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RNA Destabilization by the Granulocyte Colony-Stimulating Factor
Stem-Loop Destabilizing Element Involves a Single Stem-Loop That
Promotes Deadenylation
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Granulocyte colony-stimulating factor (G-CSF) mRNA contains two distinct types of cis-acting mRNA
destabilizing elements in the 3'-untranslated region. In addition to several copies of the AU-rich element the
G-CSF mRNA also contains a destabilizing region that includes several predicted stem-loop structures. We
report here that the destabilizing activity resides in a single stem-loop structure within this region. A consensus
sequence for the active structure has been derived by site-directed mutagenesis, revealing that a three-base
loop of sequence YAU and unpaired bases either side of the stem contribute to the activity. The helical nature
of the stem is essential and the stem must be less than 11 bp in length, but the destabilizing activity is relatively
insensitive to the sequence within the helix. The stem-loop increases the rate of mRNA deadenylation, most
likely by enhancing the processivity of the deadenylation reaction. A protein that binds the stem-loop, but not
an inactive mutant form, has been detected in cytoplasmic lysates.

The cytokine granulocyte colony-stimulating factor (G-CSF)
is secreted by fibroblasts and endothelial cells in response to
the inflammatory mediators interleukin-1 (IL-1) and tumor
necrosis factor alpha and by activated macrophages. It stimu-
lates the production and maturation of neutrophils and is
widely used to enhance patient recovery from the neutropenia
that follows treatment with anticancer drugs.

In common with many other interleukins and hemopoietic
cytokines, the synthesis of G-CSF is regulated both transcrip-
tionally and through control of mRNA stability. In unstimu-
lated cells G-CSF mRNA is unstable but becomes stabilized in
response to IL-1 or tumor necrosis factor alpha, and also in the
case of monocytes and macrophages, in response to lipopoly-
saccharide (11, 16). In monocytes the stabilization induced by
lipopolysaccharide is reversed when the cells respond to the
inhibitory cytokine IL-10 (6). At least two cis-acting mRNA
destabilizing elements are present in the 3’-untranslated re-
gion (3'-UTR) of the G-CSF mRNA. In addition to several
copies of the AU-rich element (ARE), G-CSF contains a struc-
turally and functionally distinct element that has been called
the stem-loop destabilizing element (SLDE) (5). The SLDE
was identified as a result of its ability to destabilize mRNA in
cells treated with calcium ionophore, which inhibits the func-
tion of the ARE but not the SLDE. It is likely that the presence
of the SLDE in the G-CSF mRNA contributes to the specific-
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ity of regulation of G-CSF mRNA, which cannot be accounted
for by AREs alone, since other cytokines with different pat-
terns of expression also contain AREs. Examples of this are
IL-10 mRNA, which unlike G-CSF is not rapidly destabilized
in response to IL-10 receptor activation (6), and vascular en-
dothelial growth factor (VEGF) mRNA, the stability of which
is regulated in response to hypoxia (10, 20, 26).

The SLDE in G-CSF mRNA was previously localized to
within a 184-nucleotide (nt) region of the 3’-UTR (5). This
region contains at least two predicted stem-loop structures that
are conserved in the human and mouse genes, at least one of
which was found to be essential for destabilizing activity, al-
though the extent to which other sequences or structures
within the 184-nt segment contribute to the destabilizing func-
tion was not clear. We report here that the destabilizing ele-
ment resides within a single stem-loop, describe features of the
stem-loop that are essential for its activity, and show that the
SLDE enhances the rate of shortening of the poly(A) tail.

