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ID2 is a rhythmically expressed HLH transcriptional repres-
sor. Deletion of Id2 in mice results in circadian phenotypes,
highlighted by disrupted locomotor activity rhythms and an
enhanced photoentrainment response. ID2 can suppress the
transactivation potential of the positive elements of the clock,
CLOCK-BMAL1, on mPer1 and clock-controlled gene (CCG)
activity. Misregulation of CCGs is observed in Id2�/� liver, and
mutantmice exhibit associated alterations in lipid homeostasis.
These data suggest that ID2 contributes to both input and out-
put components of the clock and that thismay be via interaction
with the bHLH clock proteins CLOCK and BMAL1. The aim of
the present study was to explore this potential interaction.
Coimmunoprecipitation analysis revealed the capability of ID2
to complex with both CLOCK and BMAL1, and mammalian
two-hybrid analysis revealed direct interactions of ID2, ID1 and
ID3withCLOCKandBMAL1.Deletion of the ID2HLHdomain
rendered ID2 ineffective at inhibiting CLOCK-BMAL1 transac-
tivation, suggesting that interaction between the proteins is via
the HLH region. Immunofluorescence analysis revealed over-
lapping localization of ID2 with CLOCK and BMAL1 in the
cytoplasm. Overexpression of CLOCK and BMAL1 in the pres-
ence of ID2 resulted in a significant reduction in their nuclear
localization, revealing that ID2 can sequester CLOCK and
BMAL1 to the cytoplasm. Serum stimulation of Id2�/� mouse
embryonic fibroblasts resulted in an enhanced induction of
mPer1 expression. These data provide the basis for a molecular
mechanism through which ID2 could regulate aspects of both
clock input and output through a time-of-day specific interac-
tion with CLOCK and BMAL1.

Circadian rhythms are 24-h temporal patterns of biochemis-
try, physiology, and behavior that are an integral component of
eukaryotic life (1, 2). The molecular circadian clock is a cell
autonomous system composed of three conceptual compo-

nents: a self-sustainable pacemaker that generates 24-h rhyth-
micity; an input pathway that allows the clock to be reset and
entrained by temporal cues in the environment; and mecha-
nisms of output that regulate molecular and biochemical path-
ways and ultimately translate to rhythms in physiology and
behavior. Themaster circadian pacemaker resides in the supra-
chiasmatic nucleus (SCN)2 of the hypothalamus (1). Addition-
ally, peripheral tissues and cell lines contain self-sustaining
clocks (3–6). The molecular clock is comprised of a series of
transcriptional-translational feedback loops that take �24 h to
complete. The positive loop contains the basic helix-loop-helix
(bHLH)/PAS (Per-Arnt-Sim) proteins BMAL1 (brain andmus-
cle ARNT-like 1) and CLOCK (Circadian locomotor output
cycle kaput) and/or NPAS2 (neuronal PAS domain-containing
protein 2). These transcription factors interact through their
PAS and HLH regions and bind to the promoter region of their
target genes of the negative loop at specific E-box regulatory
elements (CACGTG), resulting in transcriptional activation.
The negative loop is comprised of the period (mPer1, mPer2,
mPer3) and cryptochrome genes (mCry1, mCry2). Rev-ERB�
and ROR� are additional components that close the interlock-
ing loops, and additional loops have been identified (e.g. Dec1,
Dec2), which are proposed to increase stability and precision of
the clock (1, 2, 7–9).
The clock is reset by Zeitgeber stimuli through input path-

ways that transiently induce or suppress levels of period gene
transcripts (1, 2, 10, 11). In the case of the SCN, light activation
of retinal photoreceptors and the retinal hypothalamic tract
results in stimulation of SCN neurons. Activation of several
intracellular signaling pathways culminates in the phosphory-
lation of Ca2�/cAMP response element binding protein
(CREB) (12–15). Phospho-CREB (pCREB) can then bind to its
response element, the CRE, within the promoter region of tar-
get genes, such as the immediate early gene c-fos and immediate
early gene/clock genes mPer1 and mPer2. Phase shifts of the
SCN clock by elements of the photic signaling pathways results
in elevation of mPer1 (and sometimes mPer2). Nonphotic
(arousal) generated phase shifts result in suppression ofmPer1
(1, 11). Furthermore, phase shifts of clocks in peripheral tissues
and cell lines by serum, hormone, and nutrient signaling elicit
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similar signal transduction cascades that modifymPer1 and/or
mPer2 expression (2, 5, 6, 16–18).mPer1 is required for photic-
induced phase shifts and appears to be a terminal step in the
signaling pathway to the clock-resetting mechanism (1, 2). The
CLOCK-BMAL1 heterodimer binds to the E-box element(s)
within the period gene promoter region, and in addition to its
function in driving rhythmic patterns of period gene expression
(12), may additionally contribute, in a permissive manner, to
the gating of pCREB induction of transcription (19, 20).
The circadian pacemaker regulates clock output through the

regulation of CCGs, genes that are defined as rhythmically
expressed and driven by the pacemaker but are not essential for
sustained pacemaker function (1, 2); CCGs represent 2–13% of
the transcriptome within a given tissue (21).
ID (Inhibitor of DNA binding) (ID1–4) proteins are a family

of HLH transcription factors previously implicated in the reg-
ulation of cell cycle, apoptosis, and development and whose
misregulation is associated with tumorigenesis (22–25). Their
mechanistic role within these processes is as a transcriptional
repressor, by binding to partner bHLH proteins, but as they do
not contain the basic domain necessary to bind to DNA, tran-
scription is not elicited (22–25). ID proteins are small (16–18
kDa) and contain a highly conserved HLH domain and variable
C and N termini (23, 26). Whereas Id genes continue to be
expressed throughout the body in the adult animal, few roles in
normal postmitotic adult tissues have been described (23, 25,
27).
DNA microarray analysis and quantitative RT-PCR (qRT-

PCR) reveal Id2 as rhythmically expressed in multiple tissues
including the SCN, heart, liver, and fibroblasts (6, 27, 28).
Moreover, ID2 protein is rhythmically expressed in the liver
(29). The absence of Id2 results in alterations in each of the
three components of the circadian clock. Data recently pub-
lished by our laboratory (27) revealed that Id2�/� mice exhibit
a more rapid re-entrainment to a large change in their photos-
chedule along with greater phase shifts compared with their
wild type counterparts. This data suggests that Id2 is involved
in entrainment within the mammalian clock. Furthermore, a
significant proportion of mutant mice display an arrhythmic
phenotype. At the molecular level, ID1, ID2, and ID3 demon-
strated a marked dose-dependent suppression of CLOCK-
BMAL1-induced activation of the clock gene mPer1 and CCG
arginine vasopression (AVP) (27). This suggests a role for the ID
proteins as transcriptional repressors within the mammalian
clock (27). The absence of the Id2 gene also results in loss of
normal rhythmic profiles of CCGs in the liver (29), including
genes associated with fat metabolism. Additionally, mutant
mice show corresponding physiological disturbances in lipid
regulation. These phenotypes reveal a role of ID2 in clock reset-
ting, photic entrainment, regulation of clock output, and con-
necting circadian and metabolic processes. Furthermore, dis-
ruption of circadian locomotor activity also indicates either a
disturbance to output and/or pacemaker function (27, 29).
Based on these observations, we hypothesize that ID2 con-

