs). These include p90 ribosomal protein S6 kinases (RSKs), mitogen- and
stress-activated kinases (MSKs), MAPK-interacting kinases (MNKs), MAPK-activated
protein kinase-2/3 (MK2/3), and MK5 (46). When phosphorylated and activated by
MAPKs, MAPKAPKs can also translocate to the nucleus to regulate transcription. RSK,
MSK, and MK2/3 all have TF substrates, including c-Fos, SRF, and CREB, and MSK
can additionally phosphorylate histone H3 (42, 46). Thus, MAPKs control transcription
not only by directly phosphorylating nuclear proteins, but also by phosphorylating other
kinases that serve as transcriptional regulators.

MAPKs localize to chromatin
Classically, the terminal MAPKs were thought to phosphorylate transcriptional regulators
without associating with chromatin themselves. However, recent findings suggest that
17

MAPKs may also localize to chromatin and play a structural role in transcriptional
regulation. This notion was first proposed when Hog1p, the S. cerevisiae MAPK that
responds to osmotic stress, was discovered to be localized to target genes along with its
TF substrate Hot1, Pol II, and histone deacetylase Rpd3 (89-91). Subsequently Fus3p
and Kss1p, the yeast MAPKs involved in the mating pheromone pathway, Ste5p, the
MAPK scaffold protein, and Tpk1p/Tpk2p, mammalian protein kinase A, were also
shown to localize to a subset of target genes (92). There is also evidence of MAPK
chromatin localization in mammals. The Hog1p homolog, p38 MAPK, was found to
associate with RNA Pol II (90). p38 substrate MSK1/2 phosphorylates histone H3 and
TFs and is also chromatin-associated (93). Collectively, these surprising results implicate
kinases not only in signal transduction, but also in transcriptional complex formation.

Conclusion
Kinases mediate essentially every step of transcriptional regulation, phosphorylating
histones and histone modifiers, the basal transcriptional machinery, and inducible
transcription factors and cofactors to mediate a stimulus-specific cellular response. In
many cases, transcriptional complexes are preformed but require phosphorylation of one
or more components for activation. This is a critical feature of inducible gene expression
since it allows cells to respond rapidly to external signals. As the mechanisms that
govern phosphorylation-dependent transcriptional regulation are diverse and complex,
there is great need to examine the role of kinases in transcriptional regulation in further
detail. The remaining chapters focus on the use of pharmacological kinase inhibitors to
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study gene expression and the development of a new method to link kinases to their
target genes.
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Chapter 2
ATP-Competitive mTOR Inhibition Reveals a
Role for 4E-BP1 in Cholesterol Biosynthesis
and a Rapamycin-Resistant Transcriptional
Profile

Abstract
The mammalian target of rapamycin (mTOR) is a central regulator of cell growth and
proliferation in response to growth factor and nutrient signaling. Consequently, this
kinase is implicated in metabolic diseases including cancer and diabetes so there is great
interest in understanding the complete spectrum of mTOR-regulated networks. mTOR
exists in two functionally distinct complexes, mTORC1 and mTORC2, and whereas the
natural product rapamycin only inhibits a subset of mTORC1 functions, recently
developed ATP-competitive mTOR inhibitors have revealed new roles for both
complexes. A number of studies have highlighted mTORC1 as a regulator of lipid
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homeostasis. We show that the ATP-competitive inhibitor PP242, but not rapamycin,
significantly down-regulates cholesterol biosynthesis genes in a 4E-BP1-dependent
manner in NIH3T3 cells, while S6K1 is the dominant regulator in hepatocellular
carcinoma cells. To identify other rapamycin-resistant transcriptional outputs of mTOR,
we compared the expression profiles of NIH3T3 cells treated with rapamycin versus
PP242. PP242 caused 1666 genes to be differentially expressed while rapamycin only
affected 88 genes. Our analysis provides a genome-wide view of the transcriptional
outputs of mTOR signaling that are insensitive to rapamycin.

Introduction
The mammalian target of rapamycin (mTOR) is a serine/threonine kinase that belongs to
the family of phosphoinositide 3-kinase (PI3K)-related kinases. A nodal point in cell
signaling, mTOR integrates growth factor signaling with nutrient availability to directly
regulate protein translation and affect cell growth and proliferation (1, 2).

mTOR

hyperactivation caused by mutation or dysregulation of mTOR upstream effectors is
frequently observed in human cancers (3, 4).

The natural product rapamycin was

instrumental in the discovery of mTOR and has provided a pharmacological tool for
studying mTOR function where genetic approaches have been unsuccessful, since mTOR
loss of function mutations result in an embryonic lethal phenotype in mice (5). mTOR
exists in two distinct complexes, mTOR complex 1 (mTORC1) and complex 2
(mTORC2), of which only the former is sensitive to rapamycin inhibition (6, 7) (Fig.
2.1). mTORC1 regulates protein synthesis by phosphorylating both p70 S6 kinase 1
(S6K1) and the eukaryotic initiation factor 4E (eIF4E)-binding protein 1 (4E-BP1) to
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control ribosomal protein translation and cap-dependent translation (8). mTORC2 has
been less well-characterized due to the lack of a specific inhibitor. The only known
mTORC2 substrates are Akt and serum- and glucocorticoid-induced kinase (SGK), which
it phosphorylates on their C-terminal hydrophobic motifs at Ser473 and Ser422
respectively, to contribute to full kinase activation (9, 10).

Fig. 2.1 mTOR signaling pathway.
Recently developed mTOR inhibitors bind to the active site rather than the
rapamycin binding site, thus allowing for pharmacological interrogation of both mTOR
complexes. Importantly, active site mTOR inhibitors have also revealed a surprising
distinction between the two known mTORC1 substrates, S6K1 and 4E-BP1. Although
rapamycin is classified as an mTORC1 inhibitor it only potently inhibits S6K1 and not
4E-BP1 phosphorylation and cap-dependent translation, while ATP-competitive
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inhibitors PP242, Torin1, Ku-0063794, and WYE-354 completely block both mTORC1
outputs (11-14).

The ATP-site inhibitors also completely block cell growth and

proliferation in cell lines where rapamycin has only a partial effect. More recently,
phosphoproteomic studies have compared the new generation of mTOR inhibitors with
rapamycin (15, 16). In general, ATP-competitive mTOR inhibitors could elucidate new
rapamycin-resistant outputs of mTOR.
mTOR signaling has recently been linked to lipid metabolism (17, 18). Fatty
acids and cholesterol are not only integral membrane components, cholesterol and its
biosynthetic intermediates serve as precursors for the generation of steroid hormones and
other signaling molecules.

Moreover, dysregulation of lipid homeostasis is the

fundamental basis of disorders such as obesity, diabetes, and cardiovascular disease.
Thus there is great interest in understanding the mechanisms which regulate lipid
homeostasis.
Lipid metabolic gene expression is controlled by master transcriptional regulators
SREBP-1 and SREBP-2 which respectively regulate fatty acid and cholesterol
biosynthesis.

SREBP proteins are synthesized as precursors that reside in the

endoplasmic reticulum (ER) membrane and when cellular sterol levels are low, SREBP is
processed in the Golgi apparatus to release the N-terminal fragment that acts as a
transcription factor to control both its own expression and the expression of lipid
biosynthesis and uptake genes (19, 20) (Fig. 2.2A & 2.2B).

Recent studies using

rapamycin have established a role for mTOR in regulating SREBP-1 processing and the
expression of fatty acid biosynthetic genes (21-23). However, conflicting data have been
obtained by groups attempting to use rapamycin to study cholesterol biosynthesis. While
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Fig. 2.2 SREBP regulates lipid biosynthetic gene expression. (A) Mechanism of SREBP
processing. (B) The cholesterol biosynthetic pathway.
activation of Akt, an upstream activator of mTOR, induced the expression of SREBP1
and its target genes, the effect on SREBP2 was less pronounced (24). Moreover, in
different cell types rapamycin has opposing effects on SREBP-2 processing and the
expression of 3-hydroxy-3-methyl-glutaryl-CoA reductase (HMGCR), the rate-limiting
step in cholesterol biosynthesis (25-27). Collectively these data have led to the notion
that mTOR may regulate SREBP-1 and SREBP-2 differently and that some regulation
may be cell type specific.
In this study we use a combination of pharmacological and genetic tools to dissect
the molecular basis of mTORC1 regulation of cholesterol biosynthesis. We find that
cholesterol biosynthesis is coordinately regulated by 4E-BP1 and S6K1 and the relative
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contribution of each regulator varies between cell types. Lastly, to provide an unbiased
assessment of the rapamycin-resistant outputs of mTOR we carried out genome-wide
comparative transcriptional profiling of rapamycin and ATP-competitive mTOR inhibitor
PP242. Our gene expression profiling revealed a 20-fold increase in the number of
PP242-sensitive genes as compared to rapamycin. These findings represent a critical step
towards our understanding of the complete transcriptional programs regulated through
mTOR, which are only mildly or not at all sensitive to rapamycin.

Results
A rapamycin-resistant role for mTORC1 in regulating cholesterol
biosynthetic gene expression
In murine NIH3T3 cells we confirmed by phosphospecific immunoblotting of known
mTOR outputs that both rapamycin and PP242 inhibit the phosphorylation of ribosomal
protein S6 on Ser240/244, but PP242 additionally inhibits mTORC2 phosphorylation of
Akt on Ser473 and mTORC1 phosphorylation of 4E-BP1 on Thr37/46 (Fig. 2.3). The
selected doses of rapamycin and PP242 represent the EC90 values for each drug as
measured by anti-proliferative activity (11).

Fig. 2.3 Effect of rapamycin, PP242, and DG2 on known
mTOR outputs. Immunoblotting from NIH3T3 cell
lysates after 18-hour treatment with 50 nM rapamycin, 2
μM PP242, or 20 μM DG2.
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We focused on regulation of cholesterol biosynthesis using PP242 in hopes of
identifying a rapamycin-resistant role for mTOR.

Quantitative RT-PCR analysis

indicated that in murine NIH3T3 cells PP242 was significantly more effective than
rapamycin at inhibiting the expression of both the transcriptional regulator SREBP2 and
its target genes, including HMGCR, the rate-limiting enzyme, and 24-dehydrocholesterol
reductase (DHCR24), one of the terminal enzymes in cholesterol biosynthesis (Fig.
2.4A). Culture in lipoprotein deficient serum (LPDS) did not significantly increase the
expression of cholesterol biosynthesis genes in NIH3T3 cells so we turned to a LPDS
stimulatable HeLa cell system (28). We first validated that in HeLa cells, culture in
LPDS instead of fetal bovine serum (FBS) shows significant up-regulation of HMGCR
and squalene epoxidase (SQLE), another gene in the cholesterol biosynthetic pathway. In
this LPDS stimulated cell system, PP242, but not rapamycin, significantly blocks
expression of cholesterol biosynthesis genes (Fig. 2.5). We therefore demonstrate that
the transcriptional effects of both classes of mTOR inhibitors are consistent between
unstimulated and LPDS stimulated cell systems.
To confirm that the observed transcriptional effects of PP242 were due to mTOR
inhibition and not off target effects we also showed that Ku-0063794, a structurally
distinct mTOR inhibitor, similarly decreased cholesterol gene expression (Fig. 2.4A). To
confirm that PP242 was not a general inhibitor of transcription, we showed that PP242
did not significantly affect ribosomal protein gene RPS16 expression (Fig. 2.4B). We
also asked if PP242 regulated the proteolytic processing of SREBP-2, however SREBP-2
was undetectable by immunoblotting in NIH3T3 cells.
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Fig. 2.4 ATP-site mTOR inhibition significantly blocks cholesterol biosynthetic gene
expression. Relative mRNA levels in NIH3T3 cells treated with (A) DMSO, 50 nM
rapamycin, 2 μM PP242, 10 μM Ku-0063794, or 20 μM DG2 for 18 hours, (B) DMSO or
2 μM PP242 for 18 hours. ***p<0.001; ns, not significant.

Fig. 2.5 mTOR inhibition down-regulates cholesterol biosynthetic gene expression
similarly in both an unstimulated and a LPDS stimulated cell system. Relative mRNA
levels in HeLa cells cultured in media containing FBS or LPDS for 24 hours followed by
18-hour treatment with DMSO, 50 nM rapamycin, or 2 μM PP242. **p<0.01;
***p<0.001; ns, not significant.
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Because rapamycin is able to effectively block S6K1 activity but not cholesterol
gene expression, we hypothesized that these transcriptional outputs were not regulated
through S6K1. We took a pharmacological approach to examine the effect of selective
S6K1 inhibitor DG2 on the expression of cholesterol biosynthesis genes. In NIH3T3
cells DG2 effectively inhibited ribosomal protein S6 phosphorylation (Fig. 2.3) but did
not inhibit the expression of SREBP2 and its target genes (Fig. 2.4A). These results
confirmed that cholesterol biosynthetic gene expression was not regulated through S6K1
in NIH3T3 cells.
To determine which mTOR complex was responsible for the differential gene
expression induced by PP242 we used SIN1 knockout (SIN1-/-) primary mouse
embryonic fibroblasts (MEFs), which lack a unique and integral component of mTORC2
(29). PP242 down-regulated SREBP2 and HMGCR similarly in the WT and SIN1-/MEFs, demonstrating that regulation of the cholesterol pathway did not require intact
mTORC2 and was therefore controlled by mTORC1 (Fig. 2.6).

Fig. 2.6 mTORC1 regulates cholesterol biosynthetic gene expression. Relative mRNA
levels in WT and SIN1-/- MEFs after 18-hour treatment with DMSO, 50 nM rapamycin,
or 2 μM PP242. **p< 0.01; ns, not significant.
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mTORC1 effector 4E-BP1 regulates the expression of SREBP2 and its
target genes
A previous study in breast cancer cell lines showed that siRNA knockdown of eIF4E
inhibits SREBP-1 processing and that expression of a non-phosphorylatable 4E-BP1
mutant inhibits transcriptional activity of a fatty acid biosynthesis reporter gene (23). We
asked if 4E-BP1 regulated the expression of SREBP2 and its target genes. We first
exploited a cell line that we discovered to be selectively resistant to PP242-mediated
inhibition of 4E-BP1 phosphorylation (30). In SW620 colorectal carcinoma cells PP242
prevents S6K1 phosphorylation of ribosomal protein S6 at Ser240/244 and mTORC2
phosphorylation of Akt at Ser473 but does not effectively inhibit 4E-BP1
phosphorylation at Thr37/46, while in HCT15 colorectal carcinoma cells PP242
effectively blocks all three mTOR outputs (Fig. 2.7A).

In HCT15 cells PP242

significantly decreases the expression of SREBP2 and target genes HMGCR and
DHCR24. Compared to HCT15 cells SW620 cells express lower basal levels of SREBP2
and DHCR24; nevertheless, HCT15 cells are sensitive to PP242-mediated downregulation of cholesterol biosynthetic genes while SW620 cells are resistant (Fig. 2.7B).
Incomplete resistance to PP242 inhibition of HMGCR and DHCR24 may be the result of
a small fraction of unphosphorylated 4E-BP1 in PP242-treated SW620 cells (Fig. 2.7A).
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Fig. 2.7 mTORC1 effector 4E-BP1 regulates the expression of SREBP2 and its target
genes. (A) Western blot of lysates from HCT15 and SW620 colorectal carcinoma cells
treated with varying doses of PP242 for 4 hours. (B) Relative mRNA levels in HCT15
and SW620 cells after 18-hour treatment with DMSO or 2 μM PP242. *p<0.05;
**p<0.01; ***p<0.001; ns, not significant.
We also tested if overexpression of an unphosphorylatable dominant negative 4EBP1 mutant in which all five mTORC1-regulated phosphorylation sites have been
mutated to alanine (FLAG-4E-BP1M) could replicate the effect of PP242 on cholesterol
gene transcription.

