MOLECULAR AND CELLULAR BIOLOGY, Jan. 2010, p. 197-205
0270-7306/10/$12.00  doi:10.1128/MCB.01154-09

Vol. 30, No. 1

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Circadian Amplitude of Cryptochrome 1 Is Modulated by mRNA
Stability Regulation via Cytoplasmic hnRNP D Oscillation"

Kyung-Chul Woo,'§ Dae-Cheong Ha,'§ Kyung-Ha Lee,' Do-Yeon Kim,'
Tae-Don Kim,? and Kyong-Tai Kim'=*

Department of Life Science, Division of Molecular and Life Science, Pohang University of Science and Technology,
Pohang 790784, South Korea'; Division of Integrative Bioscience and Biotechnology, Pohang University of
Science and Technology, Pohang 790784, South Korea®; and Center for Stem Cell Research,
Korea Research Institute of Bioscience and Biotechnology, 111 Gwahangno,
Yuseong-gu, Daejeon 305806, South Korea®

Received 27 August 2009/Returned for modification 9 September 2009/Accepted 19 October 2009

The mammalian circadian rhythm is observed not only at the suprachiasmatic nucleus, a master pacemaker,
but also throughout the peripheral tissues. Its conserved molecular basis has been thought to consist of
intracellular transcriptional feedback loops of key clock genes. However, little is known about posttranscrip-
tional regulation of these genes. In the present study, we investigated the role of the 3’-untranslated region
(3'UTR) of the mouse cryptochrome 1 (mcryl) gene at the posttranscriptional level. Mature mcryl mRNA has
a 610-nucleotide 3'UTR and mediates its own degradation. The middle part of the 3’UTR contains a desta-
bilizing cis-acting element. The deletion of this element led to a dramatic increase in mRNA stability, and
heterogeneous nuclear ribonucleoprotein D (hnRNP D) was identified as an RNA binding protein responsible
for this effect. Cytoplasmic hnRNP D levels displayed a pattern that was reciprocal to the mcryl oscillation.
Knockdown of hnRNP D stabilized mcryl mRNA and resulted in enhancement of the oscillation amplitude and
a slight delay of the phase. Our results suggest that hnRNP D plays a role as a fine regulator contributing to
the mcryl mRNA turnover rate and the modulation of circadian rhythm.

Circadian rhythms in living organisms are regulated by an
endogenous clock. In mammals, it is well known that the
circadian clock is located at the suprachiasmatic nucleus
(SCN) in the brain. The SCN orchestrates circadian oscil-
lations in various peripheral tissues (21, 36, 56). Because the
circadian rhythm is conserved from the entire organism to
the level of the single cell, many efforts have been made to
understand the molecular basis of the regulation of circa-
dian timing (15, 20).

Enormous progress has been made toward understanding
the secrets of the rhythm generator, providing a view of the
circadian clock mechanism. Each cell of the body contains a
circadian core oscillator composed of essential components for
normal circadian behavior. The RNA and protein levels of the
components, called clock genes, are known to oscillate in a
circadian rhythm, based on studies of the expression of genes,
including Clock (49); Bmall (5); mPerl and mPer2 (55); mCryl
and mCryl2 (22); Rev-erba (34); and Rora (44). These key
clock genes are involved in interacting positive and negative
transcriptional feedback loops (9, 34, 37, 44).

In mammals, cryptochromes are expressed in every organ,
and there are two homologues, mcryl and mcry2. In general,
meryl is expressed at a high level in the SCN, whereas mcry2
expression in this region is almost negligible (41). The oscilla-
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tion of mecryl transcripts persists when mice are kept in a
“free-running” state, such as constant darkness (27), as has
been observed for other clock genes and as would be expected
of a true circadian regulator. mcryl expression also shows cir-
cadian oscillation in other organs, most notably in the liver;
however, the phase of its expression in internal organs is de-
layed or advanced compared to the phase of its expression in
the SCN. Both mCRY1 and mCRY?2 bind to mPER1, mPER2,
and mPER3. CRY-PER interaction results in nuclear trans-
port and subsequent inhibition of the transcription of clock
genes and clock-controlled genes mediated by the CLOCK/
BMALI1 complex (41).

Whereas many lines of evidence have accumulated regard-
ing the transcriptional feedback loops of clock proteins, these
feedback loops would not be sufficient to shape the amplitude
and phase of the key clock genes. Basically, to sustain the
oscillation of mRNA and proteins, the degradation of these
products of expression should harmonize with their synthesis.
Although degradation of the clock proteins has been reported
as a result of posttranslational modifications (24, 26, 43), much
less is known about their posttranscriptional regulation, includ-
ing mRNA stability. In Drosophila melanogaster, several pieces
of evidence indicate that posttranscriptional regulation in-
volves mRNA oscillation (10, 46). However, these studies did
not reveal which events of posttranscriptional regulation are
responsible for the clock-gene oscillation. In mammals, the
3'-untranslated region (3'UTR) of mouse Period 1 (mperl)
repressed its expression in a posttranscriptional manner, which
explains the time lag of the mRNA and the protein products of
mperl (18).