tributes to the regulation of the circadian clock at the levels of
input, pacemaker, and output. Our transcriptional assay data,
which reveal a potent inhibitory effect of ID2 upon CLOCK-
BMAL1 transactivation of mPer1 and AVP genes, suggest that

these phenotypes may be achieved in part through a direct
action of ID2 upon CLOCK and/or BMAL1 activity. We pro-
pose that ID2 interferes with the interaction between CLOCK
and BMAL1 at the level of the core oscillator and therefore
disrupts their transactivation potential of genes involved in
clock resetting and entrainment. To test this hypothesis, we
examined the ability of ID2 to physically interact with CLOCK
and BMAL1 and whether this might have functional conse-
quences. In this study, we provide evidence for a direct interac-
tion of ID2 with both CLOCK and BMAL1 and that suppres-
sion of CLOCK-BMAL1 transactivation requires the ID2 HLH
domain. We provide evidence for the capability of ID2 to
sequester CLOCK and BMAL1 to the cytoplasm. These data
reveal a potential role for ID2 inmodulating components of the
core oscillator. Analysis of mPer1 gene induction following
serum stimulation of Id2�/� MEFs reveal an enhanced
response. As mPer1 is a state variable of the clock and a key
contributor to clock resetting (1, 2, 10), these data correlate
with our in vivo entrainment studies. A mechanistic model for
these findings is provided.

EXPERIMENTAL PROCEDURES

Plasmids—Mouse CLOCK-HA, BMAL1-HA, CLOCK-
FLAG, and BMAL1-FLAG in pcDNA3 gift plasmids from Dr.
M. Antoch (30) were used for coimmunoprecipitation analysis.
Human ID2-FLAG in pC�F (27, 29) was used for co-immuno-
precipitation, mPer1 promoter reporter, and co-immunofluo-
rescence experiments. For mammalian two-hybrid experi-
ments, the following plasmids were used: mouse pBIND-ID1
and pACT-MyoD as a positive control (Promega); human ID1-
GAL4, ID3-GAL4 (31), mCRY1, mouse BMAL1, and human
CLOCK in pACT and pBIND, and pGL5-Luc were gifts from
Dr. J. Hogenesch. Human ID1, ID2, and ID3 in both pBIND and
pACT were provided by Dr. H. Axelson (32). For mPer1
reporter experiments: mPer1-Luc reporter, �-gal-CMV, and
mouse CLOCK, BMAL1, and Id2 in pcDNA3, as described pre-
viously (27, 33, 34). Human Id2-�HLH in pHCMV and Id2-�N
in pcDNA3 (N terminus regionmissing (amino acids 1–28) and
missing last 14 amino acids of C terminus) were provided byDr.
M. Israel (35, 36), and mouse Id2-�C in pEMSV was provided
byDr. R. Lim (missing last 42 amino acids of C terminus (amino
acids 93–134)) (37).
Coimmunoprecipitation and Western Blotting Procedure—

NIH3T3 and HEK293 cells were maintained in DMEM
supplemented with 5% fetal bovine serum and 100 units/ml of
penicillin and streptomycin (Hyclone, Logan, UT). Cells were
maintained at 37 °C in a humidified atmosphere containing
10% CO2. Cells were transiently transfected in 100-mm dishes
using Lipofectamine PLUS reagents (Invitrogen). 3 �g of plas-
mid DNA was added to each dish, and pcDNA3 empty vector
was included to ensure all combinations contained equal
amounts of DNA. Transfected combinations were ID2-
FLAG�BMAL1-HA, ID2-FLAG�CLOCK-HA, BMAL1-
HA�pcDNA3, and CLOCK-HA�pcDNA3. 48 h following
transfection, whole cell lysates were harvested in Nonidet P-40
lysis buffer (20mMTris-HCl, 150mMNaCl, 10 nMMgCl2, 2mM

EDTA, 10%glycerol, 1%Nonidet P-40 plus 0.1%protease/phos-
phatase inhibiters). Lysateswere normalized bymeasuring total
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protein concentration using the Pierce Micro BCA Protein
Assay. For coimmunoprecipitation with ID2-FLAG, 1000 �g of
total protein were precleared with mouse IgG-agarose for 30
min at room temperature. Lysates were centrifuged at 1500
rpm, and the precleared lysate was transferred to a separate
tube where it was incubated with anti-FLAG antibody (1:200,
Cell Signaling, Danvers,MA) for 1 h at room temperature. 50�l
of protein A-agarose beads (Bio-Rad) were added to the lysate
and allowed to rotate overnight at 4 °C. Beads were washed
twice in lysis buffer and eluted using SDS loading buffer. Sam-
ples were boiled at 95 °C for 5 min to elute and denature the
protein. Proteins were separated on a 6% SDS-PAGE and trans-
ferred to a nitrocellulose membrane. Membranes were blocked
for 1 h at room temperature in 5%milk/0.05%Tween 20 inTBS.
BMAL1-HA and CLOCK-HA tagged proteins were detected
using an anti-HA antibody (1:750, Cell Signaling, catalog no.
2367) in 5%milk/0.05% Tween 20 in TBS overnight at 4 °C, and
with a secondary HRP-conjugated anti-mouse antibody
(1:2000, SigmaAldrich). 10% of unprocessed cell lysate used for
pulldown (preimmunoprecipitation input) was separated on a
SDS-PAGE and ID2-FLAG protein detected using an anti-ID2
monoclonal antibody (1:1000; M04, clone 2C11; Abnova, Wal-
nut, CA) and secondary HRP-conjugated anti-mouse antibody.
Proteins were visualized with an ECL detection system (Super
Signal West Dura Extended Duration Substrate; Pierce). Pro-
tein sizes were determined using an Invitrogen benchmark
prestained protein ladder, which was run alongside samples in
each gel.
Mammalian Two-hybrid and Luciferase Reporter Assay—