NIH3T3 cells were co-transfected with a tetracycline inducible

FLAG-4E-BP1M expression construct and Tet activator expression construct. Expression
of FLAG-4E-BP1M was confirmed by immunoblot analysis, and although expression was
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Fig. 2.8 Expression of FLAG-4E-BP1M inhibits the expression of some cholesterol
biosynthesis genes in NIH3T3 cells. (A) NIH3T3 cells were co-transfected with FLAG4E-BP1M and Tet activator expression constructs, induced with 1μg/ml doxycycline, and
cell lysates were prepared for immunoblotting. (B) NIH3T3 cells were transfected as in
(A) and mRNA levels were analyzed by qPCR. *p<0.05; **p<0.01; ns, not significant.
induced several fold by doxycycline (Dox), low expression levels were detected even in
the absence of doxycycline (Fig. 2.8A). FLAG-4E-BP1M expression caused a decrease in
SREBP2, DHCR24, and lanosterol synthase (LSS) gene expression (Fig. 2.8B).
Interestingly, even low levels of FLAG-4E-BP1M expressed in the absence of
doxycycline are sufficient to decrease transcript levels of some but not all SREBP2 target
genes. As a negative control FLAG-4E-BP1M overexpression had no significant effect on
ACTIN mRNA levels (Fig. 2.8B). In contrast to our findings in NIH3T3 cells, FLAG4E-BP1M expression had no significant effect on cholesterol biosynthetic gene expression
in HCT15 and SW620 cells (Fig. 2.9A and 2.9B). We asked if these cell types differed in
their endogenous levels of 4E-BP1. We found that NIH3T3 cells express nearly twice
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the level of phospho-4E-BP1 as HCT15 and SW620 cells, potentially confounding the
effects of the dominant negative mutant in the latter cell types (Fig. 2.10).

Fig. 2.9 Expression of FLAG-4E-BP1M
does not affect cholesterol biosynthetic
gene expression in SW620 cells. (A)
SW620 cells were co-transfected with
and
Tet
activator
FLAG-4E-BP1M
expression constructs, induced with 1g/ml
doxycycline, and cell lysates were prepared
for immunoblotting. (B) SW620 cells were
transfected as in (A) and mRNA levels were
assessed.
No differences observed by
qPCR were statistically significant.

Fig. 2.10 Phospho-4E-BP1 expression is relatively
high in NIH3T3 cells. Immunoblot analysis from
four different cell lines. (Bottom panels) Protein
levels are quantified and expressed as normalized
ratios.
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mTORC1 effector S6K1 controls SREBP-2 processing and cholesterol
biosynthetic gene expression in HCC cells
A recent study in MEFs expressing constitutively active mTOR showed that siRNA
knockdown of S6K1 causes a decrease in both SREBP-1 processing and the expression
of fatty acid biosynthesis genes, suggesting that fatty acid biosynthesis is controlled
through S6K1 (22). In contrast, studies in retinal pigment epithelial (RPE) cells and
MEFs showed that siRNA knockdown and genetic deletion of S6K1 had no effect on
SREBP-1 processing (31). We asked if cell type dictated whether lipid metabolism was
regulated mostly through S6K1 or 4E-BP1 and chose to examine hepatocellular
carcinoma (HCC) cells since they are derived from the liver and therefore specialized in
lipid metabolism.

Fig. 2.11 mTORC1 effector S6K1 controls
cholesterol biosynthetic gene expression in
HCC cells. Relative mRNA levels in HCC
cells after 18-hour treatment with DMSO, 50
nM rapamycin, 2 μM PP242, or 20 μM DG2.
*p<0.05; **p<0.01; ***p<0.001; ns, not
significant.

In HCC cells PP242 and DG2, but not rapamycin, significantly reduced
cholesterol biosynthetic gene expression (Fig. 2.11). Although expression of FLAG-4EBP1M did not affect SREBP2 and its target gene transcript levels (Fig. 2.12A and 2.12B),
HCC cells do not contain high levels of phospho-4E-BP1 and thus may not be sensitive
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Fig. 2.12 Expression of FLAG-4E-BP1M does not affect cholesterol biosynthetic gene
expression in HCC cells. (A) HCC cells were co-transfected with FLAG-4E-BP1M and
Tet activator expression constructs, induced with 1g/ml doxycycline, and cell lysates
were prepared for immunoblotting. (B) HCC cells were transfected as in (A) and mRNA
levels were assessed. No differences observed by qPCR were statistically significant.
to FLAG-4E-BP1M overexpression (Fig. 2.10). We next examined the relative amounts
of full-length SREBP-2 (SREBP-2 (fl)) and processed SREBP-2 (SREBP-2 (p)) upon
inhibitor treatment over a 24-hour time course.

Phospho-specific immunoblotting

confirmed that all three inhibitors effectively block ribosomal protein S6 phosphorylation
while only PP242 blocks 4E-BP1 phosphorylation. While PP242 and DG2 fully block
SREBP-2 (p) formation within 12 hours, rapamycin is an incomplete inhibitor (Fig. 2.13).
The time-dependent disappearance of SREBP-2 (p) correlates with an accumulation of
full-length protein. Consistent with previous work using siRNA knockdown of S6K1 in
TSC2 null cells, we suggest that in HCC cells S6K1, but not 4E-BP1, is a key regulator
of cholesterol biosynthesis (22).
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Fig. 2.13 mTORC1 effector S6K1 controls SREBP-2 processing in HCC cells. HCC
cells were treated with 50 nM rapamycin, 2 μM PP242, or 20 μM DG2 over a 24-hour
time course. 1 hour prior to lysis cells were treated with 25 μg/ml ALLN and cell lysates
were prepared for Western blotting. (Bottom panels) Protein levels were quantified and
the ratio of processed to full-length SREBP-2 is shown throughout the time course.

PP242 but not rapamycin causes global transcriptional rewiring
Given the differential abilities of rapamycin and PP242 to regulate the cholesterol
biosynthetic gene program, we wanted to compare the transcriptional outputs of
rapamycin and PP242 in an unbiased manner. Microarray analysis in NIH3T3 cells
revealed that at a B statistic (log-odds) cutoff of B > 0, PP242 caused 1666 genes to be
differentially expressed while rapamycin affected a mere 88 genes (Fig. 2.14).
Fig. 2.14 PP242 causes greater changes in
gene expression than rapamycin. NIH3T3
cells were treated with DMSO, 50 nM
rapamycin, or 2 μM PP242 for 18 hours,
RNA was harvested, and cDNA was
prepared for transcriptional profiling.
Comparison of genes differentially expressed
after rapamycin and PP242 treatment (B>0).
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Moreover, only 12 of these genes were uniquely rapamycin sensitive and for most of the
76 shared targets PP242 caused a greater magnitude change in gene expression (Fig.
2.15A and 2.15B). The shared targets included SREBP2 (Srebf2), which was downregulated 1.4-fold by rapamycin and 1.7-fold by PP242. A previous study had identified
over 500 rapamycin-sensitive genes in human lymphoma cells (32). To address this
discrepancy we filtered our data according to the previously published statistical
parameters and observed 236 and 3,892 genes differentially regulated by rapamycin and
PP242, respectively, thus bringing our rapamycin analyses in line with previous
transcriptional analyses of this drug. Both studies show similar functional classes of
genes being targeted by rapamycin inhibition of mTOR. Regardless of the statistical
methods used we see a roughly 20-fold greater number of genes affected by ATP-site
inhibition compared to rapamycin inhibition of mTOR.
We next employed a more stringent false discovery rate (FDR) < 0.005 cutoff to
identify a subset of 452 genes that displayed a statistically significant difference in gene
expression between PP242 and rapamycin treatment (Table S2.1).

These uniquely

PP242-sensitive genes ranged from 6.5-fold down-regulated to 12-fold up-regulated, and
we functionally annotated the most strongly up- and down-regulated genes according to
the Gene Ontology database (Fig. 2.15C). The 30 most down-regulated genes were
particularly enriched in transcriptional regulation (e.g., E2F transcription factor 2 and
early growth response 1) and cell cycle control (e.g., cyclin F and aurora kinase A) which
is consistent with the ability of PP242, but not rapamycin, to fully inhibit cell growth and
proliferation. Genes involved in biosynthetic processes (e.g. thymidine kinase 1) and
molecular transport (e.g. importin α) were also strongly down-regulated. The 30 most
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Fig. 2.15 List and functional annotation of the (A) uniquely rapamycin-sensitive genes
(B>0), (B) shared targets of rapamycin and PP242 (B>0), and (C) 30 most up-regulated
and 30 most down-regulated genes that are uniquely PP242-sensitive but rapamycininsensitive (FDR<0.005). The differential gene expression shown represents the mean
log2-based fold change from 3 replicate samples, and each gene is functionally annotated
in the leftmost column according to the legend. Rapa., rapamycin.
up-regulated genes spanned a broad range of functional categories, including catabolic
enzymes (e.g., acetyl CoA carboxylase β) and proteins involved in ubiquitin-mediated
proteolysis (e.g., cullin 5).
Functional annotation of all 452 PP242-sensitive genes indicated that genes
involved in transcription, metabolism, and signal transduction were widely represented in
both datasets (Fig. 2.16). An overwhelming 35% of down-regulated genes were involved
in the cell cycle, which is consistent with the cytostatic effect of PP242. While genes
from all phases of the cell cycle were affected, over half were involved in mitosis.
Transport and DNA damage and repair genes were mostly down-regulated while
proteolytic, apoptotic, redox, and immune response genes were more prominently upregulated.

Overall PP242 induces a significantly broader transcriptional response

compared to rapamycin, thus providing a rich source of mTOR regulated pathways
previously obscured by the limited effects of rapamycin.

Fig. 2.16 Functional annotation of the uniquely PP242-sensitive genes (FDR<0.005).
Cell cycle genes are subcategorized by cell cycle phase; the number of genes in each
subcategory is shown in parentheses.
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mTOR regulates Txnip expression
Because PP242 inhibits both mTOR complexes, we expected genes identified in an
unbiased screen to be uniquely sensitive to PP242 and not rapamycin to include genes
downstream of mTORC2. Thioredoxin interacting protein (TXNIP) was one of the most
strongly up-regulated genes so we assessed its dependence on mTORC2. PP242 rapidly
induced Txnip mRNA and protein levels while rapamycin only slightly induced Txnip
protein expression after 24 hours (Fig. 2.17A and 2.17B).

After 18-hour inhibitor

treatment, TXNIP gene expression was significantly up-regulated by PP242 but not by
rapamycin or DG2 (Fig. 2.17C). In contrast to our results in NIH3T3 cells, TXNIP was
unresponsive to PP242 in WT and SIN1-/- MEFs so we turned to pharmacological
inhibition of mTORC2 substrates as an alternative means to distinguish between
mTORC1 and mTORC2 dependence. Inhibition of mTORC2 effectors Akt and SGK by
Akt-1/2i and GSK 650394, respectively did not affect TXNIP expression, suggesting that
TXNIP expression is not regulated through mTORC2 (Fig. 2.17C).
Txnip is a negative regulator of thioredoxin, and thioredoxin not only maintains
cellular redox homeostasis, it also interacts with several transcription factors and
signaling molecules including phosphatase and tensin homolog (PTEN) which signals
upstream of Akt and mTOR (33, 34).

As a result of the broad cellular roles of

thioredoxin, Txnip is implicated in diverse cellular processes including proliferation,
apoptosis, and differentiation (35).

We asked if increased Txnip expression was

necessary for the anti-proliferative effect of PP242. We first confirmed that PP242 is
unable to induce Txnip expression in the presence of Txnip siRNA (Fig. 2.18A).
Rapamycin and PP242 inhibit cell proliferation similarly in control and Txnip
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knockdown cells, suggesting that elevated Txnip expression is not required for the
cytostatic effect of PP242 (Fig. 2.18B).

Fig. 2.17 PP242 significantly induces TXNIP expression. (A) Relative mRNA levels in
NIH3T3 cells treated with μM PP242 for varying lengths of time. (B) Immunoblot
analysis of Txnip protein levels in NIH3T3 cells treated with DMSO, 50 nM rapamycin,
μM PP242 for varying lengths of time. (C) Relative mRNA levels in NIH3T3 cells
after 18-hour treatment with DMSOnrapamycinμM PP242, 20 μM DG2, 10
μM Akt-1/2i, or 10 μM GSK 650394. ***p<0.001; ns, not significant.
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Fig. 2.18 Txnip expression is not required for the cytostatic effect of PP242. (A)
NIH3T3 cells were transfected with control or Txnip siRNA. 12 hours post-transfection,
cells were treated with μM PP242 for varying lengths of time and harvested for
immunoblot analysis. (B) NIH3T3 cells were transfected with control or Txnip siRNA.
26 hours post-transfection, cells were treated with DMSO, 50 nM rapamycin, or μM
PP242 for 64 hours and proliferation was assayed by resazurin fluorescence. RFU,
relative fluorescence units.

Discussion
The emerging class of ATP-competitive mTOR inhibitors has revealed rapamycinresistant outputs of mTOR and made pharmacological interrogation of the complete
spectrum of mTOR functions possible. Meanwhile mTORC1 has emerged as a regulator
of lipid biosynthesis although its role in cholesterol metabolism has been less welldefined than for fatty acid metabolism due to the limited effects of rapamycin. Using
ATP-site mTOR inhibitor PP242 we confirmed a role for mTORC1 in cholesterol
biosynthesis.
In NIH3T3 cells PP242 is much more effective than rapamycin at inhibiting the
expression of cholesterol biosynthesis genes, which we attribute to a novel regulatory
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role of mTORC1 effector 4E-BP1.

4E-BP1 may regulate SREBP-2 activation by

controlling the cap-dependent translation of one or more proteins involved in SREBP-2
processing.

Alternatively, cholesterol biosynthetic gene transcription is coordinately

regulated by SREBP-2 and other transcriptional cofactors, and these auxiliary cofactors
may undergo highly cap-dependent translation.

Another possibility is that 4E-BP1

regulates the degradation of SREBP2 transcript. It will be interesting to elucidate the
exact mechanism by which 4E-BP1 controls transcript levels of SREBP2 and its target
genes to control cholesterol metabolism.
mTORC1 regulates not only SREBP2 transcription but also its post-translational
processing.

While 4E-BP1 is a primary regulator of cholesterol biosynthetic gene

expression in NIH3T3, HCT15, and SW620 cells, S6K1 regulated SREBP-2 processing
and the expression of its target genes in HCC cells. Interestingly, rapamycin fully
inhibited ribosomal protein S6 phosphorylation but was an incomplete inhibitor of
SREBP-2 processing, suggesting that SREBP-2 processing is independent of S6
phosphorylation and may be mediated through another S6K1 substrate. Collectively our
data suggest that cholesterol biosynthesis is a complex process that is controlled by
multiple mTOR outputs.

We propose that S6K1 and 4E-BP1 coordinately regulate

cholesterol metabolism and that the relative contribution of each mTORC1 effector varies
between cell types.
We hypothesized that there were additional transcriptional consequences of ATPcompetitive mTOR inhibition and evaluated this by gene expression profiling in NIH3T3
cells. Consistent with previous studies showing active site mTOR inhibition to be more
effective than rapamycin inhibition of cell proliferation and cap-dependent protein
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synthesis, we found that PP242 differentially regulated approximately 20 times as many
genes as rapamycin. TXNIP was one of the most differentially expressed genes and
while a recent study identified TXNIP as an upstream regulator of mTOR activity (36),
we provide the first report of mTOR as a regulator of TXNIP. Follow-up analysis of
TXNIP confirmed that the rapamycin-resistant expression profile does not represent the
gene targets of mTORC1 effector S6K1 and further suggests that the expression profile
does not represent the transcriptional outputs of mTORC2 through Akt or SGK, two
known kinases activated by mTORC2. It will be interesting to use the genetic and
pharmacological tools outlined in this study to determine which mTOR complex and
effector controls the expression of each of the PP242-sensitive genes.
mTOR inhibition caused global changes in the expression of genes involved in the
cell cycle, metabolism, transcription, signal transduction, and many other cellular
processes. Several of the genes most differentially expressed by PP242 have previously
reported roles in tumor biology and metabolic dysfunction. In NIH3T3 cells Txnip, an
oxidoreductase that maintains cellular redox state, was up-regulated almost 4-fold more
by PP242 than rapamycin (Table S2.1), and this gene not only has tumor suppressor
activity, a naturally occurring nonsense mutation in the Txnip gene is associated with
hyperlipidemia (37, 38). Rras was up-regulated 1.8-fold by PP242, and activated forms
of R-Ras have been shown to inhibit cell cycle progression (39). Suv39h2, which
encodes the H3-K9 histone methyltransferase, was down-regulated 2.5-fold by PP242. A
single nucleotide polymorphism (SNP) in the Suv39h2 gene has been associated with an
increased risk for lung cancer (40). The broad transcriptional profile revealed by ATPsite mTOR inhibition offers new insight into medically relevant pathways controlled
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through mTOR, and detailed analysis of this gene set may contribute towards delineating
new regulatory networks downstream of mTOR.