Individual mRNAs have widely varying turnover rates. The
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regulation of the turnover rate of mRNAs is critical in deter-
mining the abundance and dynamics of transcripts. The stabil-
ity of mRNA is determined by the interaction of specific cis-
acting elements (CAEs) within the 3'UTR regions and the
trans-acting factors that bind to them (51). The AU-rich RNA
destabilizing element (ARE) in the 3'UTR is well character-
ized and is the most commonly occurring CAE involved in
posttranscriptional regulation (3, 4, 7).

ARE binding factor 1 (Auf-1), also known as heterogeneous
nuclear ribonucleoprotein (hnRNP) D, is a shuttling RNA
binding protein that is abundant in many tissues. hnRNP D
binds to putative AREs in the UTRs of target mRNAs and
regulates mRNA stability or the promotion of translation (2,
25). Much research has focused on the action of hnRNP D in
various mRNAs involved in the immune system, cell cycle
regulation (29, 47), and related areas, including studies using
knockout animals (28, 39).

In contrast to the translational modulation associated with
the 3'UTR of mperl (18), we show here that the mRNA
stability of the circadian core clock gene micryl is modulated by
the 3'UTR and cytoplasmic hnRNP D; in addition, mRNA
instability is mediated by cytoplasmic increases in hnRNP D
protein. Our results suggest that cytoplasmic hnRNP D-medi-
ated mRNA decay serves to modulate peak amplitude and
phase or to damp down the mcryl mRNA circadian oscillation.

MATERIALS AND METHODS

Cell culture, transient transfection, and circadian synchronization. HEK
293T and NIH 3T3 cells were maintained in Dulbecco’s modified Eagle’s me-
dium (Welgene/HyClone) supplemented with 10% fetal bovine serum (Hy-
Clone) and 1% antibiotics (Welgene) in a humidified 95% air, 5% CO, incubator
at 37°C. Circadian oscillation of NIH 3T3 cells was synchronized by treatment
with 100 nM dexamethasone for 2 h. Instead of the usual single dexamethasone
treatment, dexamethasone shock was applied twice at —24 h and 0 h before the
onset of the circadian period, and cells were monitored throughout the following
day.

For expression of the reporter constructs, cells were counted and plated in a
24-well plate at a density of 10° cells/well. After 24 h, 0.7 ug of DNA was
introduced into each well by lipid-mediated transfection using Welfect transfec-
tion reagent (Welgene) following the manufacturer’s instructions. After trans-
fection, cells were treated with the transcription blocker actinomycin D (5 pg/ml)
at 0 h and harvested thereafter at the times indicated in the figures.

Rapid amplification of cDNA 3’ ends. Single-stranded cDNA was synthesized
from total RNA of mouse SCN by using oligo(dT) and Moloney murine leuke-
mia virus reverse transcriptase (Roche). A first PCR was performed with the
c¢DNA, using an mcryl-specific primer (5'-GGAATTCAGCAGTAACTGATA
CGAA) and the (dT)17-adaptor primer (5'-GCTCTAGAGGCCTCGAGTTTT
TTTTTTTTTTTTT). In a second PCR, 1/50 of the product of this reaction was
reamplified with a nested mcryl-specific primer (5'-GGAATTCTACGAAAGC
GTGTGGGAGGAG) and just adaptor primer (5'-GCTCTAGAGGCCTCG
AG). Sequencing was performed on the resulting product, representing the
mecryl 3'UTR.

Plasmid construction and AANAT assay. To generate pcNAT-wt610 (with the
wild-type, full-length, 610-nucleotide mcryl 3'UTR inserted into the 3'UTR of
AANAT) and pSK’-wt610, PCR products were digested with EcoRI/Xbal and
inserted into the EcoRI/Xbal site of the control vector pcNAT, which expresses
rat Aanat without the 3'UTR (32), and into modified pSK’ (16), respectively. To
dissect the regions involved in posttranscriptional regulation, serially deleted
3'UTR fragments were cloned into the 3'UTR region of the reporter using the
EcoRI/Xbal digestion site. The Aanat assay for reporter activity was performed
as previously described (6).

Northern blot analysis and real-time reverse transcription-PCR (RT-PCR).
Northern blot analysis was carried out as described previously (16). Briefly, total
RNA was extracted from HEK 293T cells using TRI Reagent (Molecular Re-
search Center). The total RNA (5 pg) was size separated by 1% formaldehyde—
agarose gel electrophoresis containing 0.66 M formaldehyde, transferred to ny-
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lon membranes (ICN), and hybridized with a specific probe labeled with
[«-*?P]dCTP (NEN). mRNA levels of reporters were also detected by quan-
titative real-time PCR using a MylQ single-color real-time detector system
(Bio-Rad) with SYBR green PCR mixture (Bio-Rad, Takara), as described
previously (23). Specific primer pairs for Aanat, endogenous mcryl, per2,
mgapdh, mrpl32, and mtbp were used (primer sequences are provided in Table S1
in the supplemental material).