Cells were transiently transfected in 24-well plates and allowed
to proliferate to 70% confluency, with each condition plated in
three wells for statistical analysis. Cells were transfected with
150 ng of each expression plasmid using Lipofectamine PLUS
reagents (Invitrogen). A total of 25 ng of �-gal plasmid was
added to normalize transfection efficiency. All transfection
combinations contained 150 ng pGL5-Luc reporter plasmid.
Following a 48-h incubation, cells were harvested using 1X Pas-
sive Lysis Buffer (Promega) and firefly luciferase activity
assayed with Luciferase Assay reagent (Promega) and by lumi-
nometry (Veritas Luminometer, Turner BioSystems, Sunny-
vale, CA). �-gal activity was measured using Z-buffer reagent
and by measurement of optical density by spectrophotometry.
Luciferase activity was corrected for transfection efficiency by
normalizing to �-gal activity. All experiments were performed
at least twice, and samples were measured in triplicate. Statis-
tical analysis was performed by GraphPad Prism (version 4,
GraphPad Software, San Diego, CA). One-factor ANOVA was
conducted on each experimental versus control measurements,
with Bonferroni post hoc t tests (p � 0.05).
mPer1 Gene Promoter Luciferase Reporter Studies—NIH3T3

cells were transiently transfected with Lipofectamine PLUS
reagent in 24-well plates with 125 ng of each expression vector.
The plasmids encoding full-length (ID2 and ID2-FLAG) or
truncated forms of ID2 (ID2-�HLH, ID2-�N, and ID2-�C)
were individually co-expressed with CLOCK and BMAL1 and
the mPer1 luciferase promoter reporter gene (10 ng/reaction).
�-gal (25 ng)was used to normalize data and assess transfection
efficiency. Western blot analysis was conducted to test for the

efficiency of protein expression usingmethods described above
and outlined previously (27, 29) using anti-Id2 antibody (M04,
Abnova) and to control for protein loading, an anti-�-actin
monoclonal antibody (1:5000, A1978, Sigma Aldrich), visual-
ized with a secondary antibody at 1:5000.
Immunofluorescence Experiments—HEK293 and NIH3T3

cells were transiently transfected in six-well plates. Sterile cov-
erslipswere added to eachwell for imaging purposes. Cells were
transfected with 330 ng of each plasmid using CLOCK-HA,
BMAL1, and ID2-FLAG and with pcDNA3-empty vector
allowing for equal amounts of total DNA. After 48 h, cells were
fixedwith 5%paraformaldehyde/phosphate buffer for 20min at
37 °C. Cells were washed three times with ice-cold PBS and
blocked for 1 h at room temperature in 3% BSA/PBS. Primary
antibodies were delivered in 3% BSA/PBS and were as follows:
anti-HA (1:500, Cell Signaling, catalog no. 2367) to visualize
CLOCK-HA, anti-BMAL1 (1:50, catalog no. sc-8550, Santa
Cruz Biotechnology, Santa Cruz, CA), and anti-ID2 (1:50, cat-
alog no. sc-489, C20, Santa Cruz Biotechnology). CLOCK was
also visualized with anti-CLOCK (CLOCK H-276, catalog no.
sc-25361, Santa Cruz Biotechnology; CLO11, AlphaDiagnostic
International, San Antonio, TX), but due to concerns with con-
fidence in the localization signals, we focused on detecting
ectopically expressed CLOCK-HA using the anti-HA antibody.
Cells were incubated overnight at 4 °C, and cells were washed
three times with PBS for 5 min each. The following secondary
antibodies were used at 1:300 dilutions: 705-165-147 Cy3-con-
jugated Donkey anti-goat, 711-095-152 FITC-conjugated
donkey anti-rabbit, 715-165-150 Cy3-conjugated donkey anti-
mouse, and 715-485-150 DyLight-conjugated donkey anti-
mouse (Jackson ImmunoResearch Laboratories, West Grove,
PA). DAPI was used at 1:40,000 to visualize the nucleus. Sec-
ondary antibodies were delivered in 3% BSA/PBS, and cells
were incubated in the dark for 2 h at room temperature. After
washing with PBS, cells were mounted, and images were
acquired using a camera (CoolSNAP HQ; Roper Scientific,
Sarasota, FL) on a fluorescent microscope (Axiovert 200MOT;
Carl Zeiss) and operatedwithMetamorph software (MDSAna-
lytical Technologies, Sunnyvale, CA). Images were collected at
room temperature using a 40� numerical aperture 1.0 objec-
tive, and raw data were maintained through image processing
in Photoshop (Adobe Software, San JoseCA) and presented in a
pseudo-color scale to convey relative image intensities. Control
procedures were carried out on transfected and nontransfected
cells processed with only secondary antisera and on nontrans-
fected cells with both anti-HA and secondary antisera. Cell
localization signals were assessed using the following criteria:
staining intensity cytoplasm � nucleus; cytoplasm � nucleus;
or nucleus � cytoplasm (38, 39).
Serum Stimulation ofMouse Embryonic Fibroblasts—Id2�/�

and Id2�/�MEFswere generated;mouse embryos from Id2�/�

crosses on a C57BL/6 background were isolated at embryonic
day 14, and cells isolated from individuals were immortalized
by passing them for at least onemonth. Genotypes ofmicewere
subsequently determined by PCR analysis using methods
described previously (27). Wild type and Id2�/� MEFs were
seeded in six-well plates in 5%FBS, 1� penicillin-streptomycin,
and 1� DMEM. After the cells grew to confluency in �2 days,
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MEFs were serum reduced with 1% FBS, 1� penicillin-strepto-
mycin, and 1� DMEM. After 2 days of serum starvation, cells
were treated for 2 hwith 50%horse serum (Invitrogen) followed
by serum-free medium (5, 6). Cells were collected at 0 min, 30
min, 60 min, 90 min, 120 min, and 8 h after serum stimulation.
Cells were first washed with 1� PBS, and collected with TRIzol
reagent (Invitrogen). RNA was collected, and quantity was
determined by spectrophotometry.
Real-time Quantitative RT-PCR—qRT-PCR was conducted

as described previously and by using a standard curves method
(6, 27). Primer sequences for mPer1, mPer2, and c-fos were as
published (4, 40). For GAPDH analysis, the Taqman rodent
GAPDH primers and probe were used (Applied Biosystems,
proprietary sequences). GAPDHwas used to normalize all gene
profiles. A two-tailed unpaired Student’s t test was performed
at individual time points using the Statview program (Abacus
Program Concepts) to determine statistical significance
between genotypes (p � 0.05).

RESULTS

ID2 Can Interact with Both CLOCK and BMAL1 Complexes—
ID proteins are known to function by binding to bHLH tran-
scription factors and thereby negatively regulate their effects on
gene expression (23, 25, 41).We first sought to identify whether
interactions occurred between ID2 and the positive elements of
the circadian clock, CLOCK and BMAL1, and whether they
would complex together. NIH3T3 andHEK293 cells were tran-
siently transfected with different combinations of ID2-FLAG,
CLOCK-HA, and BMAL1-HA. Co-immunoprecipitation was
performed using an anti-FLAG antibody to pull down ID2 and
probed for the presence of its binding partners byWestern blot
analysis. The presence of both CLOCK-HA and BMAL1-HA
were detected using an anti-HA antibody in both cell lines (Fig.
1A). As a negative control, CLOCK-HA alone or BMAL1-HA
alone was also subjected to co-immunoprecipitation with an
anti-FLAG antibody. As expected, there was little or no signal
detected for the presence of CLOCK-HA or BMAL1-HA upon
probing. A positive control included CLOCK-HA- and
BMAL1-HA-transfected cell lysates subjected to a straight
immunoblot. This revealed a distinct band at the expected size
of 105–120 kDa and 80–90 kDa for CLOCK and BMAL1,
respectively (Fig. 1A).
ID1, ID2, and ID3 Can Interact Directly with Both CLOCK

and BMAL1—As co-immunopreciptation analysis revealed
that ID2 could complex with both CLOCK and BMAL1, we
next sought to determine whether these interactions were
through direct protein-protein binding. NIH3T3 cells were co-
transfected in various combinations with plasmids containing
BMAL1, CLOCK, and ID2 fused to either the pBIND (GAL4
DNA binding domain) or pACT (activation domain of the viral
protein VP16). Within this mammalian two-hybrid system, an
interaction between the two proteins of interest allows the
activation domain and the DNA binding domain to come into
close proximity, producing a functional transcriptional activa-
tor. This results in the activation of the luciferase reporter
(pGL5-Luc) under the control of a GAL4-based promoter. For
ID2-GAL4�CLOCK-VP16, a 58-fold increase in luciferase
activity was observed (F3,8 � 730, p � 0.0001). For ID2-