Materials and Methods
Inhibitors and Plasmids
Rapamycin, Akt-1/2i, and N-acetyl-leucyl-leucyl-norleucinal (ALLN) were purchased
from Calbiochem. PP242 and DG2 were synthesized as respectively described in (41)
and (42). Ku-0063794 was a gift from Y. Liu and P. Ren (Intellikine) and GSK 650394
was provided by D. Pearce (University of California, San Francisco). FLAG-4E-BP1M
and rtTA Tet activator expression constructs were described previously (43).

Cell Culture
NIH3T3 and HeLa cells were purchased from ATCC. Primary wild-type and SIN1-/MEFs were generously provided by B. Su (Yale University).

HCT15 and SW620

colorectal carcinoma cells were kindly provided by R. S. Warren (University of
California, San Francisco). HCC cells were kindly provided by A. Goga (University of
California, San Francisco). NIH3T3 cells were cultured in DMEM supplemented with
10% BCS and penicillin/streptomycin. WT and SIN1-/- MEFs and HCT15 and SW620
cells

were

cultured

in

DMEM

containing

10%

FBS,

glutamine,

and

penicillin/streptomycin. HCC cells were cultured in EMEM supplemented with 10%
FBS and penicillin/streptomycin. HeLa cells were cultured in DMEM supplemented with
10% FBS and penicillin/streptomycin. For culture under low sterol conditions, HeLa
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cells were grown in media containing 10% LPDS (Intracel) for 24 hours, then treated
with inhibitor for an additional 18 hours and harvested.

Immunoblotting
Anti-SREBP-2 (1C6) antibody was purchased from BD Biosciences, anti-FLAG (antiFLAG M2) antibody was from Sigma, and anti-Txnip (anti-VDUP1) antibody was from
Invitrogen. All other antibodies were from Cell Signaling Technology. Cells were
treated with DMSO or inhibitor for the indicated lengths of time and then lysed in ice
cold lysis buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 0.1% SDS, Roche
protease inhibitor cocktail, Roche phosphatase inhibitor cocktail).

For SREBP-2

imunoblot analysis, cells were treated with 25 μg/ml ALLN for 1 hour before lysis.
Lysates were cleared by centrifugation, protein concentrations were normalized using
Bradford reagent, samples were resolved by SDS-PAGE, transferred to nitrocellulose and
immunoblotted. Immunoblots were quantified using ImageJ software.

Quantitative RT-PCR
Cells were treated with DMSO or inhibitor for the indicated lengths of time and total
RNA was isolated using QIAshredder and RNeasy Mini kits (QIAgen). 2-5 μg RNA was
reverse transcribed into cDNA using Superscript III Reverse Transcriptase (Invitrogen).
Real-Time PCR was performed on the StepOnePlus Real-Time PCR System (Applied
Biosystems) using SYBR green master mix (Applied Biosytems) and the following
thermal cycles: 10 min. at 95oC; 42 cycles of 20 s at 95oC, 30 s at 57oC, 30 s at 72oC.
The data was analyzed by the Ct method, and ribosomal RPL17 was used as an
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internal control for normalization of FLAG-4E-BP1M transfected NIH3T3 cells while
RPL3 was used as a control in all other instances. qPCR data were analyzed using oneway ANOVA with multiple comparisons or Student’s t-test where appropriate, and error
bars represent the s.e.m. of 3 biological replicates. Primer sequences are listed in Table
S2.2.

Transfection
Cells were transfected using the Nucleofector transfection system (Amaxa) according to
manufacturer’s protocol.

For FLAG-4E-BP1M transfection, 1x106 cells were co-

transfected with 5 μg of FLAG-4E-BP1M and 0.5 μg of Tet activator expression
constructs. 1-2 days post-transfection, cells were induced with 1μg/ml doxycycline and
harvested 24 hours later.
For siRNA transfection, 1x106 cells were transfected with 5 μg of negative control
siRNA (QIAgen AllStars) or Txnip siRNA (Dharmacon SMARTpool).

After

transfection cells were treated with DMSO or inhibitor as specified and assayed.

Cell Proliferation Assay
NIH3T3 cells were transfected with negative control siRNA or Txnip siRNA. 1 day
post-transfection, cells were treated with DMSO, 50 nM rapamycin, or 2 μM PP242 for
64 hours. 15 μl of 440 μM resazurin sodium salt (Sigma) and another 35 μl of media
were added to each well and fluorescence intensity (excitation 530 nm, emission 590 nm)
was read on a fluorescent plate reader.
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Microarray Analysis
NIH3T3 cells were treated with DMSO, 50 nM rapamycin, or 2 μM PP242 for 18 hours.
Each treatment was done in triplicate.

Sample preparation, labeling, and array

hybridizations were performed according to standard protocols from the UCSF Shared
Microarray Core Facilities and Agilent Technologies (http://www.arrays.ucsf.edu and
http://www.agilent.com). Total RNA was isolated using QIAshredder and RNeasy Mini
kits (Qiagen). RNA was quantified by Nanodrop and integrity was assessed on an
Agilent 2100 Bioanalyzer.

RNA was amplified using the whole transcriptome

amplification kits (Sigma) following the manufacturer’s protocol, and subsequent Cy3CTP labeling was performed using one-color labeling kits (NimbleGen). The size
distribution and quantity of the amplified product was assessed by Nanodrop and
Bioanalyzer, and equal amounts of Cy3 labeled target were hybridized to Agilent mouse
whole genome 4x44K Ink-jet arrays. Hybridizations were performed for 14 hrs,
according to the manufacturer’s protocol. Arrays were scanned using the Agilent
microarray scanner and raw signal intensities were extracted with Feature Extraction
v10.1 software.
The dataset was normalized using the quantile normalization method (44). No
background subtraction was performed, and the median feature pixel intensity was used
as the raw signal before normalization. A one-way ANOVA linear model was fit to the
comparison to estimate the mean log2-based fold changes and calculate moderated tstatistic, B statistic, false discovery rate and p-value for each gene for the comparison of
interest. All procedures were carried out using functions in the R package limma in
Bioconductor (45, 46). Duplicate probes sets for the same gene were eliminated from the
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final gene list.

Data was deposited in the NCBI Gene Expression Omnibus under

accession number GSE27784.
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Table S2.1. Differential gene expression induced by PP242 in NIH3T3 cells *
UP-REGULATED GENES
Name
Igh

RefSeq

Description
111507

Log2(PP242/Rapa)

immunoglobulin heavy chain complex

3.62

Atf3

NM_007498

activating transcription factor 3

2.14

Hist1h2bc

NM_023422

histone cluster 1, H2bc

2.00

Txnip

NM_023719

thioredoxin interacting protein

1.91

Acacb

NM_133904

acetyl-Coenzyme A carboxylase beta

1.90

Arhgef4

NM_183019

Rho guanine nucleotide exchange factor (GEF) 4

1.80

S100g

NM_009789

S100 calcium binding protein G

1.69

Tmem119

NM_146162

transmembrane protein 119

1.65

Hist3h2a

NM_178218

histone cluster 3, H2a

1.63

Dyrk4

NM_207210

dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 4

1.62

C1s

NM_144938

complement component 1, s subcomponent

1.59

Hist2h2bb

NM_175666

histone cluster 2, H2bb

1.56

Atp6v0e2

NM_133764

ATPase, H+ transporting, lysosomal V0 subunit E2

1.53

Zfp296

NM_022409

zinc finger protein 296

1.52

Tcp11l2

NM_146008

t-complex 11 (mouse) like 2

1.52

Serpinb1a

NM_025429

serine (or cysteine) peptidase inhibitor, clade B, member 1a

1.50

Adamts1

NM_009621

a disintegrin-like and metallopeptidase (reprolysin type) with
thrombospondin type 1 motif, 1

1.49

Pdlim2

NM_145978

PDZ and LIM domain 2

1.47

Ifrd1

NM_013562

interferon-related developmental regulator 1

1.47

Cabc1

NM_023341

chaperone, ABC1 activity of bc1 complex like (S. pombe)

1.43

Hist1h1c

NM_015786

histone cluster 1, H1c

1.38

Acad10

NM_028037

acyl-Coenzyme A dehydrogenase family, member 10

1.37

BC029214

NM_153557

cDNA sequence BC029214

1.32

Cul5

NM_001161618

cullin 5

1.31

C1r

NM_023143

complement component 1, r subcomponent

1.27
1.25

Bbs4

NM_175325

Bardet-Biedl syndrome 4 homolog (human)

Cstad

NM_030137

CSA-conditional, T cell activation-dependent protein

1.23

Bbc3

NM_133234

Bcl-2 binding component 3

1.23

Cpt1a

NM_013495

carnitine palmitoyltransferase 1a, liver

1.22

Klc4

NM_029091

kinesin light chain 4

1.21

Stoml1

NM_026942

stomatin-like 1

1.19

Centg1

NM_001033263

centaurin, gamma 1

1.19

Svep1

NM_022814

sushi, von Willebrand factor type A, EGF and pentraxin domain
containing 1

1.17

Prickle1

NM_001033217

prickle like 1 (Drosophila)

1.16

Peli3

NM_172835

pellino 3

1.13

Arrdc2

NM_027560

arrestin domain containing 2

1.13

Vwa5a

NM_172767

loss of heterozygosity, 11, chromosomal region 2, gene A homolog
(human)

1.10

Akap8l

NM_017476

A kinase (PRKA) anchor protein 8-like

1.09

Rasa4

NM_133914

RAS p21 protein activator 4

1.08

Prss36

NM_001081374

protease, serine, 36

1.08
1.07

Nub1

NM_016736

negative regulator of ubiquitin-like proteins 1

Wdr19

NM_153391

WD repeat domain 19

1.06

Poli

NM_011972

polymerase (DNA directed), iota

1.05

Zfp784

NM_001039532

zinc finger protein 784

1.05
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Sirt3

NM_022433

sirtuin 3 (silent mating type information regulation 2, homolog) 3 (S.
cerevisiae)

1.04

Tmem176b

NM_023056

transmembrane protein 176B

1.04

Ift81

NM_009879

intraflagellar transport 81 homolog (Chlamydomonas)

1.04

Cyp26b1

NM_175475

cytochrome P450, family 26, subfamily b, polypeptide 1

1.04

Ndufa6

NM_025987

NADH dehydrogenase (ubiquinone) 1 alpha subcomplex, 6 (B14)

1.03
0.98

Mapk1ip1

NM_027115

mitogen activated protein kinase 1 interacting protein 1

Nisch

NM_022656

nischarin

0.97

Noxo1

NM_027988

NADPH oxidase organizer 1

0.97

Rev3l

NM_011264

REV3-like, catalytic subunit of DNA polymerase zeta RAD54 like (S.
cerevisiae)

0.96

Tgfb1i1

NM_009365

transforming growth factor beta 1 induced transcript 1

0.95

Il17rc

NM_134159

interleukin 17 receptor C

0.95

Rassf1

NM_019713

Ras association (RalGDS/AF-6) domain family 1

0.95

Pisd

NM_177298

phosphatidylserine decarboxylase

0.94

Phf1

NM_009343

PHD finger protein 1

0.94

Bphl

NM_026512

biphenyl hydrolase-like (serine hydrolase, breast epithelial mucinassociated antigen)

0.94

Ddefl1

NM_001008232

development and differentiation enhancing factor-like 1

0.94

Tmem175

NM_028223

transmembrane protein 175

0.93

Zfp358

NM_080461

zinc finger protein 358

0.92

Rnf114

NM_030743

ring finger protein 114

0.92

Pla2g4b

NM_145378

phospholipase A2, group IVB (cytosolic)

0.91
0.90

March9

NM_001033262

membrane-associated ring finger (C3HC4) 9

Ccl27

NM_011336

chemokine (C-C motif) ligand 27

0.90

Sh3px3

NM_175483

SH3 and PX domain containing 3

0.89

Cdc42ep2

NM_026772

CDC42 effector protein (Rho GTPase binding) 2

0.89

Wdr21

NM_030246

WD repeat domain 21

0.88

Rras

NM_009101

Harvey rat sarcoma oncogene, subgroup R

0.88

Smg6

NM_001002764

Smg-6 homolog, nonsense mediated mRNA decay factor (C. elegans)

0.88

Srr

NM_013761

serine racemase

0.87
0.87

Unc119

NM_011676

unc-119 homolog (C. elegans)

Hyi

NM_026601

hydroxypyruvate isomerase homolog (E. coli)

0.87

Zfand1

NM_025512

zinc finger, AN1-type domain 1

0.87

Os9

NM_177614

amplified in osteosarcoma

0.85

Xpa

NM_011728

xeroderma pigmentosum, complementation group A

0.85

Tspyl4

NM_030203

TSPY-like 4

0.84

Nit1

NM_012049

nitrilase 1

0.84

Usp3

NM_144937

ubiquitin specific peptidase 3

0.84

Mta3

NM_054082

metastasis associated 3

0.84

Fbxl20

NM_028149

F-box and leucine-rich repeat protein 20

0.84

Sbds

NM_023248

Shwachman-Bodian-Diamond syndrome homolog (human)

0.84

D10Ertd610e

NM_028027

DNA segment, Chr 10, ERATO Doi 610, expressed

0.82

Ddah2

NM_016765

dimethylarginine dimethylaminohydrolase 2

0.81

Dedd2

NM_207677

death effector domain-containing DNA binding protein 2

0.81

Acadm

NM_007382

acyl-Coenzyme A dehydrogenase, medium chain

0.80

Mxra8

NM_024263

matrix-remodelling associated 8

0.80

Nktr

NM_010918

natural killer tumor recognition sequence

0.80

Bckdha

NM_007533

branched chain ketoacid dehydrogenase E1, alpha polypeptide

0.79

Parp6

NM_029922

poly (ADP-ribose) polymerase family, member 6

0.78

EG434402

NM_001004191

predicted gene, EG434402

0.78
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Prpf6

NM_133701

PRP6 pre-mRNA splicing factor 6 homolog (yeast)

0.78

Fchsd1

NM_175684

FCH and double SH3 domains 1

0.77

Fahd1

NM_023480

fumarylacetoacetate hydrolase domain containing 1

0.77

Nedd9

NM_017464

neural precursor cell expressed, developmentally down-regulated
gene 9

0.76

Surf1

NM_013677

surfeit gene 1

0.76

Cirbp

NM_007705

cold inducible RNA binding protein

0.75

Rnf31

NM_194346

ring finger protein 31

0.74

Myst1

NM_026370

MYST histone acetyltransferase 1

0.74

Ssbp2

NM_024186

single-stranded DNA binding protein 2

0.73

Zfp688

NM_026999

zinc finger protein 688

0.71

C76566

NM_178879

expressed sequence C76566

0.71

Fnbp1

NM_001038700

formin binding protein 1

0.70

Pigp

NM_019543

phosphatidylinositol glycan anchor biosynthesis, class P

0.70

Pex16

NM_145122

peroxisome biogenesis factor 16

0.69

Tspan17

NM_028841

tetraspanin 17

0.69

Coq9

NM_026452

coenzyme Q9 homolog (yeast)