MATERIALS AND METHODS

Plasmid construction. Unless otherwise stated, all plasmids were constructed
by insertion of the sequences described below between the Kpnl and Sacl sites of
pfGH (18). SL11 contains the G-CSF 3’-UTR sequence shown in Fig. 1 which
was generated by PCR amplification of the corresponding region of pfGH-SL2
(5) (equivalent to bases 941 to 1033 of GenBank entry X03438 [23]) using
primers 176 (5" GCTGGTACCTGAGGGTCCCCACCTGGG 3') and 110 (5’
CGTGAGCTCGGGGAACACTGCTGTTTGAATATCAAACAGGGA 3'). The
regions inserted to create SL13 and SL12 were generated by PCR amplification
of the region of bases 984 to 1033 and 964 to 1033, respectively. The inserted
sequences of all other SL11 variants except for SL20, SL25, and SL26 were
generated by PCR amplification of the region of bases 941 to 1033 of SL11, with
alterations in the primer oligonucleotides to generate the changed sequences
shown in the respective figures. SL20 was constructed by ligation of three over-
lapping, chemically synthesized oligonucleotides with Kpnl and Sacl overhangs
at the 5’ and 3’ termini, respectively. SL25 and SL26 were constructed by the
insertion of a 43-bp chemically synthesized oligonucleotide linker (with Kpnl
overhangs) in forward and reverse orientation, respectively, into KpnI-digested
SL13. Templates for preparation of probes for RNA electrophoretic mobility
shift assay (REMSA) were prepared by inserting the KpnI-Sphl fragment that
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FIG. 1. Predicted secondary structure of a region from the 3'-UTR of G-CSF that contains a potent destabilizing element and the effect of
deletion or replacement of some stem-loops. (A) Schematic of the f{GH reporter gene. The transcription start site is indicated by an arrow. The
translated region, which is derived from human growth hormone (hGH), is boxed. (B) The predicted structure of the SLDE region of SL11 and
schematics showing the region deleted or replaced in SL9, SL25, and SL26. Stem-loops in the schematic diagram are shown as open boxes, while
the regions replaced in SL25 and SL26 are shown as hatched boxes. The predicted structure in SL26 is also shown. (C) RNase protection assays.
RNA was isolated at the indicated times after serum stimulation of NIH 3T3 cells stably transfected with variants of the f{GH gene containing the
indicated sequences inserted in the 3'-UTR. The upper band is the protection product from probe to the growth hormone region of the fGH
reporter; the lower band is the protection product from the GAPDH internal control. The SL11 gel also shows the migration of undigested probes.
(D) Time courses of the RNase protection data. Each line on the graphs is labeled with the sequence name. The data shown are means and
standard errors of the means from four (SL11), three (fGH), or two (SL25, SL26) experiments.

contains the SLDE region from SL11 or SL11-4C into pGEMA4Z that had been polyadenylation site generated by PCR amplification of SL11 into pPGEMTEdasy,
digested with Kpnl and Sphl, generating pGEM4Z-SL11 and pGEM4Z-SL11- creating pGEMT3'GH.

4C, respectively. Template for preparation of poly(A)~ marker RNA was pre- Cell culture and transfection. NIH 3T3 cells were grown in Dulbecco’s mod-
pared by inserting the 3" UTR of SL11 with a BamHI site immediately after the ified Eagle’s medium with 7.5% fetal calf serum. Cells (2 X 10°) were transfected
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FIG. 2. The effect of deletion of individual stem-loops. (A) Schematic showing the truncated regions inserted into the fGH reporter. (B) RNase
protection assays. RNA was isolated at the indicated times after serum stimulation of NIH 3T3 cells stably transfected with variants of the f{GH
gene containing the indicated sequences inserted in the 3’-UTR. The upper band is the protection product from probe for the growth hormone
region of the f{GH reporter; the lower band is the protection product from the GAPDH internal control. Representative RNase protection gels
are shown for each construct and pooled data from two or more experiments are plotted below.

with 20 pg of plasmid (linearized with Scal) by CaPO, precipitation, grown for
24 to 48 h, and selected in 400 pg of G418 per ml. After 10 to 12 days the
resulting colonies (containing at least 100 independent clones) were pooled and
maintained in 200 wg of G418 per ml. Serum stimulation of cells was performed
essentially as described previously (18).