GAL4�BMAL1-VP16, a 119-fold induction was observed
(F3,7 � 139, p� 0.0001) (Fig. 1C). To ensure that the activity we
observed was due to a true interaction, we performed control
assays. Positive controls were the established CLOCK-BMAL1
interaction, showing a 139-fold induction (F3,7 � 3263, p �
0.001) and a positive interaction between ID1-GAL4 and
MyoD-VP16 with a fold induction of 646 (F3,7 � 357, p �
0.0001; Fig. 1B). Minimal activation of the luciferase reporter
was observed when CLOCK-VP16, BMAL1-VP16, or ID2-
GAL4 proteins were expressed alone (Fig. 1B). A negative con-
trol assaying for the interaction between ID2 and CRY1, revealed
no interaction signal. Similar levels of activitywere observedwhen
both ID2-VP16 and CRY1-GAL4 were expressed together, as
compared with when they were expressed alone. In contrast,
the known interaction between BMAL1-VP16 and CRY1-
GAL4 demonstrated an expected increase in luciferase activity
(F3,7 �, p � 0.001; Fig. 1D).

As ID1 and ID3 can also suppress CLOCK-BMAL1 transac-
tivation (27), we sought to test whether ID1 and ID3 could bind
directly to CLOCK and/or BMAL1. Using GAL4 and VP16
fusion proteins generated from pACT and pBIND vectors, an
increase in luciferase activity was also detected for both
ID1�CLOCK and ID1�BMAL1: 6-fold (F3,7 � 13.6, p � 0.01)
and 59-fold (F3,8 � 162.6, p � 0.001), respectively (Fig. 2A).
Interactions between ID3�CLOCK and ID3�BMAL1 were
measured; 3.5-fold (F3,7 � 39.5, p � 0.001) and 39-fold (F3,8 �
119.3, p � 0.001) changes were reported, respectively (Fig. 2C).
We also performed interaction assays using alternative ID1-
GAL4 and ID3-GAL4 constructs (pGAL4) and, consistent with
the pBIND vectors, demonstrated significant interaction sig-
nals with bothCLOCKandBMAL1 (ID1�CLOCK, F3,8 � 26.2,
p � 0.01; ID1�BMAL1, F3,8 � 220, p � 0.0001; ID3�CLOCK,
F3,7� 103, p� 0.0001; ID3�BMAL1, F3,8� 93, p� 0.0001; Fig.
2, B and D). All two-hybrid experiments were performed with
proteins expressed in the opposite partner vectors where pos-
sible, i.e. ID proteins fused to VP16 and CLOCK and BMAL1
fused to GAL4. Similar interaction signals were observed (data
not shown).
HLH Domain of ID2 Is Required for ID2 Suppression of

CLOCK-BMAL1 Transactivation of mPer1 Promoter—Using
truncated forms of the ID2 protein, we tested whether the ID2
HLH domain is required for the suppression of CLOCK-
BMAL1 transactivation activity (27). Plasmids expressing
CLOCK and BMAL1, an mPer1-Luc reporter plasmid, and one
of each of ID2 full-length, ID2-�HLH, or ID2-�N plasmids
were transfected into NIH3T3 cells (Fig. 3A). As a control, one
set of cells was transfected with pcDNA3 empty vector alone,
and as expected, little luciferase activity was observed (Fig. 3B).
When CLOCK and BMAL1 are co-transfected, their het-
erodimer activity on the mPer1 promoter resulted in a 6-fold
increase in luciferase activity (Fig. 3B). In concurrence with our
previous data (27), when CLOCK and BMAL1 are co-trans-
fectedwith full-length ID2, repression of themPer1 promoter is
observed (F5,23 � 16.9, p � 0.001; post hoc t test, p � 0.001
versus CLOCK-BMAL1-induced luciferase activity; Fig. 3B).
Comparable repression was obtained using an ID2-FLAG
tagged protein (data not shown). An equivalent level of inhibi-
tion is noted when ID2-�N was used, indicating that the N
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terminus is not necessary for the ID2 interaction (p � 0.001;
Fig. 3B). However, when ID2 is missing its HLH domain, no
repression of the mPer1 promoter was observed (Fig. 3B).
Western blot analysiswas employed to determine that the trun-
cated plasmids generated translated ID2 protein, which was
detected for ID2, ID2-�HLH, and ID2-�N (Fig. 3C).
Co-immunofluorescence Demonstrates That ID2 Co-exists in

Subcellular Compartments with Both CLOCK and BMAL1—
Subcellular locations of CLOCK, BMAL1, and ID2 were exam-
ined by immunofluorescence analysis in nontransfected and
transfected HEK293 cells. Endogenous expression of CLOCK,
BMAL1, and ID2, and overexpression of CLOCK-HA, BMAL1,
and ID2was examined using protein-specific antibodies and an
anti-HA antibody to detect tagged CLOCK. Due to concerns
about antibody specificity, we disregarded the endogenous

CLOCK protein data. The subcellular distributions were clas-
sified into one of three categories: cytoplasm-dominant, nucle-
us-dominant, or equal distribution in cytoplasm and nucleus.
BMAL1 endogenous localization signal was predominantly

cytoplasmic in69%ofcellswitha smallerproportionofcells exhib-
iting equal levels in the nucleus and cytoplasm (18%) and nuclear-
dominant staining (13%). ID2 showed an even higher incidence of
cells showing a cytoplasm-dominant localization signal (89%) and
with less equal cytoplasmic andnuclear staining (11%) andwithno
occurrence of predominantly nuclear staining. The overlay of flu-
orescent signals corresponding to BMAL1 and ID2 was assessed
and found to be almost entirely cytoplasm dominant. i.e. of cells
showing co-localization of both proteins, 85% of cells were scored
as predominantly cytoplasmic.Mean percentage datawere gener-
ated from three independent experiments.