0.68

Hbp1

NM_153198

high mobility group box transcription factor 1

0.67

Cog4

NM_133973

component of oligomeric golgi complex 4

0.67
0.67

Fes

NM_010194

feline sarcoma oncogene

Timp3

NM_011595

tissue inhibitor of metalloproteinase 3

0.66

Ccdc53

NM_026070

coiled-coil domain containing 53

0.65

Mkrn1

NM_018810

makorin, ring finger protein, 1

0.65

Fxr1h

NM_008053

fragile X mental retardation gene 1, autosomal homolog

0.65

Nit2

NM_023175

nitrilase family, member 2

0.64

Mpnd

NM_026530

MPN domain containing

0.64

Nfx1

NM_023739

nuclear transcription factor, X-box binding 1

0.62

Fbxo7

NM_153195

F-box protein 7

0.62

Rabac1

NM_010261

Rab acceptor 1 (prenylated)

0.61

DOWN-REGULATED GENES
Name

RefSeq

Description

Egr1

NM_007913

early growth response 1

Log2(PP242/Rapa)
-2.69

Egr2

NM_010118

early growth response 2

-2.42

Sgol2

NM_199007

shugoshin-like 2 (S. pombe)

-2.38

Top2a

NM_011623

topoisomerase (DNA) II alpha

-2.28

Id1

NM_010495

inhibitor of DNA binding 1

-2.25

Smc2

NM_008017

structural maintenance of chromosomes 2

-2.24

Cxcl5

NM_009141

chemokine (C-X-C motif) ligand 5

-2.21

Grem2

NM_011825

gremlin 2 homolog, cysteine knot superfamily (Xenopus laevis)

-2.11

Ccnb1

NM_172301

cyclin B1

-2.10

Troap

NM_001162506

trophinin associated protein

-2.09

Ncapg

NM_019438

non-SMC condensin I complex, subunit G

-2.09

Cdca2

NM_175384

cell division cycle associated 2

-2.09

Mthfd2

NM_008638

NAD+ dependent methylenetetrahydrofolate
dehydrogenase/cyclohydrolase

-2.08

Aurkb

NM_011496

aurora kinase B

-2.07

Asf1b

NM_024184

ASF1 anti-silencing function 1 homolog B (S. cerevisiae)

-2.04

Nr4a1

NM_010444

nuclear receptor subfamily 4, group A, member 1

-2.04

E2f2

NM_177733

E2F transcription factor 2

-2.00
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Aurka

NM_011497

aurora kinase A

-1.93

Ccnf

NM_007634

cyclin F

-1.91

Tk1

NM_009387

thymidine kinase 1

-1.89

Cdc6

NM_011799

cell division cycle 6 homolog (S. cerevisiae)

-1.87

Kpna2

NM_010655

karyopherin (importin) alpha 2

-1.86

Mxd3

NM_016662

Max dimerization protein 3

-1.85

Fosl1

NM_010235

fos-like antigen 1

-1.84

Casc5

NM_029617

cancer susceptibility candidate 5

-1.84

Tnfaip8l1

NM_025566

tumor necrosis factor, alpha-induced protein 8-like 1

-1.81

Kif14

NM_001081258

kinesin family member 14

-1.81

Ung

NM_011677

uracil DNA glycosylase

-1.81

Exo1

NM_012012

exonuclease 1

-1.80

Gja1

NM_010288

gap junction membrane channel protein alpha 1

-1.79

Depdc1b

NM_178683

DEP domain containing 1B

-1.78

Gins1

NM_001163476

GINS complex subunit 1 (Psf1 homolog)

-1.78

Ppil5

NM_001081406

peptidylprolyl isomerase (cyclophilin) like 5

-1.76

Slfn10

NM_181542

schlafen 10

-1.76

Hist1h1b

NM_020034

histone cluster 1, H1b

-1.75

Ncaph

NM_144818

non-SMC condensin I complex, subunit H

-1.73

Plk4

NM_011495

polo-like kinase 4 (Drosophila)

-1.72

Anln

NM_028390

anillin, actin binding protein (scraps homolog, Drosophila)

-1.71

Bub1b

NM_009773

budding uninhibited by benzimidazoles 1 homolog, beta (S.
cerevisiae)

-1.70

Plk1

NM_011121

polo-like kinase 1 (Drosophila)

-1.70

Kif11

NM_010615

kinesin family member 11

-1.69

Brip1

NM_178309

BRCA1 interacting protein C-terminal helicase 1

-1.69

Melk

NM_010790

maternal embryonic leucine zipper kinase

-1.68

Cenpl

NM_027429

centromere protein L

-1.67

Rad18

NM_021385

RAD18 homolog (S. cerevisiae)

-1.66

Cenpa

NM_007681

centromere protein A

-1.66

Kif23

NM_024245

kinesin family member 23

-1.66

Ube2c

NM_026785

ubiquitin-conjugating enzyme E2C

-1.65

Nudt6

NM_153561

nudix (nucleoside diphosphate linked moiety X)-type motif 6

-1.64

Trip13

NM_027182

thyroid hormone receptor interactor 13

-1.64

Cdca8

NM_026560

cell division cycle associated 8

-1.64

Nusap1

NM_133851

nucleolar and spindle associated protein 1

-1.63

Cdc2a

NM_007659

cell division cycle 2 homolog A (S. pombe)

-1.63

Birc5

NM_009689

baculoviral IAP repeat-containing 5

-1.62

Pbk

NM_023209

PDZ binding kinase

-1.62

Prkg2

NM_008926

protein kinase, cGMP-dependent, type II

-1.62

Uhrf1

NM_010931

ubiquitin-like, containing PHD and RING finger domains, 1

-1.61

Mphosph1

NM_183046

M-phase phosphoprotein 1

-1.60

Wdhd1

NM_172598

WD repeat and HMG-box DNA binding protein 1

-1.60

Prc1

NM_145150

protein regulator of cytokinesis 1

-1.59

Fen1

NM_007999

flap structure specific endonuclease 1

-1.59

Espl1

NM_001014976

extra spindle poles-like 1 (S. cerevisiae)

-1.57

Hist1h2ai

NM_178182

histone cluster 1, H2ai

-1.56

C79407

NM_172578

expressed sequence C79407

-1.55

Ercc6l

NM_146235

excision repair cross-complementing rodent repair deficiency
complementation group 6 - like

-1.55

Bub1

NM_009772

budding uninhibited by benzimidazoles 1 homolog (S. cerevisiae)

-1.55
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Blm

NM_007550

Bloom syndrome homolog (human)

-1.54

Cdc20

NM_023223

cell division cycle 20 homolog (S. cerevisiae)

-1.54

Lars

NM_134137

leucyl-tRNA synthetase

-1.54

Spag5

NM_017407

sperm associated antigen 5

-1.53

Kif15

NM_010620

kinesin family member 15

-1.53

Fignl1

NM_021891

fidgetin-like 1

-1.53

Kif2c

NM_134471

kinesin family member 2C

-1.53

Ccne1

NM_007633

cyclin E1

-1.52

Fancb

NM_175027

Fanconi anemia, complementation group B

-1.52

Tacc3

NM_001040435

transforming, acidic coiled-coil containing protein 3

-1.52

Cenpf

NM_001081363

centromere protein F

-1.52

Id2

NM_010496

inhibitor of DNA binding 2

-1.51

Nuf2

NM_023284

NUF2, NDC80 kinetochore complex component, homolog (S.
cerevisiae)

-1.51

Cdca5

NM_026410

cell division cycle associated 5

-1.51

Slfn9

NM_172796

schlafen 9

-1.51

Ccna2

NM_009828

cyclin A2

-1.51

Kif20a

NM_009004

kinesin family member 20A

-1.51

Xrcc2

NM_020570

X-ray repair complementing defective repair in Chinese hamster cells
2

-1.50

Hmmr

NM_013552

hyaluronan mediated motility receptor (RHAMM)

-1.50

Cenpq

NM_031863

centromere protein Q

-1.50

Id3

NM_008321

inhibitor of DNA binding 3

-1.50

Shcbp1

NM_011369

Shc SH2-domain binding protein 1

-1.49

Incenp

NM_016692

inner centromere protein

-1.49

Depdc1a

NM_029523

DEP domain containing 1a

-1.48

Ccdc99

NM_027411

coiled-coil domain containing 99

-1.47

Pole2

NM_011133

polymerase (DNA directed), epsilon 2 (p59 subunit)

-1.47

Gsg2

NM_010353

germ cell-specific gene 2

-1.47

Stil

NM_009185

Scl/Tal1 interrupting locus

-1.47

Hist1h2ak

NM_178183

histone cluster 1, H2ak

-1.47

Cdc25b

NM_023117

cell division cycle 25 homolog B (S. pombe)

-1.46

BC030867

NM_153544

cDNA sequence BC030867

-1.46

Tmem97

NM_133706

transmembrane protein 97

-1.46

Cenpe

NM_173762

centromere protein E

-1.45

Nek2

NM_010892

NIMA (never in mitosis gene a)-related expressed kinase 2

-1.45

Cdc25c

NM_009860

cell division cycle 25 homolog C (S. pombe)

-1.44
-1.44

Gjb3

NM_008126

gap junction membrane channel protein beta 3

Mfsd2

NM_029662

major facilitator superfamily domain containing 2

-1.43

Ncapg2

NM_133762

non-SMC condensin II complex, subunit G2

-1.42

Chek1

NM_007691

checkpoint kinase 1 homolog (S. pombe)

-1.42

Aspm

NM_009791

asp (abnormal spindle)-like, microcephaly associated (Drosophila)

-1.42

Rad54l

NM_009015

RAD54 like (S. cerevisiae)

-1.42

Rbl1

NM_011249

retinoblastoma-like 1 (p107)

-1.41

Spc24

NM_026282

SPC24, NDC80 kinetochore complex component, homolog (S.
cerevisiae)

-1.41

Mcm10

NM_027290

minichromosome maintenance deficient 10 (S. cerevisiae)

-1.40

Hist1h2af

NM_175661

histone cluster 1, H2af

-1.40

Rad51ap1

NM_009013

RAD51 associated protein 1

-1.40

Fancm

NM_178912

Fanconi anemia, complementation group M

-1.40

Fanca

NM_016925

Fanconi anemia, complementation group A

-1.39
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Tyms-ps

NR_000040

thymidylate synthase, pseudogene

-1.39

Dbf4

NM_013726

DBF4 homolog (S. cerevisiae)

-1.38

Dna2l

NM_177372

DNA2 DNA replication helicase 2-like (yeast)

-1.38

Mybl2

NM_008652

myeloblastosis oncogene-like 2

-1.37

Lsm6

NM_030145

LSM6 homolog, U6 small nuclear RNA associated (S. cerevisiae)

-1.36

Cenph

NM_021886

centromere protein H

-1.36

Thex1

NM_026067

three prime histone mRNA exonuclease 1

-1.36

Apitd1

NM_027263

apoptosis-inducing, TAF9-like domain 1

-1.36

Rad51

NM_011234

RAD51 homolog (S. cerevisiae)

-1.36

Cep55

NM_028760

centrosomal protein 55

-1.36

Spc25

NM_025565

SPC25, NDC80 kinetochore complex component, homolog (S.
cerevisiae)

-1.36

Ccnb2

NM_007630

cyclin B2

-1.36

Kif4

NM_008446

kinesin family member 4

-1.35

Mad2l1

NM_019499

MAD2 (mitotic arrest deficient, homolog)-like 1 (yeast)

-1.35

Cks1b

NM_016904

CDC28 protein kinase 1b

-1.35

Kif22

NM_145588

kinesin family member 22

-1.35

Foxm1

NM_008021

forkhead box M1

-1.34

Tubb2c

NM_146116

tubulin, beta 2c

-1.34

Ckap2l

NM_181589

cytoskeleton associated protein 2-like

-1.34

Diap3

NM_019670

diaphanous homolog 3 (Drosophila)

-1.33
-1.33

Gas2l3

NM_001079876

growth arrest-specific 2 like 3

D2Ertd750e

NM_026412

DNA segment, Chr 2, ERATO Doi 750, expressed

-1.32

Orc1l

NM_011015

origin recognition complex, subunit 1-like (S.cereviaiae)

-1.32

Rfc5

NM_028128

replication factor C (activator 1) 5

-1.32

Suv39h2

NM_022724

suppressor of variegation 3-9 homolog 2 (Drosophila)

-1.32

Tyms

NM_021288

thymidylate synthase

-1.32

H2afx

NM_010436

H2A histone family, member X

-1.32

Ckap2

NM_001004140

cytoskeleton associated protein 2

-1.31

Stmn1

NM_019641

stathmin 1

-1.31
-1.31

Srd5a1

NM_175283

steroid 5 alpha-reductase 1

Kifc1

NM_053173

kinesin family member C1

-1.30

Polh

NM_030715

polymerase (DNA directed), eta (RAD 30 related)

-1.30

Rpa2

NM_011284

replication protein A2

-1.30

Gtse1

NM_013882

G two S phase expressed protein 1

-1.30

Foxc2

NM_013519

forkhead box C2

-1.30

Brca1

NM_009764

breast cancer 1

-1.30

Tcf19

NM_025674

transcription factor 19

-1.30

Chaf1a

NM_013733

chromatin assembly factor 1, subunit A (p150)

-1.29

Topbp1

NM_176979

topoisomerase (DNA) II beta binding protein

-1.29

Cdca3

NM_013538

cell division cycle associated 3

-1.29

Mki67

NM_001081117

antigen identified by monoclonal antibody Ki 67

-1.28

Tmem48

NM_028355

transmembrane protein 48

-1.28

Racgap1

NM_012025

Rac GTPase-activating protein 1

-1.28

Dtl

NM_029766

denticleless homolog (Drosophila)

-1.27

Cks2

NM_025415

CDC28 protein kinase regulatory subunit 2

-1.27

Nde1

NM_023317

nuclear distribution gene E homolog 1 (A nidulans)

-1.27

Bcat1

NM_001024468

branched chain aminotransferase 1, cytosolic

-1.27

Atad5

NM_001029856

ATPase family, AAA domain containing 5

-1.26

Pdss1

NM_019501

prenyl (solanesyl) diphosphate synthase, subunit 1

-1.26
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Rrm2

NM_009104

ribonucleotide reductase M2

-1.25

Gemin6

NM_026053

gem (nuclear organelle) associated protein 6

-1.25

Mcm3

NM_008563

minichromosome maintenance deficient 3 (S. cerevisiae)

-1.25

Tinf2

NM_145705

Terf1 (TRF1)-interacting nuclear factor 2

-1.25

Anubl1

NM_001081317

AN1, ubiquitin-like, homolog (Xenopus laevis)

-1.25

Nolc1

NM_053086

nucleolar and coiled-body phosphoprotein 1

-1.24

Cdc45l

NM_009862

cell division cycle 45 homolog (S. cerevisiae)-like

-1.24

E2f7

NM_178609

E2F transcription factor 7

-1.24

Nup93

NM_172410

nucleoporin 93

-1.24

Rangap1

NM_011241

RAN GTPase activating protein 1

-1.24

Ddx11

NM_001003919

DEAD/H (Asp-Glu-Ala-Asp/His) box polypeptide 11 (CHL1-like
helicase homolog, S. cerevisiae)

-1.24

Cdca4

NM_028023

cell division cycle associated 4

-1.24

Pkmyt1

NM_023058

protein kinase, membrane associated tyrosine/threonine 1

-1.24

Recql4

NM_058214

RecQ protein-like 4

-1.24

Dhfr

NM_010049

dihydrofolate reductase

-1.24

Slc25a10

NM_013770

solute carrier family 25 (mitochondrial carrier, dicarboxylate
transporter), member 10

-1.23

Dck

NM_007832

deoxycytidine kinase

-1.22

Nxt1

NM_019761

NTF2-related export protein 1

-1.22

H2afz

NM_016750

H2A histone family, member Z

-1.22

Mtbp

NM_134092

Mdm2, transformed 3T3 cell double minute p53 binding protein

-1.22

Fanci
D17H6S56E5

NM_145946

Fanconi anemia, complementation group I

-1.21

NM_033075

DNA segment, Chr 17, human D6S56E 5

-1.21

Kntc1

NM_001042421

kinetochore associated 1

-1.21

Mcm8

NM_025676

minichromosome maintenance deficient 8 (S. cerevisiae)