RNA isolation and analysis. Total RNA was isolated by the guanidinium
thiocyanate-acid phenol procedure (9) at various times after serum stimulation
of cells. Specific transcripts were detected by RNase protection assay and quan-
tified by PhosphorImager analysis (Molecular Dynamics, Sunnyvale, Calif.) as
described previously (18). Data were normalized with respect to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) as described previously (18) and plotted
as means and standard errors of the means using data pooled from at least two
time courses. Deadenylation assays were performed as described previously,
except that the probe was prepared by in vitro transcription with SP6 polymerase
of plasmid fGH that had been digested with SacI. This produces a probe com-
plementary to 129 nt at the 3’ end of the SL11 and {GH mRNAs. Because the
probe protects the 3’ end of the mRNA and RNase A (used for digestion) does
not cleave at adenosine, the poly(A) tail remains attached to the duplex of probe
and mRNA. The products of the RNase digestion were electrophoresed on
nondenaturing polyacrylamide gels. Poly(A) ™ marker mRNA was prepared by in
vitro transcription with T7 RNA polymerase from plasmid pGEMT3'GH di-
gested with BamHI. This marker had the same migration as RNA prepared by in
vitro deadenylation of total cellular RNA using oligo(dT) and RNase H as
described previously (3). RNA secondary structure prediction was done using the
mfold server (21) (http://bioinfo.math.rpi.edu/~mfold/rna/form1.cgi).

REMSA. Cytoplasmic extracts were prepared by hypotonic swelling of cells on
ice in a solution containing 10 mM HEPES (pH 7.8), 10 mM KCI, 0.1 mM
EDTA, 0.1 mM EGTA, 1 mM dithiothreitol, and 0.5 mM phenylmethylsulfonyl
fluoride for 15 min followed by the addition of NP-40 to a final concentration of
0.625%. Nuclei were removed by microcentrifugation for 30 s. RNA probe was
prepared from Sacl-digested pGEM4Z-SL11 or pPGEM4Z-SL11-4C by in vitro
transcription with SP6 RNA polymerase in the presence of 156 Ci of UTP per
mmol. Binding reactions were performed in a volume of 10 pl using 1 pg of
cytoplasmic protein and 20,000 cpm of probe in the presence of 25 mM Tris-Cl
(pH 7.9), 100 mM KClI, 6.25 mM MgCl,, 0.5 mM EDTA, 0.5 mM dithiothreitol,

10 ng of tRNA per ml, and 100 ng of poly(dIdC) per ml for 15 min at 4°C
followed by digestion with 2 U of RNase T1 (Worthington) per pl for 7 min.
Samples were electrophoresed on 6% native polyacrylamide gels, after which the
gels were dried and subjected to autoradiography.

RESULTS

Stem-loop B is the essential feature for destabilization. Pre-
vious work has shown that a secondary structure-dependent
destabilizing element resides within a 184-nt region of the
3’-UTR of the G-CSF mRNA (5). To localize the element we
constructed several deletion and substitution mutants of the
184-nt region and assessed their destabilizing activity by inser-
tion into the 3’-UTR of the reporter gene, fGH (Fig. 1). This
reporter gene contains the growth hormone coding region and
3’-UTR but contains a linker region to allow insertions into the
3'-UTR. The promoter of the f{GH gene is derived from the
chicken FOS gene, allowing a pulse of transcription lasting for
less than 1 h to be generated by serum stimulation. The f{GH
reporter has been used previously in studies of AU-destabiliz-
ing elements and in the initial identification of the SLDE.

NIH 3T3 cells were transfected with the reporter gene con-
structs and the stability of the mRNA was determined in poly-
clonal pools of stably transfected cells following serum stimu-
lation to induce a brief pulse of transcription. The 3" half of the
184-nt region was found to be sufficient to destabilize the
reporter mRNA (Fig. 1, SL11). This 93-nt region is predicted
to contain three stem-loops, which we call B, C, and D. A
deletion that completely removed stem-loops C and D elimi-
nated the destabilizing effect (Fig. 1, SL9), but replacement of
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FIG. 3. Lengthening stem-loop C enhances instability but lengthening stem-loop B abrogates destabilization. (A) Schematic showing the
mutations introduced into SL11. (B) RNase protection assays. RNA was isolated at the indicated times after serum stimulation of NIH 3T3 cells
stably transfected with variants of the f{GH gene containing the indicated sequences inserted in the 3’-UTR. The upper band is the protection
product from probe for the growth hormone region of the f{GH reporter; the lower band is the protection product from the GAPDH internal
control. Representative RNase protection gels are shown for each construct and pooled data from two or more experiments are plotted below.

stem-loops C and D with a different sequence of similar length
restored the destabilization (Fig. 1, SL26). This indicates that
the sequences upstream of stem-loop B are not an essential
part of the destabilizing element, but the destabilizing activity
of stem-loop B can be influenced by neighboring sequences or
structures. The dependence on the upstream region was made
further apparent when another unrelated sequence of similar
length was used to replace stem-loops C and D, producing
SL25. In this case the substitution did not completely restore
the destabilizing activity (Fig. 1).