In vitro transcription and UV cross-linking. To identify proteins specifically
bound to mcryl 3'UTR, in vitro binding and UV cross-linking assays were
performed as described previously (37). pSK’ constructs with serially deleted
3'UTR were constructed for T7 RNA polymerase-based in vitro transcription
(Promega, Roche). RNAs labeled with [a-**P]JUTP (NEN) and unlabeled com-
petitor RNAs were transcribed in vitro using T7 RNA polymerase and Xbal-
linearized pSK’-3"UTR constructs. Equal molar amounts of labeled RNA were
incubated with 15 g of nuclear extract or 30 g of cytoplasmic extract of either
HEK 293T cells or NIH 3T3 cells for 20 min at 30°C. The RNA-protein binding
reaction was carried out in a 30-pl reaction mixture containing 0.5 mM dithio-
threitol, 5 mM HEPES (pH 7.6), 75 mM KCI, 2 mM MgCl,, 0.1 mM EDTA, 4%
glycerol, 20 U RNasin (Promega), and 4 pg of yeast tRNA. Where indicated,
homopolymeric ribonucleotides [poly(A), poly(C), and poly(U)] or unlabeled
competitor transcripts were included in the reaction mixture. After incubation,
the samples were UV irradiated on ice for 10 min with a CL-1000 UV cross-
linker (UVP). Unbound RNAs were digested with 5 pl of RNase cocktail (2.5 .l
of RNase A [10 mg/ml] [Roche] and 2.5 ul of RNase T, [100 U/ml] [Roche]) at
37°C for 1 h. The reaction mixtures were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and autoradiography.

For immunoprecipitation, RNase-digested lysates were incubated with specific
antibodies or immunoglobulin for the negative control. After overnight incuba-
tion, protein G agarose beads (Amersham Bioscience) were added to the sample,
which was further incubated for 3 h. Washed beads were analyzed by SDS-PAGE
and autoradiography.

RNA interference (RNAi). Small interfering RNAs (siRNAs) for endogenous
hnRNP D knockdown were purchased from Dharmacon (siGENOME SMART-
pool HNRPD M-042940-00). For siRNA transfection into NIH 3T3 cells, a
microporator (Digital-Bio/Invitrogen) was used as recommended by the manu-
facturer (two 20-ms pulses at 1,300 V) 12 h prior to dexamethasone shock.

Cytoplasmic/nuclear protein preparation and immunoblot analysis. Fraction-
ation of HEK 293T cells and NIH 3T3 cells into cytoplasmic and nuclear extracts
was performed as described previously (12, 17). Immunoblot analyses were
performed with monoclonal anti-hnRNP D (Upstate), monoclonal anti-14-3-3¢
(Santa Cruz), and monoclonal anti-glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; ICN) primary antibodies. Horseradish peroxidase-conjugated species-
specific secondary antibodies (KPL) were visualized using a SUPEX ECL
solution kit (Neuronex) and a LAS-4000 chemiluminescence detection system
(FUJIFILM), and acquired images were analyzed using Image Gauge (FUJIFILM)
according to the manufacturer’s instructions.

RESULTS

The mcryl 3'UTR contains a destabilizing element. mRNA
oscillation of mcryl in various tissues, including the brain, and
even in fibroblast cell lines, is well established (1, 38). To
elucidate the mechanism of phase-dependent mRNA decay,
we monitored the mcryl mRNA oscillation pattern in NIH 3T3
fibroblast cells after synchronization by dexamethasone treat-
ment. Robust and reproducible mcryl mRNA oscillation was
observed (Fig. 1A). In this oscillatory condition, mRNA deg-
radation kinetics were compared in the declining and rising
phases (Fig. 1A). When actinomycin D was used to inhibit
transcription, more-dramatic decay was observed in the declin-
ing phase (half-life [¢,,,], 3.74 h) than in the rising phase (¢, ,,
9.35 h) (Fig. 1B). The role of transcriptional regulation in
circadian mRNA oscillation is well established, and such os-
cillation is generally thought to be mainly governed by the
action of transcription factors, such as the BMAL1/CLOCK
heterodimer. However, our results indicate that mRNA decay
also plays a role in the circadian mRNA regulatory mechanism.
Because mRNA decay is typically mediated by the 3'UTR, the
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FIG. 1. mcryl 3'UTR contains a destabilizing element. (A) Oscillation of endogenous mcryl mRNA in NIH 3T3 cells was measured by
quantitative real-time PCR. NIH 3T3 cells were treated with 100 nM dexamethasone (Dex.) twice for 2 h, at —24 h and 0 h, to synchronize the
circadian oscillation. Total RNA (1 pg) from each time point was subjected to quantitative real-time RT-PCR with specific oligonucleotides for
mcryl and mtbp (TATA box binding protein, used as a control for normalization). Declining and rising phases are indicated. All results are
expressed as the mean = standard error of the mean of the results of three independent experiments. (B) mRNA degradation kinetics were
measured during both declining (closed squares) and rising (open squares) phases within a 1-day cycle after dexamethasone treatment. Cells were
treated with 5 pM actinomycin D (Act. D) at 6 h during the declining phase and at 18 h during the rising phase and then harvested at 3-h intervals.
Total RNA (1 ng) was subjected to quantitative real-time RT-PCR with specific primer pairs against mcryl or mrpl32, used as a control for
normalization. All results are expressed as the mean = standard error of the mean of the results of three independent experiments. First-order
decay constants and mRNA half-lives were calculated from the formula for each fitted line. (C) RNA sequence of the mcryl 3'UTR (immediately
after the stop codon). Nucleotides 201 to 400 of the 3'UTR are shown in bold font. Underlining indicates the sequences of competitive
oligonucleotides used in later experiments. Gray font shows poly(U) tracts. Italicized bold font shows a putative poly(A) signal. (D) Change of
reporter mRNA levels after actinomycin D (Act. D) treatment. HEK 293T cells were transiently transfected with the pcNAT-wt610 and pcNAT
reporters and incubated with actinomycin D for the times indicated. The reporter mRNA levels were analyzed by Northern blot analysis, using a
specific probe for Aanat mRNAs. Ethidium bromide-stained 18S rRNA was used as a loading control.