-1.21

Cstf3

NM_001037326

cleavage stimulation factor, 3' pre-RNA, subunit 3

-1.19

Alcam

NM_009655

activated leukocyte cell adhesion molecule

-1.19

Clspn

NM_175554

claspin homolog (Xenopus laevis)

-1.18

Iqgap3

NM_001033484

IQ motif containing GTPase activating protein 3

-1.18

Pttg1

NM_013917

pituitary tumor-transforming 1

-1.18

Cenpm

NM_178269

centromere protein M

-1.18

Gmnn

NM_020567

geminin

-1.18

Hist3h2a

NM_178218

histone cluster 3, H2a

-1.17

Pola1

NM_008892

polymerase (DNA directed), alpha 1

-1.17

Ppih

NM_028677

peptidyl prolyl isomerase H

-1.17

Anp32e

NM_023210

acidic (leucine-rich) nuclear phosphoprotein 32 family, member E

-1.17

Ncapd3

NM_178113

non-SMC condensin II complex, subunit D3

-1.16

Shmt1

NM_009171

serine hydroxymethyltransferase 1 (soluble)

-1.16

BC055324

NM_201364

cDNA sequence BC055324

-1.16

Hbegf

NM_010415

heparin-binding EGF-like growth factor

-1.15

Cenpk

NM_021790

centromere protein K

-1.15

Arhgap11a

NM_181416

Rho GTPase activating protein 11A

-1.15

Ncaph2

NM_025795

non-SMC condensin II complex, subunit H2

-1.15

Tpx2

NM_028109

TPX2, microtubule-associated protein homolog (Xenopus laevis)

-1.15

Hn1l

NM_198937

hematological and neurological expressed 1-like

-1.15
-1.15

Vrk1

NM_011705

vaccinia related kinase 1

Ankrd41

NM_172756

ankyrin repeat domain 41

-1.14

Rgs16

NM_011267

regulator of G-protein signaling 16

-1.14

Ncapd2

NM_146171

non-SMC condensin I complex, subunit D2

-1.14
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Adipor1

NM_028320

adiponectin receptor 1

-1.14

Lsm3

NM_026309

LSM3 homolog, U6 small nuclear RNA associated (S. cerevisiae)

-1.14

Ccnd1

NM_007631

cyclin D1

-1.14

Suv39h1

NM_011514

suppressor of variegation 3-9 homolog 1 (Drosophila)

-1.13
-1.12

Tipin

NM_025372

timeless interacting protein

Wdr90

NM_001163766

WD repeat domain 90

-1.12

Ube2t

NM_026024

ubiquitin-conjugating enzyme E2T (putative)

-1.11

Lsm2

NM_030597

LSM2 homolog, U6 small nuclear RNA associated (S. cerevisiae)

-1.10

Sgol1

NM_028232

shugoshin-like 1 (S. pombe)

-1.10

Nsl1

NM_198654

NSL1, MIND kinetochore complex component, homolog (S.
cerevisiae)

-1.09

Gins3

NM_030198

GINS complex subunit 3 (Psf3 homolog)

-1.09

Higd1a

NM_019814

HIG1 domain family, member 1A

-1.09

Dtymk

NM_023136

deoxythymidylate kinase

-1.09

Esco2

NM_028039

establishment of cohesion 1 homolog 2 (S. cerevisiae)

-1.08

Prim2

NM_008922

DNA primase, p58 subunit

-1.08

Rfc3

NM_027009

replication factor C (activator 1) 3

-1.08

Exosc8

NM_027148

exosome component 8

-1.07

Ppil1

NM_026845

peptidylprolyl isomerase (cyclophilin)-like 1

-1.07

Whsc1

NM_001081102

Wolf-Hirschhorn syndrome candidate 1 (human)

-1.07

Cbx5

NM_007626

chromobox homolog 5 (Drosophila HP1a)

-1.06

Rnaseh2b

NM_026001

ribonuclease H2, subunit B

-1.06

Hat1

NM_026115

histone aminotransferase 1

-1.06

Nup43

NM_145706

nucleoporin 43

-1.06

Rrm1

NM_009103

ribonucleotide reductase M1

-1.05

BC023882

NM_146159

cDNA sequence BC023882

-1.05

Mad1l1

NM_010752

mitotic arrest deficient 1-like 1

-1.04

Dnajc9

NM_134081

DnaJ (Hsp40) homolog, subfamily C, member 9

-1.04

Zwilch

NM_026507

Zwilch, kinetochore associated, homolog (Drosophila)

-1.03

Ripk3

NM_019955

receptor-interacting serine-threonine kinase 3

-1.03
-1.02

Pola2

NM_008893

polymerase (DNA directed), alpha 2

Donson

NM_021720

downstream neighbor of SON

-1.02

Apln

NM_013912

apelin

-1.02

Ttk

NM_009445

Ttk protein kinase

-1.02

Lig1

NM_010715

ligase I, DNA, ATP-dependent

-1.02

Cse1l

NM_023565

chromosome segregation 1-like (S. cerevisiae)

-1.02

Siah1b

NM_009173

seven in absentia 1B

-1.01

Rbmx

NM_011252

RNA binding motif protein, X chromosome

-1.01

Hmgb1

NM_010439

high mobility group box 1

-1.01

Sdf2l1

NM_022324

stromal cell-derived factor 2-like 1

-1.00

Wdr51a

NM_027354

WD repeat domain 51A

-0.99

Lsm5

NM_025520

LSM5 homolog, U6 small nuclear RNA associated (S. cerevisiae)

-0.99

Ppat

NM_172146

phosphoribosyl pyrophosphate amidotransferase

-0.99

Pmf1

NM_025928

polyamine-modulated factor 1

-0.99

Nup85

NM_001002929

nucleoporin 85

-0.98

Mlf1

NM_010801

myeloid leukemia factor 1

-0.98

Tube1

NM_028006

epsilon-tubulin 1

-0.97

Nav3

NM_001081035

neuron navigator 3

-0.97

Pole

NM_011132

polymerase (DNA directed), epsilon

-0.97

Homer1

NM_011982

homer homolog 1 (Drosophila)

-0.97
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Aaas

NM_153416

achalasia, adrenocortical insufficiency, alacrimia

-0.97

Sac3d1

NM_133678

SAC3 domain containing 1

-0.97

Ak3l1

NM_009647

adenylate kinase 3 alpha-like 1

-0.97

Ube2s

NM_133777

ubiquitin-conjugating enzyme E2S

-0.96

Ldha

NM_010699

lactate dehydrogenase A

-0.96

Rbmx2

NM_173376

RNA binding motif protein, X-linked 2

-0.96

Znhit3

NM_001005223

zinc finger, HIT type 3

-0.94

Ivns1abp

NM_054102

influenza virus NS1A binding protein

-0.94

Fancd2

NM_001033244

Fanconi anemia, complementation group D2

-0.94

Umps

NM_009471

uridine monophosphate synthetase

-0.94

Pcna

NM_011045

proliferating cell nuclear antigen

-0.94

Pdia6

NM_027959

protein disulfide isomerase associated 6

-0.93
-0.93

Nup35

NM_027091

nucleoporin 35

Rad1

NM_011232

RAD1 homolog (S. pombe)

-0.92

Piga

NM_011081

phosphatidylinositol glycan anchor biosynthesis, class A

-0.92

Tmcc3

NM_172051

transmembrane and coiled coil domains 3

-0.91

Usp1

NM_146144

ubiquitin specific peptdiase 1

-0.91

Rtel1

NM_001001882

regulator of telomere elongation helicase 1

-0.90

Mastl

NM_025979

microtubule associated serine/threonine kinase-like

-0.90

Trim59

NM_025863

tripartite motif-containing 59

-0.89

Mis12

NM_025993

MIS12 homolog (yeast)

-0.89

Hirip3

NM_172746

HIRA interacting protein 3

-0.89

Nans

NM_053179

N-acetylneuraminic acid synthase (sialic acid synthase)

-0.89

Lrrc8c

NM_133897

leucine rich repeat containing 8 family, member C

-0.89

Neil3

NM_146208

nei like 3 (E. coli)

-0.89

Recql

NM_023042

RecQ protein-like

-0.86

Tubg1

NM_134024

tubulin, gamma 1

-0.86

Rfc2

NM_020022

replication factor C (activator 1) 2

-0.86

Etaa1

NM_026576

Ewing's tumor-associated antigen 1

-0.85

Atad2

NM_027435

ATPase family, AAA domain containing 2

-0.85

Pms2

NM_008886

postmeiotic segregation increased 2 (S. cerevisiae)

-0.85

Nup37

NM_028334

nucleoporin 37

-0.84

Anxa8

NM_013473

annexin A8

-0.84

Nola2

NM_026631

nucleolar protein family A, member 2

-0.84

Ankrd32

NM_134071

ankyrin repeat domain 32

-0.82

Lrrc40

NM_024194

leucine rich repeat containing 40

-0.82

Pfkfb1

NM_008824

6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 1

-0.81

Rpp30

NM_019428

ribonuclease P/MRP 30 subunit (human)

-0.81

Nup133

NM_172288

nucleoporin 133

-0.81

Lbr

NM_133815

lamin B receptor

-0.80

Eif1ay

NM_025437

eukaryotic translation initiation factor 1A, Y-linked

-0.80

Nfatc2ip

NM_010900

nuclear factor of activated T-cells, cytoplasmic, calcineurin-dependent
2 interacting protein

-0.79

Exod1

NM_027698

exonuclease domain containing 1

-0.78

Pa2g4

NM_011119

proliferation-associated 2G4

-0.78

Prim1

NM_008921

DNA primase, p49 subunit

-0.78

Pole3

NM_021498

polymerase (DNA directed), epsilon 3 (p17 subunit)

-0.77

Tmem194

NM_001113211

transmembrane protein 194

-0.77

Hist1h2ao

NM_001177544

histone cluster 1, H2ao

-0.76

Hist1h2aa

NM_175658

histone cluster 1, H2aa

-0.75
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Ssr1

NM_025965

signal sequence receptor, alpha

-0.74

Cdc7

NM_009863

cell division cycle 7 (S. cerevisiae)

-0.74

Snrpa1

NM_021336

small nuclear ribonucleoprotein polypeptide A'

-0.74

G3bp1

NM_013716.2

Ras-GTPase-activating protein SH3-domain binding protein

-0.73

Polr2l

NM_025593

polymerase (RNA) II (DNA directed) polypeptide L

-0.72

H2afj

NM_177688

H2A histone family, member J

-0.71

Msh6

NM_010830

mutS homolog 6 (E. coli)

-0.70

Ranbp1

NM_011239

RAN binding protein 1

-0.70

Nat13

NM_028108

N-acetyltransferase 13

-0.69

Sae1

NM_019748

SUMO1 activating enzyme subunit 1

-0.69

Rab23

NM_001159729

RAB23, member RAS oncogene family

-0.68

Mlstd2

NM_026143

male sterility domain containing 2

-0.68

Zfp472

NM_153063

zinc finger protein 472

-0.68

Bpgm

NM_007563

2,3-bisphosphoglycerate mutase

-0.67

Lsm8

NM_133939

LSM8 homolog, U6 small nuclear RNA associated (S. cerevisiae)

-0.67

Cab39l

NM_026908

calcium binding protein 39-like

-0.66

Cenpo

NM_134046

centromere protein O

-0.66

Xpo1

NM_134014

exportin 1, CRM1 homolog (yeast)

-0.66

Nup155

NM_133227

nucleoporin 155

-0.65

Mars

NM_001003913

methionine-tRNA synthetase

-0.65

Tmem109

NM_134142

transmembrane protein 109

-0.65

Xpot

NM_001081056

exportin, tRNA (nuclear export receptor for tRNAs)

-0.64

Phlda1

NM_009344

pleckstrin homology-like domain, family A, member 1

-0.59

*A statistical cutoff of FDR < 0.005 was used for this analysis.
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Table S2.2. Primers used for qPCR analysis.
Mouse gene
SREBP2
HMGCR
DHCR24
LSS
ACTIN
RPS16
TXNIP
RPL3
RPL17

Forward primer
GGATCCTCCCAAAGAAGGAG
CGTAACCCAAAGGGTCAAGA
CACTCAGCTGCTATGGGACA
GTCAGGGAGACCCTCAATCA
TGTTACCAACTGGGACGACA
TGAAGCCTCCAAGAAGGAGA
GGAGCCTGGGTGACATTCTA
TCATTGACACCACCTCCAAA
TAAGAACACCCGGGAAACTG

Reverse primer
TTCCTCAGAACGCCAGACTT
GACCCAAGGAAACCTTAGCC
TTCAGCAACAGCCAATTCAG
CAGCCCCATCTTGGTAGGTA
GGGGTGTTGAAGGTCTCAAA
ACAAAGGTAAACCCCGATCC
TGCACAGTTCTCAGGTGGAG
GCACAAAGTGGTCCTGGAAT
GCACCTACCAACTCCACCAT

Human gene
SREBP2
HMGCR
DHCR24
LSS
SQLE
RPL3

Forward primer
GACATCATCTGTCGGTGGTG
CTATGCTGGTCAGAAATAAC
ACTCATTAGCTGTGTGACTC
TCCCGGACTATCTCTGGATG
GTCTCCGGAAAGCAGCTATG
CCGCACTGAGATCAACAAGA

Reverse primer
GGGCTCTCTGTCACTTCCAG
AGTAAGGAGGAGTTACCAAC
CAACAAGAGCTACCACTTAC
ACCTGTGAGAGCCTCAGGAA
AAAAGCCCATCTGCAACAAC
CAGCCTTTCAGCATGACAAA
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Chapter 3
Synthesis of N6-Substituted Nucleotide
Analogs for Kinase Substrate Identification

Abstract
Kinases function in signaling networks to regulate a broad range of cellular processes.
However, the complexity of these networks makes it difficult to accurately identify the
direct substrates of a given kinase in vivo. Previously, we developed an affinity labeling
scheme that allows genetically engineered analog-specific kinases to utilize bioorthogonal N6-modified nucleotide analogs to phosphorylate their substrates. Here we
synthesize a panel of N6-substituted nucleotides modeled after the naturally occurring
plant cytokinins and test the ability of JNK1 and Src kinases to use these analogs in in
vitro kinase assays. This method can be generally applied to any analog-specific kinase
to determine its nucleotide preferences for downstream substrate identification.
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Introduction
Kinases are key mediators of signal transduction, phosphorylating their substrates in a
rapid, reversible manner to relay information from the cell exterior to interior. By
responding to external cues, kinases help direct cellular processes including cell cycle
progression, metabolism, motility, differentiation, and apoptosis.

Because of their

ubiquitous role in cell growth and proliferation, kinases and their upstream regulators are
among the most frequently mutated in cancer (1). There are 518 kinases in mammals and
it is estimated that, on average, each kinase has 70 substrates (2, 3). Moreover, many
substrates have multiple phosphorylation sites that can be phosphorylated by different
kinases. Because of this, it is oftentimes difficult to deconvolute cell signaling networks
and to identify kinase-substrate pairs.
Most commonly, kinase function is studied by genetic knockout methods or by
pharmacological inhibition. The genetic approach offers exceptional target specificity,
however, because the generation of knockout models is a slow process, compensatory
mechanisms may arise during development. The advantage of pharmacology is the
temporal control over target inhibition, though there is the possibility of off-target effects.
Chemical genetics combines the advantages of both methods by genetic engineering of a
small Gly or Ala mutation at the gatekeeper position in a kinase active site, allowing it to
accept an orthogonal, bulky small molecule ligand. In the case of kinase-substrate pair
identification, this ligand may be an N6-substitutued ATPγS nucleotide analog such as
benzyl (bn) or phenethyl (phe) ATPγS. The engineered analog-specific (AS) kinase is
uniquely able to transfer the terminal thiophosphate moiety onto its substrates (4, 5).
Following

thiophosphorylation,

the

substrate
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may

be

alkylated

by

para-

nitrobenzylmesylate (PNBM), creating an epitope that is recognized by a thiophosphate
ester-specific antibody (5). This affinity labeling scheme allows us to identify the direct
substrates of an AS kinase.
Interestingly, N6-substitutued adenine and adenosine derivatives exist in plants.
These naturally occurring N6-substitutued adenine derivatives, or cytokinins, contain
isoprenoid, furfuryl, or aromatic functional groups in the N6 position (Table 3.1).
Cytokinins are plant hormones that are involved in various aspects of plant development,
although the exact mechanisms of action are not well understood (6). A family of plant
kinases called alanine protein kinases (APKs, also known as brassinosteroid signaling
kinases, BSKs (7)) have a naturally occurring Ala gatekeeper, yet these kinases have not
been linked to cytokinin biology thus far. The corresponding cytokinin ribosides, or N6substituted adenosine derivatives, display anti-proliferative activity in human cancer cell
lines, mouse melanoma models, and plant tumors (8).
Cytokinin ribosides are the nucleoside analogs of our rationally designed
bnATPγS and pheATPγS analogs.