FIGURE 1. ID2 can interact directly with both CLOCK and BMAL1. A, NIH3T3 and HEK293 cells were cotransfected with ID2-FLAG and either CLOCK-HA or
BMAL1-HA. Total cell extracts (middle lanes) or immunoprecipitates (IP, outer lanes) using an anti-FLAG antibody were subjected to Western blot (WB) analysis
using anti-HA antiserum. Preimmunoprecipitation inputs for the respective immunoprecipitates are indicated (left lanes), representing 10% of input proteins
and showing the presence of ID2-FLAG. ID2-FLAG signal was not detected in the negative control (not shown). Representative results are shown from one
experiment. All co-immunoprecipitations were repeated at least twice in both cell lines. B–D, NIH3T3 cells were co-transfected with pGL5-Luc, �-gal, and the
indicated expression plasmids. Shown are positive controls of known robustly interacting binding partners, CLOCK and BMAL1 (34, 46) and ID1 and MyoD (60)
(B) and testing ID2 interaction with CLOCK and BMAL1 (C). D, as a negative control, the ability for ID2 to interact with CRY1 was tested, and a positive interaction
signal was observed for BMAL1 with CRY1 (46). Luciferase reporter measurements were normalized to �-gal signals. Data are mean 	 S.E. for four samples per
treatment group. Differences determined by one-factor ANOVA with Bonferroni post hoc t tests. ***, p � 0.001. GAL4, DNA binding domain (pBIND plasmid);
VP16, activation domain (pACT plasmid). Data are representative of three independent experiments.
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HEK293 cellswere then co-transfectedwith different expres-
sion plasmid combinations to examine whether ID2, CLOCK,
and BMAL1 were localized in the same cellular compartments
(Fig. 4, A and C). The subcellular distributions were classified
into each of three categories (Fig. 4, B and D). Expressed indi-
vidually, CLOCK-HA was found predominantly in the cyto-
plasm (95% of cells were cytoplasm-dominant, the remainder
showing equal staining between cytoplasm and nucleus),
whereas BMAL1 showed a higher level of nuclear localization
with 57% of cells with equal staining in cytoplasm and nucleus,
8% nucleus-dominant, and with the remainder being 35% cyto-
plasm-dominant (data not shown). When overexpressed
together, the CLOCK localization signal shifted dramatically to

a nuclear dominant pattern, and the BMAL1-CLOCK co-stain-
ing signal occurring predominantly within the nucleus (Fig. 5,
C–E). The higher incidence of nuclear localization found for
BMAL1 compared with CLOCK and the shift in CLOCK local-
ization from cytoplasm to nucleus when co-expressed with
BMAL1 is consistent with published reports (30, 39). ID2, when
ectopically expressed individually, was found predominantly
within the cytoplasm (data not shown).
We then examined the localization of proteins when ectopi-

cally expressed in pairs, specifically ID2�CLOCK-HA and
ID2�BMAL1. In both instances, ID2 was primarily found
within the cytoplasm, with mean cell counts for cytoplasm
dominant being 90 and 93%, respectively (Fig. 4, B and D).

FIGURE 2. ID1 and ID3 can interact with both CLOCK and BMAL1. A–D, NIH3T3 cells were co-transfected with pGL5-Luc, �-gal, and the indicated expression
plasmids. Interaction between ID1 with CLOCK and with BMAL1 was tested using alternative ID1 plasmids with different vector backbones (A and B). Interaction
between ID3 with CLOCK and with BMAL1 was also tested using two different ID3 plasmids (C and D). As a negative control, the ability for ID1 and ID3 to interact
with CRY1 was tested (A and C). ID plasmids in A and C were pBIND, and ID plasmids in B and D were pGAL4. A positive interaction signal was observed for BMAL1
with CRY1 (see Fig. 1D). Luciferase reporter measurements were normalized to �-gal signals. Data are mean 	 S.E. for four samples per treatment group.
Differences determined by one factor ANOVA with Bonferroni post hoc t tests, *, p � 0.05; **, p � 0.01; and ***, p � 0.001. GAL4, DNA binding domain (pBIND
or pGAL4 plasmid); VP16, activation domain (pACT or pVP16 plasmid). Data are representative of three independent experiments.
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Under these conditions, CLOCK and BMAL1 were also found
primarily located in the cytoplasm, CLOCK more so than
BMAL1 (Fig. 4, B and D). As a result, co-staining of ID2 with
CLOCK, and ID2 with BMAL1, predominated within the cyto-
plasm: 92% cells showed primarily cytoplasmic staining for ID2
and CLOCK and 95% for ID2 and BMAL1. Similar overlapping
patterns of primarily cytoplasmic staining were observed for
ID2 with BMAL1 and ID2 with CLOCK-HA in nontransfected
and transfected NIH3T3 cells (data not shown).

ID2 Can Sequester CLOCK and
BMAL1 to Cytoplasm—As it has
been confirmed that ID2 bears a
cytoplasmic localization signal/nu-
clear export signal (NES) (26), we
hypothesized that ID2might bind to
CLOCK and BMAL1 and restrict
their entry into the nucleus. This
would be expected to prevent
CLOCK and BMAL1 transcrip-
tional activity. To test this hypothe-
sis, we again used immunofluores-
cence to stain the location of each
protein. We compared a population
of transfected HEK293 cells that
overexpressed only CLOCK-HA
and BMAL1 together (Fig. 5A, CB
state) versus cells that overex-
pressed all three proteins, ID2-
FLAG, CLOCK-HA, and BMAL1
together (Fig. 5B, ICB state). As
described above, when CLOCK and
BMAL1 were overexpressed to-
gether, we noted that CLOCK and
BMAL1 were found in the nucleus
in a majority of cells (Fig. 5E). In the
ICB state, a dramatic shift in the
localization of CLOCK and BMAL1
to the cytoplasmwas observed; in the
CB state, CLOCK was found
in the nucleus in 78% of cells, drop-
ping to 4% in the ICB state (F6,16 �
53.2, p� 0.001; Fig. 5C). BMAL1was
found predominantly in the nucleus
in 36% of the cells in the CB state,
compared with 0% when ID2 was
introduced (F6,17 � 31.9, p � 0.01;
Fig. 5D). Finally, the proportion of
cells showing co-localization of
CLOCK and BMAL1 in the nucleus
dropped from 83% in the CB state to
0% in the ICB state (F6,17 � 274.7,
p� 0.001), whereas cytoplasmic co-
localization increased dramatically
from 1% to 92% (p � 0.001; Fig. 5E).
Similar responses were observed
with increasing the concentration of
ID2plasmid (3:1:1 and 5:1:1 ratios of
ID2:CLOCK:BMAL1). To further

explore the mechanism of ID2 sequestration of CLOCK and
BMAL1,we examined the contribution of the ID2HLHdomain
and the C terminus containing putative NES. Cells were trans-
fected with both CLOCK and BMAL1 and in combination
with either full-length ID2, ID2-�HLH, or ID2-�C (Fig. 3A,
supplemental Fig. S2A). Localizations of both CLOCK and
BMAL1 were primarily cytoplasmic in the presence of ID2
but nuclear when co-expressed with either ID2-�HLH or
ID2-�C (supplemental Fig. S1). Similar responses were