mcryl 3'UTR sequence was determined, using rapid amplifi-
cation of cDNA 3’ ends with total RNA obtained from mouse
SCN. Sequence analysis showed that the mcryl 3'UTR was 610
nucleotides long and contained a poly(A) addition signal (AU
UAAA) at nucleotide 588 (Fig. 1C). A detailed analysis re-
vealed that several U-rich elements were located throughout
the region. We introduced AANAT (serotonin N-acetyltrans-
ferase) reporter constructs containing the full-length mcryl
3'UTR (wt610) into HEK 293T cells (16) to determine the
UTR’s function with regard to the stability of mcryl. In cells
treated with the transcription blocker actinomycin D for the
times indicated (Fig. 1D), the full-length mcryl 3'UTR trig-
gered dramatic decreases in mRNA levels, whereas the re-

porter gene lacking a 3'UTR was relatively stable. This differ-
ence in stability was also observed at the level of the reporter
protein (see Fig. S1A in the supplemental material). These
trends in stability were also observed in NIH 3T3 cells (Fig.
2B), which are typically used as a circadian model system. This
result implies that the mcryl 3'UTR contributes to the stability
of mcryl mRNA.

U tracts in the mcryl 3'UTR affect mRNA stability. To
identify the functional destabilizing element in the mcryl
3'UTR, we created serially deleted reporter constructs by fus-
ing DNA encoding the mcryl 3'UTR with the AANAT re-
porter (Fig. 2A). The reporters containing the mcryl 3'UTR
were transiently transfected into NIH 3T3 cells, and then the
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FIG. 2. U tracts within the mcryl 3'UTR affect mRNA stability. (A) Diagram of reporter constructs containing the full-length or serially deleted
mcryl 3'UTR, with numbers indicating the positions of the starting nucleotide within the 3'UTR. CMV, cytomegalovirus promoter; NAT, AANAT
open reading frame. (B) NIH 3T3 cells were transiently transfected by electroporation with the NAT reporter or pGL3 control or the NAT reporter
fused to serially deleted mcryl 3"UTR constructs (shown in the schematic in panel A) or pGL3 control. Transfected cells were incubated for 12 h
before treatment with 5 wM actinomycin D (Act. D). Total RNA (1 pg) from the time points indicated (0 h or 6 h after treatment with 5 puM
actinomycin D) was subjected to quantitative real-time RT-PCR with specific oligonucleotides for Aanat, fluc (a control for transfection efficiency),
and mrpl32 (a control used for normalization). All results are expressed as the mean =+ standard error of the mean of the results of three
independent experiments. First-order decay constants (const.) and mRNA half-lives were calculated from the formula for each fitted line. (C) Each
3'UTR, transcribed in vitro with [a->*P]-rUTP, was subjected to an in vitro binding and UV cross-linking assay with HEK 293T cytoplasmic extract
(HEK_cyto). The arrows indicate the proteins that show differential binding. Molecular sizes in kDa are shown on the left. +, present. (D) The
radiolabeled 3'UTR was subjected to an in vitro binding and UV cross-linking assay with HEK 293T cytoplasmic extract (HEK_cyto) with or
without the deoxyoligonucleotide competitors (1 wM), indicated above the gel by the positions of the first nucleotide of the target sequences (target
sequences are shown in Fig. 1C). The arrows indicate the proteins that show differential binding. Molecular sizes in kDa are shown on the left.
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cells were treated with the transcription blocker actinomycin D
for 6 h. The full-length (wt610) and 5'-truncated (N201) mcry!
3'UTR triggered dramatic decreases in mRNA levels (t,,,
~4.51 h for wt610 and ~5.03 h for N201) compared to the
levels in the same cells immediately after treatment with acti-
nomycin D (0 h), whereas the reporter gene alone (¢,,, ~8.59
h) or the reporter fused to a 3’ region (N401) (¢,,, ~7.30 h)
were relatively stable (Fig. 2B; also see Fig. S1C in the sup-
plemental material). This difference in stability was also ob-
served at the level of the activity of reporter protein. Whereas
full-length mcryl 3'UTR reduced reporter activity to 35% of
that obtained with the reporter lacking the 3'UTR, the re-
moval of nucleotides 1 to 200 of the mcryl 3'UTR caused an
increase of 59% in reporter activity, and further truncation by
removal of nucleotides 201 to 400 resulted in complete recov-
ery of AANAT activity (see Fig. SIB in the supplemental
material). These trends in stability suggest that the region
between nucleotides 201 and 401 bears some type of destabi-

lizing element. Next, we looked for proteins that might bind in
this region to affect mRNA stability.