In order to further explore the chemical space

surrounding the gatekeeper pocket, we decided to synthesize a panel of N6-substitutued
nucleotide analogs inspired by the naturally occurring cytokinins. Because each AS
kinase has different specificity requirements for an orthogonal ligand, this panel of
compounds may be used to screen for optimal kinase-nucleotide pairs.
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Cytokinin:
HN
N

R
N

N

N

Cytokinin riboside:
HN
N
N
HO

R
N

N

O
OH OH

Cytokinin
subtype
Isoprenoid

Name

R=

Isopentenyladenine
trans-Zeatin

OH

OH

cis-Zeatin
Dihydrozeatin
Furfuryl

Kinetin

Aromatic

Benzyladenine
Ortho-Topolin

OH
O

OH

OH

Meta-Topolin
OrthoMethoxytopolin

OCH3

MetaMethoxytopolin
Table 3.1. Structure of cytokinins and cytokinin ribosides (6).
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OCH3

Results
Synthesis of nucleotide analogs
We had previously synthesized bnATPγS and pheATPγS, and wanted to expand our
panel of N6-substituted nucleotides based on the naturally occurring cytokinins. We
synthesized the AMP, ADP, ATP, and ATPγS nucleotide analogs of kinetin. In addition
to synthesizing the topolin nucleotide analogs which contain hydroxy and methoxy
substituents at the ortho- and meta- positions, we also included the para- substituted
derivatives. The collection of currently available N6-substituted nucleotide analogs is
summarized in Table 3.2.

N6-substituted ATPγS:
HN
N

N

N

O
O
O
P
P
P
S -O -O -O
O
O
O

N

O
OH OH

N6-substituted AMP, ADP, ATP (n = 1, 2, 3 respectively):
HN
N
O
P
O -O
O
n

N
O
OH OH
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R

R
N

N

R=

AMP

ADP

ATP

ATPγS

√

√

benzyl
(bn)

-

phenethyl
(phe)

-

-

-

√

√

√

√

√

√

√

-

√

√

√

-

√

√

√

-

-

√

√

-

-

√

√

-

-

√

√

-

furfuryl
(ff)
2-OH
bn
3-OH
bn
4-OH
bn
2-OCH3
bn
3-OCH3
bn
4-OCH3
bn

O

√

OH

OH

OH

OCH3

OCH3

OCH3

Table 3.2. N6-substituted nucleotide analogs. Synthesized nucleotides are indicated by a
checkmark (√).

Identification of optimal kinase-nucleotide pairs
Using our new panel of N6-substituted nucleotide analogs, we investigated the nucleotide
preferences of AS kinases JNK1 and Src. We performed in vitro kinase reactions using
JNK1 and c-jun-GST substrate and using Src in an auto-phosphorylation reaction in the
presence of ATPγS, pheATPγS, or furfuryl (ff) ATPγS, then alkylated the reaction
products with PNBM. Immunoblot analysis using the 51-8 thiophosphate ester-specific
antibody showed that both AS JNK1 and AS Src are able to utilize all three nucleotides in
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Fig. 3.1 Analog-specific utilization of N6-substituted ATPγS by JNK1 and Src. (A)
JNK1 in vitro kinase reaction followed by PNBM alkylation and immunoblot analysis
with 51-8 antibody shows labeling of c-jun-GST substrate. (B) Src in vitro kinase
reaction followed by PNBM alkylation and immunoblot analysis with 51-8 antibody
shows labeling of Src by auto-phosphorylation. R=H, unsubstituted ATPγS.
the thiophosphorylation reaction, while the wild-type (WT) kinases only accept
unsubstituted ATPγS (Fig. 3.1A & 3.1B).
We also used the topolin-based ATP analogs in a standard in vitro kinase assay.
We examined JNK1 phosphorylation of c-jun-GST substrate and Src autophosphorylation across a panel of N6-substituted ATP analogs by phospho-specific
immunoblot analysis. Interestingly, JNK1 is unable to utilize 4-OH bn and 4-MeO bn
N6-substituted ATP but is able to utilize the rest of the analogs, with a preference for
ffATP and bnATP (Fig. 3.2A). The Src kinase reaction is less specific since the WT
kinase is able to use all of the nucleotide analogs to some extent, though ffATP seems to
be the most promising (Fig. 3.2B). As a negative control, no reaction is detected in the
absence of kinase and nucleotide (Fig. 3.2A and 3.2B). In general, the ffATPγS and
ffATP kinase assay results are consistent for both JNK1 and Src. Collectively, these data
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suggest that both JNK1 and Src prefer nucleotide analogs with either phenethyl or
furfuryl substituents in the N6 position.

Fig. 3.2 N6-substituted ATP analog preferences of JNK1 and Src. (A) JNK1 in vitro
kinase reaction followed by immunoblot analysis with phospho-c-jun antibody. (B) Src
in vitro kinase reaction followed by immunoblot analysis with phospho-tyrosine
antibody.

Discussion
We have described an affinity labeling scheme that allows genetically engineered AS
kinases to use N6-modified nucleotide analogs to phosphorylate their substrates.
However, kinases have different nucleotide analog preferences due to variations in their
ATP-binding pockets. We synthesized a panel of N6-substituted nucleotides based on the
naturally occurring cytokinin structures and tested the ability of two kinases, JNK1 and
Src, to utilize these compounds.
Our results indicate that AS JNK1 can utilize a broad range of nucleotide analogs,
with the exception of those with a para-substituted benzyl ring in the N6 position.
Interestingly, of the nucleotides tested, 4-OH bn ATP and 4-OCH3 bn ATP were the only
ones without a natural cytokinin counterpart. The AS Src model was less well-behaved
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since WT Src was able to use several of the N6-substituted ATP derivatives, however,
both pheATPγS and ffATPγS could be utilized specifically by AS Src. In general, these
ATP- and ATPγS-based kinase assays may be used for any engineered kinase to
determine its nucleotide preferences for downstream applications.

Materials and Methods
Reagents
ATPγS and all chemical reagents and were purchased from Sigma-Aldrich. Synthesis of
PNBM was previously described (9).

Expression of JNK1 and Src kinases was

previously described (9). c-jun-GST substrate was from Cell Signaling Technology and
GST-Src substrate was from Stratagene.

Synthesis of N6-substituted AMP, ADP, ATP
Starting with the amines with the appropriate N6 modification, N6-substituted-adenosines
were prepared as previously described for N6-benzyl-adenosine and N6-phenethyladenosine (9). Synthesis of the N6-substituted ADPs was also previously described (9)
and was accompanied by formation of the corresponding AMPs and ATPs.

The

nucleotide forms were separated by anion exchange chromatography, and relevant
fractions were pooled and lyophilized.

Synthesis of N6-substituted ATPγS
Synthesis of bnATPγS and pheATPγS was previously described (9). ffATPγS was
synthesized as described for ATPγS (10).
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In vitro kinase assays using N6-substituted ATPγS
For JNK1, 5 ng of WT or AS kinase was added to a 30 μl reaction containing 2 μg c-junGST substrate and 100 μM ATPγS in JNK1 kinase buffer (10 mM HEPES pH 7.4, 150
mM NaCl, 10 mM MgCl2). For Src, 500 ng of WT or AS kinase was added to a 30 μl
reaction containing 1 μg GST-Src substrate and 100 μM ATPγS in Src kinase buffer (25
mM HEPES pH 7.4, 5 mM MgCl2, 5 mM MnCl2). Kinase reactions were allowed to
proceed for 30 minutes at room temperature, then PNBM was added to a final
concentration of 2.5 mM and alkylation was allowed to proceed for 1.5 hours. Samples
were analyzed by immunoblotting with 51-8 antibody.

In vitro kinase assays using N6-substituted ATP
For JNK1, 5 ng of WT or AS kinase was added to a 30 μl reaction containing 0.5 μg cjun-GST substrate and 100 μM ATPγS in JNK1 kinase buffer.

For Src auto-

phosphorylation, 500 ng of WT or AS kinase was added to a 30 μl reaction containing
100 μM ATPγS in Src kinase buffer. Reactions were incubated for 30 minutes at room
temperature, then analyzed by immunoblotting using phospho-specific antibodies.

Immunoblotting
51-8 antibody was produced in collaboration with Epitomics, Inc. Anti-phospho-c-jun
and anti-phospho-tyrosine antibodies were purchased from Cell Signaling Technology.
Kinase reaction products were resolved by SDS-PAGE, transferred to nitrocellulose and
immunoblotted.
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Chapter 4
KS-ChIP: A Chemical Genetic Approach for
Linking Kinase Substrates to Their
Primary Target Genes

Abstract
A paradigm for cell signaling is the stimulus-induced activation of kinases which
phosphorylate transcriptional regulators to achieve a precisely altered cellular state. The
mitogen-activated protein kinase (MAPK) pathway is an archetype for transcriptional
reprogramming, however, the mechanisms of signal transduction through this network
are not clearly understood due to internal crosstalk and multiple overlapping substrates.
We present a technique termed kinase-substrate chromatin immunoprecipitation (KSChIP) that traces the direct substrates of a single kinase to their primary gene targets.
The method builds on chemical genetic engineering of a kinase to utilize enlarged ATPS
analogs. Specifically labeled kinase substrates are then crosslinked to their DNA binding
sites, affinity tagged, and chromatin immunoprecipitated.
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Primary gene targets are

assessed by quantitative PCR or by transcriptome analyses using microarray or deepsequencing technology. Successfully executed, KS-ChIP will allow us to assess the
direct transcriptional regulation by a single kinase and offer mechanistic insight into
stimulus-specific transcriptional reprogramming through kinase signaling networks.

Introduction
In response to extracellular stimuli such as growth factors, differentiation factors, and
stress signals, kinases direct cellular outputs such as proliferation, differentiation, or
apoptosis.

These cell fate decisions oftentimes require the reprogramming of

transcriptional networks, regulated by kinase phosphorylation of chromatin modifiers, the
basal transcriptional machinery, or transcription factors (TFs) and co-regulators to alter
their nucleocytoplasmic localization, protein levels, DNA binding, and transcriptional
activity (1).
A paradigm for kinase-mediated transcriptional regulation is the mitogenactivated protein kinase (MAPK) signaling pathway. In response to external stimuli, an
activated MAPK kinase kinase (MAPKKK) phosphorylates and activates a MAPK kinase
(MAPKK), which in turn phosphorylates and activates the terminal MAPK, which
phosphorylates both nuclear and cytoplasmic substrates to orchestrate downstream
transcriptional events. MAPK activation induces the expression of immediate early
genes (IEGs), which include fos (c-fos, Fra1, Fra2, fosB), jun (c-jun, junB, junD), and
Egr (Egr1, Egr2, Egr3, Egr4). These genes are amongst the first to be transcriptionally
activated in response to a stimulus, and importantly, their gene products are TFs that are
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directly phosphorylated by MAPKs to establish regulatory feedback loops for signal
amplification (2).
However, it can be difficult to establish direct connections between MAPKs, their
transcriptional regulator substrates, and their primary target genes.

One issue is

distinguishing between primary and non-primary gene targets of MAPK substrates. For
example, extracellular signal-regulated kinase (ERK) can phosphorylate the Elk-1 TF to
directly lead to the transcriptional activation of Gene X (Fig. 4.1). Alternatively, ERK
can phosphorylate the kinase MSK, which subsequently phosphorylates histone H3 to
regulate the transcription of Gene Y (Fig. 4.1). In these examples, Gene X is a primary
target gene of an ERK substrate whereas Gene Y is a non-primary target gene. Another

Fig. 4.1 MAPK-mediated transcriptional regulatory events.
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difficulty is assigning phosphorylation events to upstream kinase activity. For example,
Elk-1 can be phosphorylated on Ser383 by both ERK and c-Jun N-terminal kinase (JNK)
(Fig. 4.1), so given a phosphorylation event, it can be difficult to identify the upstream
activating kinase (3). Moreover, contrary to their usual classification, ERK and JNK may
both be activated by growth and stress signals as well as the phorbol ester 12-Otetradecanoylphorbol-13-acetate (TPA), and it is still not entirely understood how signal
specificity is achieved through this inter-pathway crosstalk (4-6).
To address these issues, we introduce KS-ChIP, a method for tracing an
individual kinase through its transcriptional regulator substrates to their primary target
genes.

This method combines chemical genetic kinase engineering with a kinase

substrate affinity labeling scheme and standard chromatin immunoprecipitation (ChIP).
Due to the wealth of knowledge linking MAPK TF substrates to primary target genes
with well-characterized regulatory sequences, we have selected the ERK2 pathway as a
model for validation of the KS-ChIP procedure.

By specifically labeling and

immunoprecipitating ERK2 substrates crosslinked to chromatin and performing
quantitative (qPCR) on the ChIP’ed DNA, we are able to validate ERK2-regulated
chromatin binding events.
KS-ChIP provides an outlook on kinase signaling distinct from that of a standard
ChIP. ChIP elucidates the regulatory role of a TF regardless of its activating upstream
kinase. KS-ChIP would allow us to examine transcriptional regulation not at the level of
individual TFs, but at the level of a single upstream kinase, simultaneously tracing all of
its TF substrates without a priori knowledge of their identities.

Importantly, this

technique selectively tracks substrates that are directly activated by a phosphorylation
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event, distinguishing them from indirect downstream phosphorylation events. Coupled to
high throughput microarray or deep sequencing technology, KS-ChIP would allow us to
uncover the role of an individual kinase in the global regulation of transcriptional
networks.

Results
KS-ChIP experimental scheme
We have devised a scheme for the execution of KS-ChIP (Fig. 4.2). We first use a
chemical genetic strategy to introduce a functionally silent yet structurally significant
mutation into the active site of the kinase of interest, rendering it capable of utilizing a
bio-orthogonal ATPγS nucleotide analog to selectively install a thiophosphate moiety
onto its substrates (7). This so called analog-specific (AS) kinase may be introduced into
cells by knock-in methods or by stable or transient expression, and the ATPγS analog is
introduced into cells by digitonin permeabilization. In cells, the analog-specific kinase
thiophosphorylates its substrates, which are crosslinked to their DNA binding sites using
formaldehyde.

The labeled nuclear substrates are then alkylated by para-

nitrobenzylmesylate (PNBM) to form a thiophosphate ester affinity handle that is
recognized by a rabbit monoclonal antibody, and chromatin is sheared by sonication.
Because unreacted PNBM may compete with the thiophosphate ester epitope for
antibody binding, excess PNBM is removed by size-exclusion chromatography prior to
immunoprecipitation. After chromatin immunoprecipitation, the crosslinks are reversed
and purified DNA can be used for either quantitative PCR (qPCR) of validated target
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genes or whole-genome analysis using microarray technology (ChIP-chip) or deep
sequencing (ChIP-seq).

Fig. 4.2 KS-ChIP experimental scheme. An AS kinase is expressed in cells, and cells
are stimulated or treated with inhibitor as necessary. Digitonin permeabilization allows
entry of a bio-orthogonal ATPγS analog that the AS kinase can use to thiophosphorylate
its substrates. Cells are crosslinked and nuclei are harvested and alkylated with PNBM.
Chromatin is sheared by sonication, then excess PNBM is removed and a thiophosphate
ester-specific antibody is used for chromatin immunoprecipitation. Crosslinks are
reversed, and purified DNA is used for qPCR of validated target genes or whole-genome
analysis using ChIP-chip or ChIP-seq.