FIGURE 3. The helix-loop-helix domain of ID2 is the protein-binding site necessary for inhibition of
CLOCK-BMAL1 transactivation. The effect of co-transfection of CLOCK and BMAL1 with ID2 expression plas-
mids on transactivation of the mPer1 promoter. NIH3T3 cells were co-transfected with mPer1:luciferase pro-
moter reporter, �-gal, and the indicated expression plasmids. A, amino acid maps of full-length and truncated
ID2 proteins encoded by DNA plasmids, with deleted residues noted in parentheses. B, mean 	 S.E. luciferase
reporter measurements normalized to �-gal, with five samples per treatment group. All groups, except
pcDNA3.1 empty vector, were transfected with equal amount of CLOCK and BMAL1 expression vector (125 ng
each). Values obtained for cells transfected with empty vector were set to 1.0. Differences determined by
one-factor ANOVA with Bonferroni post hoc t tests. ***, p � 0.001 versus CLOCK-BMAL1-pcDNA3 group. Data
are representative of four independent experiments. Results for inhibition of transativation by full-length ID2
is consistent with previous results (27). C, Western blot analysis of transfected cell lysates revealing protein
bands for full-length ID2, ID2-�HLH, and ID2-�N truncated plasmids. Plasmid combinations for each lane are as
described above in B.
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FIGURE 4. Co-immunofluorescence reveals cytoplasmic localization of ID2 with both CLOCK and BMAL1. HEK293 cells were co-transfected with ID2 and
CLOCK-HA or ID2 and BMAL1. Fluorescent dye-labeled secondary antibodies were used to visualize the cellular location of each protein. A, both the localization
and co-staining signals of ID2 (green) and CLOCK (red) predominantly occur in the cytoplasm. C, both the localization and co-localization of ID2 (green) and
BMAL1 (red) predominantly occurs in the cytoplasm. Cells were visualized using anti-ID2, anti-HA (for CLOCK), and anti-BMAL1 antibodies. Scale bars, 20 �m.
B and D, quantification of localization data are mean 	 S.E. for three independent experiments each comprising of �100 cell counts. The higher proportion of
cells showing nuclear localization for BMAL1 compared with CLOCK is as expected from published reports (30).
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observed with a 5� increased con-
centration of ID2 mutant plasmid.
We next tested whether NES is

required for inhibition of CLOCK-
BMAL1 transactivation activity on
themPer1-luc promoter as outlined
above. Transfection of NIH3T3
cells with the ID2-�C plasmid at a
matching concentration did not
inhibit CLOCK-BMAL1 activity,
but significant inhibition was ob-
served at a five times higher concen-
tration (61% 	 12% inhibition, four
independent experiments; p � 0.01;
supplemental Fig. S2).
Serum Induction of mPer1 in

Mouse Embryonic Fibroblasts Is Ele-
vated in Absence of Id2—Previous
data established that ID proteins
have the ability to suppress
CLOCK-BMAL1 transactivation of
target genes including mPer1 and
that Id2�/� mice exhibit larger
phase shifts in response to light
treatment (27). The protein interac-
tion data outlined above illustrates
that ID1, ID2, and ID3 can bind to
both CLOCK and BMAL1 and that
all three proteins can inhibit
CLOCK-BMAL1 transactivation
activity on the mPer1 promoter
(27). Therefore, we sought to deter-
mine whether well characterized
genes induced during clock reset-
ting are affected by the absence of
ID2. Using the in vitro model of
serum-stimulated clock resetting
of immortalized fibroblasts, we
attempted tomimic the gene induc-
tion responses associated with
phase shifting in the intact animal,
such as the SCN response to photic
stimuli (1, 5, 6, 16, 42–45). Total
RNA was harvested from Id2�/�

and Id2�/� MEFs at 0 min, 30 min,
60 min, 90 min, 120 min and 8 h
post-serum stimulation, and gene
expression for c-fos, mPer1, and
mPer2 determined by qRT-PCR. All
three gene induction profiles in
both Id2�/� and Id2�/� cells were
as predicted in terms of time of peak
induction (30, 60, and 90 min,
respectively) and duration of eleva-
tion (5, 6, 20, 43–45) (Fig. 6). Exam-
ination of c-fos and mPer2 gene
induction did not reveal statistically
significant differences between gen-

FIGURE 5. ID2 restricts CLOCK and BMAL1 nuclear localization. HEK293 cells were co-transfected with either
CLOCK-HA and BMAL1 (CB state), or CLOCK-HA, BMAL1, and ID2-FLAG (ICB state). A, CLOCK and BMAL1 local-
ization (green and red, respectively) and co-staining (yellow) when overexpressed together and in the absence
of overexpressed ID2. B, CLOCK and BMAL1 localization and co-staining in the presence of overexpressed ID2.
Cellular protein localizations were visualized using anti-HA (for CLOCK) and anti-BMAL1 antibodies. Scale bar,
20 �m. C–E, quantification of localization data are mean 	 S.E. for three independent experiments each
comprising �100 cell counts. CB, ectopic expression of CLOCK and BMAL1 plasmids; ICB, ectopic expression of
ID2, CLOCK, and BMAL1.
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otypes at any time point (Fig. 6, A and C). However, it is note-
worthy that in four of five individual trials for c-fos expression
showed higher induction in Id2�/� MEFs at 30 min (mean 	
S.E. increase for four trials, 70 	 14%). In only one trial,mPer2
expression in Id2�/� cells was higher at 120min. In contrast, a
significant 96 	 28% increase in the induction of mPer1 was
observed consistently in the Id2�/� cells; five of five individual
trials showed higher mPer1 induction in Id2�/� MEFs at 60
min (t1,8 � 3.6, p � 0.01; Fig. 6B).

DISCUSSION

ID proteins have been implicated as repressors of transcrip-
tion in multiple biological processes. They bind to bHLH pro-
teins and prevent such complexes from contacting their DNA
targets because ID proteins themselves lack the basic domain
necessary for DNA binding (22–25, 41). Previous studies in our
laboratory revealed that Id genes oscillate in a circadian fashion
in many tissues. Specifically, Id2 oscillates with a 24-h rhythm
in the SCN, fibroblasts, heart, and liver, where it also shows a
distinct protein rhythm (6, 27–29). As ID2 is well established as
an HLH repressor in other biological processes (22), we sought
to examine whether it may play a similar role within the circa-
dian system.The positive elements of the transcriptional-trans-
lational feedback loop of the circadian clock, CLOCK and
BMAL1, are bHLH transcription factors, and our previous
investigations revealed that ID proteins can repress the trans-
activation potential of the CLOCK-BMAL1 heterodimer (27).
The simplest explanation for this repression is that ID2 binds
directly to CLOCK, BMAL1, or both and prevents them from
contacting the DNA and thereby reducing their transactivation
potential. To test this hypothesis, we performed two comple-
mentary protein interaction assays.
We examined by co-immunoprecipitation analysis the