To identify the cellular protein factors interacting with mcry!
3'UTR, a UV cross-linking experiment was performed with
fractionated cytoplasmic and nuclear cell lysates prepared
from HEK 293T or NIH 3T3 cells. Although the contribution
of indirectly bound proteins could not be excluded, the direct
binding profile of many proteins was examined. Several pro-
teins bound specifically to the in vitro-transcribed mcryl
3'UTR were identified by using cytoplasmic lysate from HEK
293T cells (Fig. 2C; also see Fig. S1D in the supplemental
material). Interestingly, although the 3’ truncation of nucleo-
tides (N201) had little effect on proteins binding to the 3'UTR,
when nucleotides 201 to 400 were also deleted (N401), pro-
teins that were approximately 120, 80, 42, and 40 kDa in size
failed to bind to the mcryl 3'UTR. These changes also oc-
curred when the same experiment was performed using the
nuclear fraction or NIH 3T3 cytoplasmic lysate (see Fig. S1D
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and F in the supplemental material), implying that the proteins
described bind to the middle region of the mcryl 3'UTR. This
finding agrees with the results of the reporter assay using
deletion constructs. Although the presence of additional pro-
teins cannot be excluded, proteins of approximately 120, 80, 42,
and 40 kDa may mediate mcry mRNA degradation by binding
between nucleotides 201 to 400.

To define possible CAEs of the mcryl 3'UTR that interact
with the RNA binding proteins discussed above, a competition
assay was combined with the UV cross-linking experiment.
When homopolymeric ribonucleotides were used as competi-
tors, only poly(U) ribonucleotide efficiently blocked the bind-
ing of 42- and 40-kDa proteins to the mcryl 3'UTR. In con-
trast, poly(A) and poly(C) produced no change in binding (see
Fig. S1H in the supplemental material). Thereafter, we designed
competitors using four oligodeoxyribonucleotides matching
the diverse U-rich segments located in the mcryl 3'UTR (Fig.
1C) (45, 53). Surprisingly, a competitive oligodeoxyribonucle-
otide spanning nucleotides 252 to 280 (c. oligo-252) completely
inhibited binding of the proteins of approximately 40 and 42
kDa to the mcryl 3'UTR (Fig. 2D). This oligonucleotide has
two U repeats in tandem, each 5 nucleotides in length. Inter-
estingly, other oligodeoxyribonucleotides with similar U-rich
sequences did not compete. Thus, it appears that the proteins
of approximately 42 and 40 kDa bind to U-rich elements be-
tween bases 252 and 280 of the mcryl 3'UTR, whereas the
proteins of approximately 120 and 80 kDa bind to other unique
sites.

hnRNP D binds to the middle region of the mcryl 3'UTR.
We next investigated the identity of the mRNA binding pro-
teins which bound differentially to the truncated UTRs. The
results from the competition assay performed with poly(U)
ribonucleotide or the competitive oligodeoxyribonucleotide c.
oligo-252 imply that a U-tract binding protein is the responsi-
ble factor. hnRNP D has four isoforms (37, 40, 42, and 45 kDa)
derived from alternative splicing (42). Because the approxi-
mately 40- and 42-kDa proteins showed dramatic changes in
binding in the presence of nucleotide competitors, immuno-
precipitation was performed on the in vitro binding/UV cross-
linked extracts using a monoclonal anti-hnRNP D antibody to
confirm the identity of the protein and its binding to the mcryl
3'UTR. As shown in Fig. 3A, hnRNP D was detected by the
anti-hnRNP D antibody, indicating that hnRNP D interacts
directly with the mcryl 3'UTR (lane 4). We also confirmed
binding of hnRNP D to biotin-labeled mcryl 3'UTR by biotin-
streptavidin affinity purification followed by immunoblotting
with anti-hnRNP D antibody (Fig. 3B). Binding of hnRNP D
to the full-length 3'UTR was dramatically inhibited by compe-
tition with unlabeled 3'UTR (Fig. 3B, lane 4) and c. oligo-252,
which is specific for hnRNP D binding (Fig. 3A, lane 1; 3B,
lane 5; 2D, lane 3; and 1C, underlined sequence) (45); how-
ever, polypyrimidine tract binding protein (PTB), which is
known to bind to mper2 mRNA (53), did not bind to the mcry!
3'UTR. These results suggest that hnRNP D binds directly to
the mcryl 3'UTR and that binding occurs preferentially on the
U tract between nucleotides 252 and 280.