Verification of an inducible cell system
We selected the canonical ERK pathway as a model system and focused on the ERK2
isoform in an ERK1 null background to avoid compensatory mechanisms. We first
engineered a Q103G mutation within the ERK2 active site to yield an analog-specific
ERK2 and generated ERK1-/-ERK2AS/AS (AS ERK2) and control ERK1-/-ERK2WT/WT
(WT ERK2) mice (7). WT and AS ERK2 mouse embryonic fibroblasts (MEFs) were
harvested and used for subsequent experiments.
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ERK2 is rapidly activated in response to mitogens and growth factors including
epidermal growth factor (EGF) (4).

We first wanted to verify the EGF-induced

transcriptional response in WT and AS ERK2 MEFs. Phospho-specific immunoblotting
in WT ERK2 MEFs confirmed that EGF rapidly and transiently activates ERK, as
phospho-ERK1/2 levels peaked within 5-10 minutes of EGF stimulation and then
decreased over time (Fig. 4.3A). ERK activation results in the phosphorylation and
activation of TFs that mediate the transcriptional response. Correspondingly, the c-Jun
TF is phosphorylated within 5 minutes of EGF stimulation and phospho-c-Jun levels are
maximal around 20-30 minutes. Interestingly, phospho-c-Jun levels increased again after
3 hours of EGF stimulation, though this was independent of ERK phosphorylation.
As expected, EGF stimulation also induced IEG expression. AS ERK2 MEFs
were treated with EGF for 40 minutes and relative mRNA levels were analyzed by qPCR.
Egr1 expression increased almost 25-fold while Fra1 expression was induced about 5fold (Fig. 4.3B). These data confirmed that in MEFs, EGF stimulation results in rapid cJun phosphorylation and activation of IEG transcription.
Fig. 4.3 EGF induces ERK
activation and IEG expression.
(A) WT ERK2 MEFs were
serum starved for 5 hours, then
treated with 25 ng/ml EGF for
the indicated times. Lysates
were
analyzed
by
immunoblotting.
(B) AS
ERK2 MEFs were serum
starved for 4 hours, then treated
with vehicle or 25 ng/ml EGF
for 40 minutes and relative
mRNA levels were assessed by
quantitative RT-PCR.
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Optimization and validation of digitonin-mediated cell permeabilization
Digitonin is an established cell permeabilization agent that functions by binding to
cholesterol in the plasma membrane, thereby creating pores in the membrane. Because
the nuclear membrane does not contain cholesterol, the nucleus remains intact upon
digitonin permeabilization and therefore digitonin is commonly used to study nuclear
events (8, 9). We reasoned that digitonin could be used to permeabilize cells to our
ATPγS analogs while leaving transcriptional events undisrupted in the nucleus.
We examined the extent of kinase substrate labeling in permeabilized NIH3T3
cells using immunofluorescent microscopy. Digitonin permeabilization works optimally
when cells are about 70% confluent (data not shown). In the absence of digitonin there is
some diffuse background labeling (Fig. 4.4A). However, in the presence of digitonin we
observe increased substrate labeling, particularly within the nucleus (Fig. 4.4B-E).
Optimal in-cell kinase substrate labeling occurred when 10 μg/ml digitonin was used,
presumably because higher concentrations led to increased loss of cytosolic substrates
through the digitonin-formed pores. As a negative control, there is almost no labeling of
kinase substrates in the absence of ATPγS (Fig. 4.4F). We also varied the length of
digitonin permeabilization. Whether digitonin was used at 10 μg/ml (Fig. 4.5A-C) or 30
μg/ml (Fig. 4.5D-F), 2 minutes of permeabilization led to maximal substrate labeling,
since few substrates were labeled within 1 minute and many cytosolic substrates were
lost after 5 minutes. To confirm that substrate labeling is intracellular, we washed the
cells once with PBS after completion of the labeling reaction. Although there is a
moderate decrease in the amount of labeling, at least some labeling is retained
intracellularly (Fig. 4.6).
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Fig. 4.4 Digitonin permeabilization allows for labeling of kinase substrates in cells.
NIH3T3 cells were permeabilized with 0-30 μg/ml digitonin in nuclear import buffer
containing 100 μM ATPγS or no nucleotide control. After 2 minutes, the digitonincontaining buffer was aspirated and replaced with buffer lacking digitonin. In cell
labeling reaction was allowed to proceed for 20 minutes total, then cells were fixed and
labeled kinase substrates were visualized by immunofluorescence.

Fig. 4.5 Optimal labeling is achieved with transient digitonin permeabilization. NIH3T3
cells were permeabilized with 10 or 30 μg/ml digitonin in nuclear import buffer
containing 100 μM ATPγS. After 1, 2, or 5 minutes, the digitonin-containing buffer was
aspirated and replaced with buffer lacking digitonin for the remainder of the 20 minutes.
Kinase substrates were visualized by immunofluorescence.

93

Fig. 4.6 Labeling of kinase substrates occurs intracellularly. NIH3T3 cells were
permeabilized with 10 μg/ml digitonin in nuclear import buffer containing 100 μM
ATPγS. After 2 minutes, cells were either not rinsed or rinsed once with PBS. Cells
were incubated in nuclear import buffer lacking digitonin for the remainder of the 20minute in cell kinase reaction, and kinase substrates were visualized by
immunofluorescence.
It seemed plausible that digitonin permeabilization could negatively impact cell
signaling pathways by either causing loss of critical signaling components or by inducing
a cellular stress response. We therefore asked if digitonin permeabilization affected the
well-characterized glucocorticoid receptor (GR) signaling pathway in response to
dexamethasone (10). ChIP analysis in permeabilized A549 cells indicated that digitonin
did not significantly affect dexamethasone-induced promoter occupancy of GR at target
genes such as FKBP5 (Fig. 4.7), suggesting that cellular signal transduction cascades
remain functional after mild digitonin permeabilization.

Fig. 4.7 GR signaling is retained in digitonin-permeabilized cells. A549 cells were
treated with vehicle (ethanol, EtOH) or dexamethasone (Dex) for 4 hours. Cells were
permeabilized with digitonin, lysates were prepared for chromatin immunoprecipitation,
and enriched DNA was analyzed by qPCR.
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Analog-specific labeling of ERK2 substrates
We next wanted to confirm that we could achieve analog-specific substrate labeling in
digitonin-permeabilized MEFs. While both WT and AS ERK2 are able to use ATPγS to
label substrates intracellularly (Fig. 4.8A), both immunofluorescence and immunoblot
analysis illustrates that AS ERK2, but not WT ERK2, is able to utilize N6-phenethyl
ATPγS (pheATPγS) to label its substrates (Fig. 4.8A & 4.8B). As expected, AS ERK2
substrates only make up a subset of all the phosphorylated substrates within the cell (Fig.
4.8A). Also as predicted, EGF stimulation leads to an increase in the amount of AS
ERK2 substrate labeling (Fig. 4.8B). We therefore verify that we can specifically label
AS ERK2 substrates in permeabilized cells.

Fig. 4.8 AS ERK2 utilizes pheATPγS to specifically label its substrates in cells. (A) WT
and AS ERK2 MEFs were permeabilized with nuclear import buffer containing 30 μg/ml
digitonin and 100 μM ATPγS or pheATPγS. After 2 minutes, the digitonin-containing
buffer was aspirated and replaced with buffer lacking digitonin for the remainder of the
20-minute reaction. Kinase substrates were visualized by immunofluorescence. (B) WT
and AS ERK2 MEFS were serum starved, stimulated with 25 ng/ml EGF for 5 minutes,
and permeabilized to 100 μM pheATPγS. Lysates were analyzed by immunoblotting.
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Antibody validation
The antibody is key to a successful ChIP experiment so a significant amount of work was
directed into antibody selection and validation.

Rabbit monoclonal antibodies are

generally high affinity and the 51-8 rabbit hybridoma was originally selected from a
screen for thiophosphate ester-specific antibodies (7). In order to generate antibody more
robustly, recombinant clones of 51-8 were generated and antibody specificity was tested
in various applications.
The 51-8 hybridoma and recombinant clones 109C and 110C were first assayed
by ELISA to determine their specificity for the thiophosphate ester hapten. 96-well
plates were coated with hapten-conjugated BSA (BSA-hapten), BSA conjugated to
PNBM-alkylated cysteine (BSA-Cys), or BSA alone. BSA-Cys represents a predicted
side product of the in-cell alkylation reaction and it is necessary that the selected antibody
has little or no affinity for this epitope. The 51-8 hybridoma (Fig. 4.9A) and both
recombinant clones (Fig. 4.9B & 4.9C) specifically recognized BSA-hapten while
showing no reactivity with either unconjugated BSA or BSA-Cys. Moreover, 109C and
110C behave similarly and are much more sensitive than the original hybridoma.
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Fig. 4.9 Thiophosphate ester-specific antibodies. Specificity of (A) 51-8 hybridoma, (B)
109C recombinant clone, and (C) 110C recombinant clone for BSA-hapten over BSACys or BSA was analyzed by ELISA.
We next compared the original hybridoma and clone 109C in Western blotting
applications.

In vitro kinase reactions were performed using WT or AS glycogen

synthase kinase-3β (GSK3β) and a panel of ATPγS analogs, and auto-phosphorylation
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reaction products were analyzed by SDS-PAGE and immunoblotting with either 51-8 or
109C.

Both antibodies indicate that WT GSK3β is able to use ATPγS for auto-

phosphorylation, while AS GSK3β is able to utilize ATPγS, N6-furfuryl ATPγS
(ffATPγS), and pheATPγS, but not N6-benzyl ATPγS (bnATPγS) (Fig. 4.10). As a
negative control, no labeling is detected in the absence of PNBM or nucleotide.
Interestingly, although 109C was used at a slightly higher concentration than 51-8, 109C
yields a significantly stronger AS GSK3β auto-phosphorylation signal, suggesting that
109C is more sensitive than 51-8 for Western blotting.

Fig. 4.10 Immunoblot analysis of GSK3β using thiophosphate ester-specific antibodies.
WT or AS GSK3β-GST was incubated with 100 μM ATPγS analog in an in vitro kinase
assay. GSK3β auto-phosphorylation was detected by immunoblotting with either 51-8 or
109C antibody.

Fig. 4.11 Immunoprecipitation of MBP using thiophosphate ester-specific antibodies.
Thiophosphorylated MBP was alkylated with PNBM or DMSO control. Reaction
products were immunoprecipitated in the presence or absence of cell lysate using 51-8,
109C, or 110C antibodies and immune complexes were analyzed by immunoblotting.
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We also tested if these antibodies were functional in immunoprecipitation (IP)
applications. In vitro thiophosphorylated myelin basic protein (MBP) was alkylated with
PNBM and recovered by immunoprecipitation with either 51-8, 109C, or 110C (Fig.
4.11). The band representing labeled MBP was verified in a no IP control (lane 9).
While all three antibodies are capable of IP, the recombinant clones are slightly more
effective than 51-8 at immunoprecipitating labeled MBP (lanes 4-6). We also show that
109C is capable of immunoprecipitation in the presence of cell lysate (lane 8). As a
negative control, the antibodies do not IP unalkylated thiophosphorylated MBP (lanes 13, 7). Collectively, our results suggest that both the 51-8 hybridoma and recombinant
clones 109C and 110C specifically recognize the thiophosphate ester epitope and may be
used in for immunoblotting and immunoprecipitation.

Kinase substrate chromatin immunoprecipitation (KS-ChIP)
Thus far we have specifically labeled the substrates of AS ERK2 in digitoninpermeabilized MEFs and have identified promising antibody candidates capable of
immunoprecipitation. We next wanted to combine these tools in an attempt to ChIP the
primary target genes of AS ERK2 substrates (Fig. 4.2). MEFs were permeabilized to
pheATPγS or ATPγS and the in-cell kinase reaction was allowed to proceed for 20
minutes, after which TF substrates were crosslinked to their DNA binding sites using
formaldehyde. Nuclear extracts were alkylated with PNBM and chromatin was sheared.
Excess PNBM was removed by size-exclusion chromatography and samples were subject
to ChIP using the 51-8 antibody. Lastly, crosslinks were reversed and ChIP-captured
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DNA was purified and amplified by qPCR using primers directed towards SREs and
TREs within IEG promoters.

Fig. 4.12 KS-ChIP of AS ERK2 substrate primary target genes. (A) WT ERK2 MEFs
were permeabilized in the presence or absence of ATPγS, lysates were prepared for KSChIP, immunoprecipitation was conducted with either 51-8 or a non-specific antibody,
and captured DNA was analyzed by qPCR. (B) MEFs were serum-starved in media
devoid of serum for 5 hours and stimulated with 100 ng/ml EGF or vehicle for 5 minutes.
Cells were permeabilized to pheATPγS, and lysates were analyzed by KS-ChIP using 518 antibody and qPCR. (C) AS ERK2 MEFs were serum-starved overnight in media
containing 0.5% serum, pre-treated with 10 μM PD98059 for 1 hour, and stimulated with
25 ng/ml EGF or vehicle for 15 minutes. Cells were permeabilized to pheATPγS, and
lysates were analyzed by KS-ChIP and qPCR.
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Significant enrichment of kinase substrates at the Egr1 and junB genes is
observed only in the presence of both ATPγS and the 51-8 antibody (Fig. 4.12A). EGFinduced binding of labeled ERK2 substrates to IEG targets is detected only in AS ERK2
MEFs but not WT ERK2 MEFs (Fig. 4.12B). Upon EGF stimulation and in the presence
of pheATPγS, AS ERK2 substrates showed enriched binding at several IEGs including
Egr1, Egr2, Fra1, and cFos, but not junB (Fig. 4.12B & 4.12C). The EGF-induced
transcriptional response was blocked by MEK1 inhibitor, PD98059 (Fig. 4.12C). No
significant enrichment was observed at a negative control region of DNA (Fig. 4.12C).
Based on these preliminary results, it seems promising that the thiophosphate esterspecific antibodies may function in ChIP applications.

Discussion
Here we introduce a new technique for studying kinase-mediated transcriptional
regulatory networks, termed KS-ChIP. We determined cell permeabilization conditions
to allow an engineered AS kinase to thiophosphorylate its substrates in cells.

We

identified several antibodies that recognize the PNBM-alkylated thiophosphate ester
epitope, and show that the 51-8 antibody may be used to ChIP labeled AS ERK2
substrates crosslinked to their DNA-binding sites within IEG promoters.
Standard ChIP protocols require optimization at multiple stages including the
crosslinking, sonication, and immunoprecipitation steps, and the KS-ChIP method
requires optimization as well. While the Egr1, Egr2, and junB genes were similarly
enriched across two independent experiments, enrichment of Fra1 was less reproducible
(Fig. 4.12B & 4.12C). It is therefore necessary to achieve greater signal-to-noise not only
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to overcome experimental variability but also to prepare for a potential decrease in total
signal after DNA amplification for ChIP-chip or ChIP-seq analysis. Most importantly,
the thiophosphate ester-specific antibodies require further validation. These antibodies
are sensitive to multiple freeze-thaw cycles and lose their specificity after prolonged
storage at 4oC, so they must be stored and handled with care. While these antibodies are
capable of immunoprecipitating an MBP substrate in vitro, initial work on
immunoprecipitating a GST-tagged form of c-Jun has been unsuccessful (data not
shown), so a larger panel of substrates should be examined. Furthermore, in a complex
cell lysate, the signal-to-noise is dependent on the utilization of the nucleotide analogs by
other endogenous kinases. It is known that constitutively active casein kinase II (CKII)
can utilize the ATPγS analogs and that the addition of GTP can decrease this background
labeling to a certain extent (J.J. Allen, unpublished work). However, if these obstacles
can be overcome and the thiophosphate ester-specific antibodies can be shown to
successfully immunoprecipitate a variety of substrates from cell lysates, then it is likely
that they will work for ChIP.
Once the method is working robustly, there are many experimental routes to
pursue.