potential interaction between ID2 and CLOCK and ID2 and
BMAL1. We were successful in identifying the presence of
CLOCK-HA and BMAL1-HA after the ID2-FLAG pulldown,
revealing that ID2 has the capability to interact with the protein
complexes that contain CLOCK and BMAL1. The two-hybrid
assay demonstrated that all three ID proteins (ID1, ID2, ID3)
can interact directly with both CLOCK and BMAL1. As a neg-
ative control we examined the ability of each ID protein to
interactwith the clock proteinCRY1,which does not possess an
HLH domain. As predicted, no interaction was detected
between ID proteins and CRY1, but consistent with other stud-
ies, we detected an interaction between BMAL1 andCRY1 (46).
It is important to note that the ID2-GAL4-CLOCK-VP16 and
ID2-GAL4-BMAL1-VP16 interactions were in the range of
42–86% as robust as the established CLOCK-BMAL1 interac-
tion. This, and the high level of specificity shown by ID proteins
for their binding partners in complementary studies (32, 47,
48), lends credence to the concept that the interaction involving
ID2 is an important one within the circadian system and not an
artifact of the assay. This is significant because it suggests a
mechanism through which ID proteins couldmodulate the cir-
cadian system at the level of the core oscillator and could
explain the circadian phenotypes reported in the Id2�/�mouse
(27).

FIGURE 6. Serum-induced mPer1 gene expression is elevated in Id2�/�

mouse embryonic fibroblasts. Serum stimulation of MEFs was used as a
model system to mimic photic stimulation of the SCN. A, relative expression of
c-fos in Id2�/� compared with WT (Id2�/�) MEFs shows no significant differ-
ence between genotypes. B, mPer1 expression is 2-fold higher in the peak
level of gene expression in Id2�/� cells at 60 min post-initiation of serum
treatment. C, relative expression of mPer2 shows no significant difference
between cells. Values are mean 	 S.E. fold change of expression relative to
the lowest expression value from five independent experiments. c-fos, mPer1,
and mPer2 expression was assessed by qRT-PCR using SYBR green and nor-
malized to GAPDH assessed using Taqman reagents. Two-tailed Student’s t
test was performed at individual time points to determine statistical signifi-
cance between WT and Id2�/� samples. **, p value � 0.01.
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The ID2 inhibition of CLOCK-BMAL1 transactivation of the
mPer1 gene is comparable with our earlier report and is similar
to the level of suppression reported for mPER1, an established
repressor of the clock (1, 2, 27, 33, 49). Deletion of the HLH
domain rendered the ID2 protein ineffective at repressing
CLOCK-BMAL1 activity, suggesting that ID2 repression is via
an interactionwith bHLHproteins. This is not surprising, given
that the HLH domain is the area critical for the majority of
reported ID2protein interactions (22–25). In combinationwith
our two-hybrid data, these results suggest that the inhibition of
CLOCK-BMAL1 activity is in fact due to a direct action of ID2
binding to CLOCK and BMAL1 via the HLH domain and ren-
dering them inactive.
For ID2 to interact with CLOCK and BMAL1, it is necessary

for the proteins to be localized in the same cellular compart-
ment at a particular time. Single protein overexpression
revealed, as expected, CLOCK and BMAL1 in both the cyto-
plasm and nucleus (30, 50), although CLOCK predominantly
localized to the cytoplasm. In all experimental conditions
(endogenous, ectopically expressed alone, or with other pro-
teins), ID2 was primarily localized to the cytoplasm. When
CLOCK or BMAL1 were ectopically co-expressed with ID2,
CLOCK and BMAL1 were found primarily in the cytoplasm.
This predominantly cytoplasmic localization for ID2 is consis-
tent with studies using GFP-tagged ID2 expressed in various
cell lines (26) and immunohistochemical analysis of ID2 in
mouse brain cortical and Purkinje neurons.3 In agreement with
other studies (30, 50), we found co-staining of BMAL1 and
CLOCK predominantly in the nucleus when the two proteins
were overexpressed together. This switch, especially for
CLOCK from a primarily cytoplasmic location to a primarily
nuclear location, is consistent with other studies and consistent
with the role of BMAL1 in facilitating entry of CLOCK into the
nucleus (30, 39).
Due to this overlapping localization of ID2 with CLOCK and

BMAL1 primarily in the cytoplasm, we performed a separate
quantification to observe whether an overexpression of ID2
affects the localization of CLOCK and BMAL1. When ID2 was
not ectopically expressed, CLOCK and BMAL1 were found
together within the nucleus in themajority of the cells counted.
However, when ID2 was overexpressed with CLOCK and
BMAL1, their co-staining within the nucleus was considerably
reduced. The simplest explanation for this finding is that ID2
binds to CLOCK and BMAL1 within the cytoplasm and
restricts their nuclear entry. This, in turn, would be expected to
reduce the transactivation potential of CLOCK-BMAL1. This
form of sequestration has been observed in which ID2 can
sequester the bHLH proteins OLIG1 and OLIG2 to the cyto-
plasm in a mechanism that suppresses the formation of OLIG-
E2A complexes (51).
The proposal that cytoplasmic localization by ID2 as a

method of restricting CLOCK and BMAL1 nuclear activity is
supported by the results of our mutant ID2 experiments. The
deletion of the HLH region would be expected to render the
ID2-�HLHprotein incapable of binding to CLOCKor BMAL1,

thereby permitting their nuclear accumulation and normal
transactivation activity. A small section of the ID2 C-terminal
region (between amino acids 103–119) is required for cytoplas-
mic localization and contains a putativeNES (amino acids 106–
115) (26). Therefore, the ID2-�C protein would be predicted to
have limited capability in restricting CLOCK and BMAL1 to
the cytoplasm but might still inhibit CLOCK-BMAL1 transac-
tivation. Conversely, the N terminus appears to have limited
function in regulating localization. The ID2-�N mutant, even
though it is additionally missing the C terminus at amino acids
121–134, would still be expected to harbor its NES and could
thus remain functional in sequestering CLOCK and BMAL1 to
the cytoplasm and inhibit their transactivation activity.
Consistent with the mPer1 promoter reporter results, the

nuclear location of bothCLOCKandBMAL1 in the presence of
ID2-�HLH supports the notion that the HLH domain is neces-
sary for interaction with CLOCK and BMAL1. The nuclear
location of both CLOCK and BMAL1 in the presence of
ID2-�C also suggests that the putative ID2 C terminus NES is
necessary for sequestration of CLOCK and BMAL1 to the cyto-
plasm. The mPer1 promoter reporter results that reveal no
inhibition of CLOCK-BMAL1 activity at matching doses of
ID2-�C but inhibition at high doses also indicate that cytoplas-
mic sequestration contributes to the inhibition of CLOCK-
BMAL1 transcriptional activity by ID2.
Our previous data explored the role of ID2 in vivo using a