Cytoplasmic hnRNP D oscillates and binds to the mcryl
3'UTR with a rhythmic profile. hnRNP D plays many roles in
posttranscriptional regulation, and hnRNP D levels in the total
cell lysate of various cell lines are very high (data not shown).
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hnRNP D is well known to shuttle between the nucleus and the
cytoplasm; however, because decay of cellular mRNA occurs
mainly in the cytoplasm, we examined the cytoplasmic hnRNP
D level during circadian synchronization using dexamethasone
treatment. Interestingly, the amount of cytoplasmic hnRNP D
increased according to the specific period of circadian time
following a 2-h exposure of NIH 3T3 cells to dexamethasone
(Fig. 4A and C, middle), but the total level of hnRNP D did
not change (data not shown). Furthermore, the pattern of
cytoplasmic hnRNP D levels was almost reciprocal to that of
mcryl mRNA levels (Fig. 4C, top versus bottom). To examine
the amount of cytoplasmic hnRNP D that bound to mRNA,
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FIG. 4. Cytoplasmic hnRNP D oscillates and binds to mcryl 3'UTR with a rhythmic profile. (A) NIH 3T3 cells were treated with 100 nM
dexamethasone for 2 h and then harvested at the indicated times, and cytoplasmic extract (cyto) was prepared for Western blot analysis.
Cytoplasmic hnRNP D was detected with monoclonal hnRNP D antibody, and 14-3-3¢ was included as an internal control. RNA polymerase II
(RNA Pol. II), used for a nuclear marker, was not detected in cytoplasmic extract but appeared in the nuclear fraction (Nuc.). The results shown
are representative of three independent experiments. (B) The same cytoplasmic extracts used for the experiments whose results are shown in panel
A were subjected to an in vitro binding assay (IVBA) with radiolabeled 3'UTR mRNA. The arrow indicates cytoplasmic hnRNP D binding to
3'UTR mRNA (upper gel). 14-3-3¢ was used as an internal control to demonstrate that the same amount of extract was used for all time points
(lower gel). hnRNP D binding intensities were quantified by normalization (black bars) to 14-3-3¢ levels in the same extracts (gray and white bars
in lower graph). The error bars represent the standard errors of the means of the results. The results shown are representative of three independent
experiments. sync., synchronization. IB, immunoblot; A.U., arbitrary unit. (C) Relative levels of cytoplasmic (cyto.) hnRNP D, normalized to
14-3-3¢ levels, were calculated and plotted (closed ovals/dotted line) for the second day after treatment. Relative levels of endogenous mcryl
mRNA (closed squares/solid line) were also quantified, using mtbp as an internal control for each time point. Relative degradation rates of mcry!
mRNA were calculated for each time point for 4 h after actinomycin D treatment; mgapdh was used as an internal control for each value (open
diamonds/dashed line). The results shown are representative of three independent experiments. Error bars represent the standard errors of the
means of the results. sync., synchronization.

aliquots of the cytoplasmic protein fraction from each time
point were coincubated in vitro with radiolabeled mcryl
3'UTR. In comparison with the consistent amount in the input
lysate, the amount of cytoplasmic hnRNP D binding to mRNA
increased during the phase of mRNA decline (6 to 15 h) and
showed a profile similar to the levels of cytoplasmic hnRNP D
(Fig. 4B). Interestingly, when the decay kinetics at each time
point were compared for 1 day (Fig. 4C, bottom), the declining
phase (~6 to 15 h) had much higher decay kinetics than the
rising phase (~15 to 24 h). Since the decay of mature mRNA
occurs mainly in the cytoplasm, our results suggest that the
increase in cytoplasmic hnRNP D and its binding to target

mRNA are responsible for the rapid decay of mcryl mRNA
during the declining phase.

hnRNP D modulates mcryl stability and circadian rhythm.
Although there are some reports that hnRNP D acts as a
stabilizing regulator (35, 54), studies have generally shown that
hnRNP D binds to 3'UTR regions to destabilize target
mRNAs. The effect of hnRNP D on mcryl mRNA stability was
examined using transient expression analysis with a 3'UTR-
containing reporter and actinomycin D pulse-chase experi-
ments in NIH 3T3 cells without dexamethasone synchroniza-
tion. Reduction of endogenous hnRNP D was successfully
achieved by targeted RNAI (Fig. 5A, gel). When hnRNP D was
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FIG. 5. hnRNP D modulates mcryl stability and circadian rhythm.
(A) NIH 3T3 cells were transiently transfected with a pcNAT reporter
containing the mcryl 3'UTR, B-galactosidase as a control used for
normalization, and siRNA for knockdown of endogenous hnRNP D
(sihnD) or control siRNA (con-si) and then incubated for 24 h, fol-
lowed by treatment with 5 pM actinomycin D (Act. D). Total RNA (1
ng) was reverse transcribed using oligo(dT) primer and then quanti-
fied by real-time PCR (graph). Each value was normalized to the level
of mrpl32. Open or closed squares indicate control siRNA or siRNA
against hnRNP D, respectively. The error bars represent the standard
errors of the means of the results of three independent experiments.
Reduction of the hnRNP D protein level in total cell lysate (TCL) by
siRNA compared to the level of 14-3-3¢ (used as an internal control)
was validated by Western blotting (gel). +, present. (B) Effect of
hnRNP D depletion on endogenous mcryl mRNA oscillation. NIH
3T3 cells were transfected with control siRNA (con-si; open squares)
or siRNA against hnRNP D (sinhD; closed squares) and grown to
confluence prior to treatment with 100 nM dexamethasone (Dex.) to
synchronize the circadian oscillation (time zero). Total RNA (1 ng)
from each time point was subjected to quantitative real-time RT-PCR
with primers specific to mcryl or to mtbp as a normalizing control
(graph). Each value was relative to that for control siRNA at time zero.
Results shown are representative of four independent experiments.
The error bars represent the standard errors of the means of the
results. Reduction of the hnRNP D protein level in total cell lysate
(TCL) by siRNA compared to the level of 14-3-3( (used as an internal
control) was validated by Western blotting (gel).

knocked down by RNAI, the reporter mRNA containing the
3'UTR (wt610) was very stable after treatment with actinomy-
cin D compared with its stability following control siRNA
treatment (Fig. 5A, graph).