KS-ChIP would be most powerful combined with ChIP-chip or ChIP-seq

technology to identify novel AS ERK2 substrate target genes in an unbiased, high
throughput manner. It would also be interesting to identify the ERK2 substrates that
mediate the transcriptional response at any given target gene. Motif-finding software
could be used to search for conserved motifs within the peak regions of TF binding.
Comparison to known consensus motifs could offer a starting point for selecting TF
candidates. Mass spectrometry analysis of ERK substrates would also provide a list of
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promising TF candidates. Potential ERK2TFprimary target gene connections could
be experimentally tested by ChIP-reChIP, in which two sequential immunoprecipitations
are performed using both the thiophosphate ester-specific antibody and an antibody
directed against the TF candidate, if one is available. Finally, we would determine if the
chromatin binding events identified by ChIP are translated into changes in IEG
expression. We predict that pretreatment of AS ERK2 MEFs with 1-Na-PP1, a specific
inhibitor of AS ERK2, will inhibit the phosphorylation of AS ERK2 substrates, the
transcriptional activation of their IEG targets, and the expression of these IEGs.
In addition to studying the canonical growth factor-induced ERK pathway, it
would be interesting to examine the changes in promoter occupancy of ERK substrates in
response to different stimuli or when the duration of signal is varied. From a cancer
perspective, it would also be interesting to see how promoter binding profiles are altered
when different oncogenes are introduced into the system. For example, Raf is an ERK
MAPKKK and B-Raf V600E is one of the most common mutations found in cancer (11).
Performing KS-ChIP in cells expressing B-Raf V600E could offer insight into the
mechanism of oncogenic transformation through ERK. Finally, this technique could be
extended to any kinases that can be targeted by chemical genetic engineering. It would
be particularly interesting to compare the stimulus-induced transcriptional regulatory
network of ERK to that of other MAPK family members to help us begin to understand
how a signal is specifically transduced through multiple overlapping pathways.
KS-ChIP offers a new approach for studying signaling transduction, allowing us
to directly and comprehensively investigate transcriptional regulation though an
individual kinase.

Coupled to transcriptional profiling, it could reveal how kinases
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integrate signals and orchestrate the transcriptional events that ultimately lead to distinct
physiological outputs.

Materials and Methods
Antibodies and Reagents
Anti-phospho-c-jun, anti-phospho-ERK1/2, anti-β-actin antibodies were from Cell
Signaling Technology. 51-8 antibody and 109C and 110C recombinant clones were from
Epitomics.

N499 anti-GR antibody was generously provided by K.R. Yamamoto.

Digitonin, ATPγS, and EGF were from Sigma.

PNBM and ATPγS analogs were

synthesized as described in (7). PD98059 was from Calbiochem.

Cell Culture
NIH3T3 cells were purchased from ATCC. WT and AS ERK2 MEFs were generously
provided by S.M. Hedrick (University of California, San Diego) and A549 cells were
kindly provided by K.R. Yamamoto (University of California, San Francisco). NIH3T3
cells were cultured in DMEM supplemented with 10% BCS and penicillin/streptomycin.
WT and AS ERK2 MEFs were cultured in DMEM containing 10% FBS, sodium
pyruvate, non-essential amino acids, glutamine, and penicillin/streptomycin/glutamine,
and 2-mercaptoethanol. A549 cells were cultured in F-12K supplemented with 10%
FBS.
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Buffers
Nuclear import buffer: 20 mM Hepes pH 7.3, 100 mM KOAc, 5 mM NaOAc, 2 mM
MgOAc2, 1 mM EGTA, 1X phosphatase inhibitor cocktail (Roche), 0.1 mM ATP
(Sigma), 3 mM GTP (Sigma), 5 mM creatine phosphate (Calbiochem), 20 units/ml
creatine kinase (Calbiochem), protease inhibitor cocktail EDTA-free (Roche). RIPA
buffer: 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 0.1% SDS, 1X protease
inhibitor cocktail EDTA-free (Roche). ChIP Lysis buffer: 50 mM HEPES-KOH pH 8.0,
1 mM EDTA, 0.5 mM EGTA, 140 mM NaCl, 10% glycerol, 0.5% NP-40, 0.25% Triton
X-100, 1X protease inhibitor cocktail EDTA-free (Roche). ChIP Wash buffer: 10 mM
Tris-HCl pH 8.0, 1 mM EDTA, 0.5 mM EGTA, 200 mM NaCl, 1X protease inhibitor
cocktail EDTA-free (Roche). ChIP RIPA buffer: 10 mM Tris-HCl pH 8.0, 1 mM EDTA,
0.5 mM EGTA, 140 mM NaCl, 1% Triton X-100, 0.1% Sodium deoxycholate, 0.1%
SDS, 1X protease inhibitor cocktail EDTA-free (Roche). ChIP TE buffer: 500 mM TrisHCl pH 8.0, 1 mM EDTA, 100 mM NaCl, 0.5% SDS.

Immunoblotting
For EGF stimulation time course, WT ERK2 MEFs were serum starved for 5 hours, then
treated with 25 ng/ml EGF for the indicated times. Cells were rinsed with ice-cold PBS
and lysed in ChIP RIPA buffer.

Lysates were cleared by centrifugation, protein

concentrations were normalized using Bradford reagent, samples were resolved by SDSPAGE, transferred to nitrocellulose and immunoblotted.
For immunoblot analysis of in-cell kinase substrate labeling, WT and AS ERK2
MEFS were serum starved, stimulated with 25 ng/ml EGF for 5 minutes, and
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permeabilized to 100 μM pheATPγS. Cell lysates were prepared for ChIP as described
below, and input samples were resolved by SDS-PAGE, transferred to nitrocellulose and
immunoblotted using 51-8 antibody.

RNA isolation and RT-PCR
AS ERK2 MEFs were serum starved for 4 hours, then treated with 25 ng/ml EGF for 40
minutes at 37oC. Total RNA was isolated using QIAshredder and RNeasy Mini kits
(QIAgen). 2-5 μg RNA was reverse transcribed into cDNA using Superscript III Reverse
Transcriptase (Invitrogen), and cDNA was analyzed by qPCR using ribosomal protein
RPL19 as an internal control for normalization.

Quantitative PCR
Quantitative PCR was performed on the StepOnePlus Real-Time PCR System (Applied
Biosystems) using SYBR green master mix (Applied Biosytems) and the following
thermal cycles: 10 min. at 95oC; 42 cycles of 20 s at 95oC, 30 s at 57oC, 30 s at 72oC.
Data was analyzed by the Ct method. Primer sequences are listed in Table S4.1.

Immunofluorescence microscopy
NIH3T3 cells were cultured on glass-bottom plates (MatTek) coated with 100 μg/ml
poly-L-lysine (Sigma) overnight at 4oC followed by coating with 10 μg/ml fibronectin
(Sigma) overnight at 4oC. Cells were treated with nuclear import buffer containing
digitonin and ATPγS as indicated. In cell labeling reaction was allowed to proceed for 20
minutes total, then reaction was quenched and cells were fixed in PBS containing 10 mM
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EDTA and 3.7% formaldehyde (Sigma). Cells were permeabilized with 0.2% (v/v)
Triton X-100 and alkylated with 2.5 mM PNBM for 40 minutes at room temperature.
Wells were rinsed once with PBS, then blocked for 1 hour at room temperature with 5%
goat serum (Invitrogen) in PBS-Triton (PBS containing 0.3% Triton).

Cells were

incubated with 51-8 antibody diluted 1:5000 in PBS-Triton at 4oC overnight. Cells were
washed 3 times with PBS, incubated with 1:500 AlexaFluor488 goat anti-rabbit IgG
(Molecular Probes) in PBS-Triton for 40 minutes at room temperature, and washed 3
more times. Slides were mounted with Vectashield mounting media with DAPI (Vector
Labs) and images were acquired using a Zeiss Axiovert 200M microscope.

Chromatin immunoprecipitation of GR target genes
A549 cells were stimulated with 1 μM dexamethasone (Sigma) or ethanol control for 4
hours.

Cells were permeabilized with nuclear import buffer containing 10 μg/ml

digitonin for 2 minutes, then replaced with buffer lacking digitonin and incubated for
another 18 minutes. Cells were then crosslinked with 1% formaldehyde (Sigma) in PBS
for 7 minutes at room temperature and crosslinking reaction was quenched with 125 mM
glycine for 10 minutes. Samples were prepared for ChIP as described in (12), with the
following modifications.

Samples were sonicated using a Bioruptor sonicator

(Diagenode) (0.5-minute bursts with 0.5-minute pauses on HI setting for 11.25 min total
sonication time), and 9 μg N499 anti-GR antibody was used for each chromatin
immunoprecipitation.

Chromatin immunoprecipitated DNA was analyzed by qPCR

using HSP70 as an internal control for normalization.
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ELISA
BSA-Cys and BSA-hapten conjugates were prepared as previously described (7). 96well plates (Nunc Immunosorb) were coated with 5 μg/ml BSA, 5 μg/ml BSA-Cys, or 2.5
μg/ml BSA-hapten in PBS at 4oC overnight. The wells were blocked with 1% BSA in
PBST (PBS containing 0.05% Tween) for 1 hour at room temperature, washed twice with
PBST, and incubated overnight at 4ºC with varying dilutions of 51-8, 109C, and 110C
antibody. Wells were washed twice with PBST, then incubated with 1:2000 goat αrabbit-IgG–HRP (Promega) in 0.25% BSA in PBST for 45 minutes at room temperature.
After two PBST washes and two PBS washes, wells were incubated with ABTS
(Southern Biotech) for 10 minutes and absorbance at 405 nm was read on a plate reader.

In vitro kinase assays using ATPγS analogs
100 ng of WT or AS GSK3β-GST was added to a 30 μl reaction containing 500 μM
ATPγS, pheATPγS, ffATPγS, or bnATPγS in GSK3β kinase buffer (20 mM HEPES pH
7.4, 150 mM NaCl, 10 mM MgCl2). Kinase reactions were allowed to proceed for 30
minutes at room temperature, then PNBM was added to a final concentration of 2.5 mM
and alkylation was allowed to proceed for 1.5 hours.

Samples were analyzed by

immunoblotting with 51-8 or 109C antibody diluted 1:5000.

Immunoprecipitation
Thiophosphorylated MBP was alkylated with 2.5 mM PNBM in RIPA buffer for 1 hour
at room temperature, then placed on ice. PD-10 columns (GE Healthcare) equilibrated
with RIPA buffer were used to remove excess PNBM, with the proteins eluting in
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fractions 7-9 when 0.5-ml fractions were collected. These fractions were pooled and
mixed with 1 mg/ml of pre-cleared Hela cell lysate where indicated. Each sample was
mixed with 25 μl magnetic beads (Invitrogen Dynabeads) preincubated with 2 μg of 51-8,
109C, or 110C antibody and immunoprecipitation was allowed to proceed for 2 hours at
4oC. Beads were washed 3 times with RIPA buffer, and samples were analyzed by
immunoblotting with 109C antibody.

Kinase substrate chromatin immunoprecipitation
WT or AS ERK2 MEFs were grown in 15-cm dishes and serum starved, treated with
inhibitor, and stimulated as indicated.

Cells were permeabilized with nuclear import

buffer containing 100 μM ATPγS or pheATPγS and 10 μg/ml digitonin for 2 minutes,
then replaced with buffer lacking digitonin and the in-cell kinase reaction was allowed to
proceed for 20 minutes in total.

The kinase reaction was stopped and cells were

crosslinked with 10 mM EDTA and 1% formaldehyde (Sigma) for 7 minutes at room
temperature, then crosslinking reaction was quenched with 125 mM glycine for 10
minutes at room temperature. Cell were rinsed once with ice-cold PBS, scraped into
conical tubes, and pelleted by centrifugation (400 x g for 10 minutes at 4oC). Cells were
lysed in ChIP lysis buffer for 10 minutes at 4oC with nutation. Nuclei were pelleted by
centrifugation (400 x g for 10 minutes at 4oC), then washed in ChIP wash buffer for 10
minutes at 4oC with nutation. Washed nuclei were pelleted by centrifugation (400 x g for
10 minutes at 4oC) and resuspended in 300 μl ChIP RIPA buffer containing 2.5 mM
PNBM and alkylated for 40 minutes at room temperature with rotation. Samples were
sonicated using a Bioruptor sonicator (Diagenode) (0.5-minute bursts with 0.5-minute
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pauses on HI setting for 11.25 min total sonication time) and lysates were cleared by
centrifugation (16,000 x g for 10 minutes at 4oC). PD-10 columns (GE Healthcare)
equilibrated with RIPA buffer were used to remove excess PNBM, and proteins eluted
reliably in fractions 7-9 when 0.5-ml fractions were collected, as verified by Bradford
assay.

Pooled protein fractions were pre-cleared with Protein G magnetic beads

(Invitrogen Dynabeads) for 2 hours at 4oC with rotation, then input samples were mixed
with 75 μl beads preincubated with 3 μg of 51-8 antibody and 100 μg/ml salmon sperm
DNA (Invitrogen) and immune complexes were captured overnight at 4oC. For the nonspecific antibody control, anti-chicken IgY antibody (Sigma) was used.

After

immunoprecipitation, beads were washed once with RIPA buffer, 3 times with RIPA
buffer containing 500 mM NaCl, and once more with RIPA buffer. Beads were then
incubated in ChIP TE buffer containing 200 μg/ml proteinase K (Roche) at 55oC for 3
hours, followed by 65oC incubation overnight to reverse the crosslinks.

DNA was

homogenized using a QIAshredder spin column (QIAgen) and was purified using a
QIAquick spin column (QIAgen) according to manufacturer’s protocol.

Chromatin

immunoprecipitated DNA was analyzed by qPCR using mGBS1.5 genomic DNA
sequence as an internal control for normalization.
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Table S4.1. Primers used for qPCR analysis.
Primers for amplification of cDNA
sequences
Mouse gene
Forward primer
Egr1
AACACTTTGTGGCCTGAACC
Fra1
AGAGCTGCAGAAGCAGAAGG
Rpl19
AGCCTGTGACTGTCCATTCC

Reverse primer
AGGCAGAGGAAGACGATGAA
CAAGTACGGGTCCTGGAGAA
GGCAGTACCCTTCCTCTTCC

Primers for amplification of ChIP samples
Human gene Forward primer
FKBP5
TAACCACATCAAGCGAGCTG
EKI2
AGTGAATGGGATTTGGCAGT
SDPR
GCCACATATTTGTGCGAGAA
SCNN1A
TGTGATGACTCAGGTTTGC
IL8
AGGCCAGGAATGTGTAATCG
MT2A
GACGATTCGGCTGAGCTAGA
HSP70
TCTGGAGAGTTCTGAGCAGG

Reverse primer
GCATGGTTTAGGGGTTCTTG
AAGGGGTAGAGCAGAGCACA
AGTTCAAAAGCAGGGCAAGA
TGTGCCTTATGGAGTGCTCC
CACCTTCAGTGCCTGCTTTC
AGGGCCTTAGATCGTCAACC
CCCTTCTGAGCCAATCACCG

Mouse gene
control
Egr1
JunB
Egr2
Fra1
Fra2
cFos
mGBS1.5

Reverse primer
GTCCCCACACTGTGACTCCT
CGAATCGGCCTCTATTTCAA
ATATGGGCAGAGCTTCCGTA
ATTCCGGTTCTCCGAGACTT
GCCCATACATGGTGCAATTT
CTCTGCCCGAGATGAGTCAC
CCCGTCTTGGCATACATCTT
CCACTGCAGGCAAGAATGTA

Forward primer
GAGGGCTTCCAAATCATTCA
GGCCGGTCCTTCCATATTAG
GGAACAAGCTACCCAGGACA
TGAGCTGCCAAGAAAGTGAA
TGGGAACCTTGGCTAGTCTG
CCCAGCAAGGTGGAGTCTAA
TTAGGACATCTGCGTCAGCA
GCCACTGGATAGAGCAGGAG
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