genetic deletion of Id2 and probing of the circadian system (27).
Id2�/� mice exhibit enhanced phase shifts and an increased
rate of entrainment when subjected to a large delay of the pho-
toschedule. We wanted to explore the molecular basis for this
phenotype. Because our current and previous data also demon-
strate that overexpression of ID2 with CLOCK and BMAL1
leads to repression of CLOCK-BMAL1 transactivation poten-
tial, we hypothesized that the absence of ID2 would result in an
increase in CLOCK-BMAL1 activity. We predict that a Zeitge-
ber induction ofmPer1 in the Id2�/� mouse would be elevated.
Using MEFs derived from Id2�/� mice, we mimicked the syn-
chronization/phase shift stimulation on these cells. The addi-
tion of high levels of serum to fibroblasts is considered to be
comparable with photic stimulation of the SCN by activating
signal transduction cascades culminating in pCREB activation,
induction of the period genes, and generation of phase shifts (5,
6, 17). In serum-stimulated cells, induction profiles of the
immediate early genes c-fos,mPer1, andmPer2 in both Id2�/�

and Id2�/� cells were as predicted in terms of time of peak
induction and duration of elevation (5, 6, 20, 43–45). However,
a significant increase in the induction ofmPer1was observed in
the Id2�/� cells. As mPer1 is a state variable of the circadian
pacemaker required for normal phase resetting (1, 2, 10, 52), it
is possible that an increased induction of PER1 is responsible
for the entrainment phenotype described in the intact animal.
These results suggest an important role for ID2 in the circa-

dian clockwork in limiting the magnitude of phase responses
and also suggest that under appropriate circumstances, reduc-
tion or absence of ID2 could result in higher activity of CLOCK-
BMAL1. In turn, this would facilitate a stronger response to
photic stimuli via transactivation of themPer1 gene promoter.
A proposed model for the role of ID2 in entrainment of the3 G. E. Duffield, unpublished data.
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circadian clock is described in Fig. 7 and is based on an indirect
effect of ID2 upon transcriptional activation by the CRE.
The action of ID2 upon CLOCK-BMAL1 may even explain

some aspects of clock output regulation observed in the Id2�/�

liver (29). In the liver, both Id2 gene and protein are rhythmic
with a protein peak phase of approximately circadian time 12
(29), coincident with the proposed peak of BMAL1-CLOCK
heterodimer activity (53, 54). Although amajority of CCGs that
are abnormally regulated in the Id2�/� liver are different from
those identified in the Clk/Clk mutant mouse (29, 53, 55, 56),
there is some overlap in the CCGs misregulated by both (29).
This suggests that an ID2 interactionwith CLOCK and BMAL1
could contribute to some of the regulation of clock output
driven specifically by CLOCK-BMAL1.
If we consider that all four Id genes are rhythmically

expressed in the SCN and share peak phases in the late subjec-
tive night (27), it is possible that a combinatorial effect of mul-
tiple ID proteins could confer a strong repressive effect upon
CLOCK-BMAL1 heterodimer availability. A knockdown of all
four Id genes might therefore be predicted to have a more pro-
found effect upon the circadian system than what has been
observed in the Id2�/� mouse.

These data implicate ID2 as a modulator of the circadian
system. We propose that the ID proteins might also act in a
similar manner as the bHLH orange proteins, other tran-
scriptional repressors of bHLH activity that include BMAL1
as a target (7–9, 57). The action of ID2 describes an autoreg-
ulatory feedback loop that closes outside the core oscillator
and that affects aspects of circadian timing in a similar man-
ner as described for Neurospora VIVID (58). This includes
photic entrainment and clock output, acting as a repressor
on the positive elements of the clock, and yet is not required
for circadian rhythmicity. There are other examples of addi-
tional autoregulatory loops that contribute to the circadian
system but are not essential for the persistence of the oscil-
lator (CREB, CREM, cAMP, Dec1, Dec2, Clockwork orange,
and frequency antisense transcript) (2, 7–9, 57, 59). It is
hypothesized that the occurrence of multiple interlocked
feedback loops provides stability and precision for the clock
and to which ID2 could additionally contribute.
Our previous studies implicated ID2 in clock resetting and

entrainment and in the regulation of clock output. In sum-
mary of our current study, the HLH transcriptional repres-
sor ID2 can interact directly with the canonical clock pro-
teins CLOCK and BMAL1 and can sequester CLOCK and
BMAL1 to the cytoplasm; and the absence of Id2 results in an
increase in serum-inducedmPer1, leading to a hypothesized
molecular correlate for the enhanced phase shift response
observed in vivo. This suggests that ID2 may be an important
modulator of the mammalian circadian clock, regulating

FIGURE 7. Proposed model for the role of ID2 in clock resetting. A, serum
stimulation of MEF or light activation of retinal photoreceptors, retinohypo-
thalamic tract (RHT), and in turn, SCN neuron (1, 5, 6, 16, 42). Intracellular
signaling pathways are activated culminating in the phosphorylation of CREB
on Ser-133 and Ser-142 and permitting CREB binding to its response element,
CRE, in the promoter region of the immediate early gene/clock gene mPer1.
This promotes transcription of the target gene (12, 13, 61). The CRE and E-box
elements are located in the promoter regions of the mPer1 gene. CLOCK-
BMAL1 heterodimer binding to the E-box element within the gene promoter
is considered responsible for rhythmic transcriptional activity in various clock
and clock-controlled genes (12, 13). Studies in the Clock �19 homozygous
mutant mouse suggest an additional role of this binding: that CLOCK-BMAL1
binding to the E-box element is permissive to, or gates, transcriptional acti-
vation by the CRE within the same promoter region (19, 20). Target gene
(mPer1 and mPer2) induction by activation of the CRE is reduced in the Clock
(Clk/Clk) mutant mouse SCN and MEFs following light and serum stimulation,
respectively. mPer1 is a state variable of the clock and its induction or sup-
pression is deemed critical to phase shifting of the clock (1, 2, 10, 42). B, in the
wild type cell, the presence of ID2 interferes with the dimerization of CLOCK-
BMAL1 by binding to both canonical clock proteins. ID2-CLOCK and ID2-
BMAL1 cannot bind to the E-box element because ID2 lacks a basic DNA
binding domain. The quantity of the available CLOCK-BMAL1 heterodimer is
reduced, leading to reduced transcription of the target gene mPer1. C, in the
Id2�/� cell, the number of CLOCK-BMAL1 heterodimers is increased due to
the absence of ID2, thereby increasing the occurrence of binding of CLOCK-
BMAL1 to the E-box element and permitting maximal activation of the
promoter when there is coincidental binding of pCREB to the CRE. This

results in enhanced transcription of the target gene mPer1. As mPer1 is a state
variable of the clock, a larger phase shift of the clock is produced (27). Addi-
tionally, a direct role for CLOCK in signaling to the mPer1 gene has also been
proposed independent of the pCREB pathway, in which Ca2� -dependent
protein kinase C phosphorylation of CLOCK can regulate mPer1 induction
(62). Sequestration of CLOCK to the cytoplasm and reduction in the quantities
of available CLOCK-BMAL1 heterodimer by ID2 could modulate this proposed
signaling pathway.
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aspects of both clock input and output and that this could be
achieved in part through interaction with canonical compo-
nents of the oscillator.
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