The influence of hnRNP D on mcryl mRNA’s stability and
oscillation was further examined by measuring the mcryl
mRNA oscillation profile in NIH 3T3 cells when hnRNP D was
downregulated. Transfection with siRNA efficiently knocked
down endogenous hnRNP D proteins throughout the experi-
mental period (Fig. 5B, gel). Interestingly, hnRNP D-knock-
down cells showed a significant increase in the peak amplitude
of meryl mRNA expression (Fig. 5B, graph) but did not exhibit
changes in their mcryl mRNA oscillation pattern other than a
slight delay of phase compared to the pattern in cells treated
with control siRNA. The mRNA level of bmall, the transcrip-
tional activator of the mcryl gene, was not significantly differ-
ent between hnRNP D-depleted cells and control cells (data
not shown), indicating that hnRNP D acts specifically at the
posttranscriptional level on the 3'UTR of mcryl mRNA.
Taken together, these results show that the cytoplasmic level of
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hnRNP D plays a crucial role in regulating mcryl mRNA
stability and damping the oscillation rhythm, critical functions
for the maintenance of an mRNA oscillation pattern.

DISCUSSION

Autonomous circadian biorhythms have been studied for
many years; however, we still do not fully understand the reg-
ulation of such rhythms, and it is generally assumed that other
molecular regulatory mechanisms must be involved in addition
to transcriptional-posttranslational feedback. A growing body
of evidence suggests that posttranscriptional regulation con-
tributes to circadian maintenance or entrainment (8, 16, 17, 19,
23, 46, 53). Although transcriptional activation and repression
of circadian genes is an important regulatory mechanism (48),
our results indicate that mRNA stability also plays an impor-
tant role and implicate the mcryl 3’'UTR as a major regulatory
element in this process. We have previously shown that a
reporter gene containing the full-length 3'UTR but lacking a
circadian promoter did not oscillate (53), indicating that
3'UTR-mediated regulation of mRNA stability is not sufficient
to generate circadian oscillation but is suitable for the function
of a fine regulator. The deletion mapping and the competition
analysis made it possible to identify a candidate CAE that may
interact with the trans-acting factors. Typically, the sequences
required for mRNA decay are only loosely conserved (52);
however, the CAE identified is located in the middle of the
3'UTR and conserved among species (see Fig. SIH in the
supplemental material). This conserved CAE might recruit
similar RNP complexes, which may affect mcryl mRNA stabil-
ity in a similar manner. The best-studied element, the ARE,
has been defined as consisting of repeated AUUUA motifs
ranging from 50 to 150 nucleotides in length and divided into
five groups according to the pattern of repetition. Among the
different ARE groups, the 3'UTRs of some labile mRNAs,
such as c-jun, have no AUUUA motif but instead contain a
U-rich region (33). The U-repeat element found in the mcryl
3"UTR may fall within this group, because it has no AUUUA
motif. One possible explanation for this intriguing phenome-
non is that this conserved CAE might be critical for maintain-
ing the secondary structure of mcryl mRNA among species.
Even though the U repeats in the mcryl 3'UTR are shorter
than other AREs, hnRNP D binding to this region, similar to
that of canonical AREs, was confirmed in the present study.

The level of hnRNP D displayed an oscillating profile in the
cytoplasm, and binding to the UTR was concomitantly related
to mcryl oscillation. Even though the binding pattern showed
an increase during the rising phase, the beginning of massive
transcription may overcome hnRNP D-mediated decay in the
rising phase and then cause mRNA increase (Fig. 4B). In this
research, we excluded proteins other than hnRNP D because
their binding was unchanged in the presence of competitive
oligonucleotides (Fig. 2D). Nonetheless, other binding pro-
teins may function in mRNA degradation or at any other steps
in mCRY1 expression and its circadian rhythm. Some proteins
bind in vitro to several of the clock genes studied, but other
proteins show a unique binding pattern. This indicates that
both specific and common factors may cooperate to control the
turnover of each clock gene. Overall, the physiology of mcry!
oscillation appears to be due to various mRNA binding factors
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acting in a concerted manner. We speculate that hnRNP D
interacts with exosome components, which are crucial for cy-
toplasmic mRNA decay, and it is related to circadian mRNA
regulation (K.-C. Woo, T.-D. Kim, K.-H. Lee, D.-Y. Kim, S.-J.
Kim, H.-R. Lee, and K.-T. Kim, unpublished data). Elucida-
tion of other factors and how they function in circadian clock
gene regulation will be our next challenge.

In the present study, we determined only whether the bind-
ing of hnRNP D promotes the decay of mcryl mRNA and
whether the change in expression of mcryl results from the
dynamic binding of hnRNP D. A previous study (16) demon-
strated that frans-acting factors are responsible for the degra-
dation of the Aanat mRNA in the regulation of circadian
expression in the rat pineal gland. Therefore, as in other tis-
sues, the circadian expression of the degrading factors might
induce the dynamic binding of these factors to the mcryl
3'UTR. Whether or not this is the case, dynamic binding and
the timely combination of factors can be expected to control
mRNA stability. In addition, as we performed RNAIi using
siRNA-based knockdown to examine the function of hnRNP D
and could not observe that all four isoforms in the cytoplasmic
fraction oscillate and bind in the same manner, isotype-specific
activity of hnRNP D could not be completely ruled out. Fur-
ther research is needed.

Complex regulation of gene expression involves various fac-
tors acting at the posttranscriptional level, for example, in
splicing regulation, mRNA export, mRNA degradation, and
surveillance mechanisms, such as nonsense-mediated mRNA
decay and nonstop-mediated mRNA decay (14), in addition to
translational regulation. These regulatory mechanisms involve
many types of RNA binding proteins, including hnRNPs and
splicing-related proteins, and various noncoding RNAs, such
as microRNA. With respect to the fine regulation of circadian
mRNA oscillation, it is important to determine which proteins
bind to the mRNA, the function of these partners, how they
interact with each other, and how they trigger changes in target
mRNA metabolism. This study investigated the significance of
mRNA decay and its damping effect in the regulation of cir-
cadian oscillation, with particular emphasis on the role of cy-
toplasmic hnRNP D.

Oscillating mRNAs in all living organisms are expected to
have several unique features. First, they should be under the
control of rhythmic transcription. Second, they should have
relatively short half-lives. If they have long half-lives, they will
remain at high levels long after transcription stops. Thus, it is
natural to assume that they may be regulated by the mecha-
nism of mRNA decay. Third, they should be sufficiently robust
to allow for maintenance of oscillation during environmental
change. These characteristics would require diverse coordi-
nated modes of regulation to maintain stable oscillation of the
transcripts. A previous study reported a delay of Drosophila per
mRNA accumulation compared with the usual transcription
profile during the rising phase only (46), suggesting that
mRNA in the rising phase may be more stable than that in the
declining phase, which might be due to temporal posttranscrip-
tional regulation. A study using transgenic reporter mice
showed that mper! promoter-driven luciferase (luc) mRNA
decays more slowly than endogenous mperl after induction by
light exposure, whereas the /uc mRNA lacking the 3'UTR
displays circadian rhythm in SCN, similar to endogenous mperl
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mRNA (50). Many reports have demonstrated that certain
physiological treatments or the disruption of certain genes can
have an effect on different aspects of circadian oscillation, such
as a peak amplitude change in mRNA or protein oscillation,
phase shift in locomotor activity, or even elimination of oscil-
lation (30, 31, 40). We found that the oscillation of mcry!
mRNA continued with increased peak amplitude and s slight
delay of phase when the level of mcryl mRNA binding protein
hnRNP D was reduced. Because circadian oscillation is the
result of complicated regulation and interconnected regulatory
circuits, the oscillatory pattern may not be readily disrupted.
Under our experimental conditions, the induction of peak am-
plitude and a small phase delay may be caused by a reduction
of hnRNP-mediated mRNA decay regulation (16), which is
less dominant than transcriptional regulation by transcription
factors. Circadian rhythm is linked to cellular energy metabo-
lism and the cell cycle, and therefore, an organism will face
serious physiological problems if the regulation of circadian
rhythm is disturbed. As is the case for many other fundamental
physiological phenomena, the complete regulatory mechanism
controlling circadian rhythm remains to be revealed.

In summary, increasing evidence supports an important role
for posttranscriptional regulation in the circadian rhythms of
the clock genes (reviewed in reference 13). Our results dem-
onstrated that a key clock gene, mcryl, undergoes posttran-
scriptional regulation in the form of mRNA degradation. An-
other result of our study is that mRNA decay is critically
dependent on a small element of the mcryl 3'UTR. We are
tempted to predict that the short U-rich sequences present in
this element function as a determinant of mRNA stability.
However, this role requires further verification. Finally, dy-
namic interactions of hnRNP D with the mcryl 3'UTR may
explain the mechanism by which mRNA degradation partici-
pates in circadian rhythms. These interactions can be concom-
itant with changes in the level of transcription of the factors. In
fact, the results of several microarray studies have indicated
that the expression of RNA binding proteins is controlled by
circadian rhythm (11, 32).

In future work, it will be important to identify other trans-
acting factors binding to the mcryl 3'UTR and assess their role
in mRNA oscillation. This work is in progress now. The func-
tional database of the proteins identified will also allow us to
predict other mechanisms of transcriptional regulation, such as
splicing or regulation of translational efficiency. On this basis,
we hope to be able to reveal hidden aspects of the complex
strategy for achieving the 24-h cycle in mammals.
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