Upstream sequences modulate the destabilization. Further
modifications of the region upstream of stem-loop B were
made to investigate the way this region influences destabiliza-

tion. Removal of stem-loop D had no effect on the destabili-
zation (Fig. 2, SL12), but a larger deletion that also removed
the sequences contributing to one strand of stem-loop C re-
sulted in a reduced destabilizing activity (Fig. 2, SL13). The
destabilizing activity was also reduced, but not completely
eliminated, when stem-loop C was removed by an internal
deletion that left stem-loop D intact (Fig. 2, SL20).

One possible explanation for the variable responses to de-
letion or substitution of sequences upstream of stem-loop B is
that in some cases alternative secondary structures may form
that prevent the formation of stem-loop B, either completely
or in a proportion of RNA molecules. An alternative, but less
likely, possibility is that some part of the stem-loop C region is



1668 PUTLAND ET AL.

UJ\UU AU

*G Cr GC

UA UA

UUAC Ué

G g

UAG A
T T % T O

0152 3 4 5 6

SL16

0152 3 4 56 8

-y

-

SL15

)C:
c

0COCON®
[nh deb ) ol

SL15

0152 3 456 8

-—— -

SL16

MoL. CELL. BIOL.

— e, - !
GAPDH« = e
sL17
100
] sL17
o ]
2 ]
i~ SL15
1]
E 3
g
2
z sL16
£
=
10 T T

0 2 4 6 8
time (h)

FIG. 4. The destabilizing effect requires base pairing in the stem but is not highly dependent on the sequence. (A) Schematic showing changes
introduced into the stem of stem-loop B. Changed bases are shown in bold. Asterisks indicate the GC base pair that replaces the AU base pair
that is present in the wild-type G-CSF. This substitution was previously shown to maintain destabilizing activity (5). (B) RNase protection assay
gels and quantification. RNA was isolated at the indicated times after serum stimulation of NIH 3T3 cells stably transfected with variants of the
fGH gene containing the indicated sequences inserted in the 3'-UTR. The upper band is the protection product from probe for the growth
hormone region of the f{GH reporter; the lower band is the protection product from the GAPDH internal control. Representative RNase
protection gels are shown for each construct and pooled data from two or more experiments are plotted below.

actually part of the destabilizing element and by chance was
recreated in the unrelated sequence that was substituted for
stem-loop C in SL26. For example, stem-loop C and the sub-
stituted sequence in SL26 are both predicted to have stems
with internal bulges containing two purines on each side of the
bulge (Fig. 1). To investigate these possibilities we made two
mutant constructs that do not have the purine bulges and that
were designed to increase the likelihood that the mRNA folds
to form stem-loops B and C. In one case, we mutated two bases
in the internal bulge in stem-loop C to make them comple-
mentary to the opposing bases, thereby removing the bulge
(Fig. 3, SL14). This would increase the stability of stem-loop C
and hence its likelihood of formation. The SL14 mRNA was
more unstable than SL11 mRNA, indicating that the bulge
plays no part in the destabilizing element, but consistent with
the possibility that a proportion of the SL11 mRNA might
adopt an alternative, less active secondary structure which is
avoided by lengthening the stem of stem-loop C. In SL27 we
introduced a mutation designed to increase the length and
hence the stability of stem-loop B. The three bases (CAG)
immediately 3’ of stem-loop B were changed to GGA to allow

pairing with the UCC that precedes the stem, thereby length-
ening the stem by 3 bp. However, this mutation completely
abolished the destabilizing activity (Fig. 3, SL27). To deter-
mine whether this loss of activity was due to a specific require-
ment for the single strand sequence either 5" or 3’ of the stem,
mutant forms were constructed with either the 5’ or the 3’
sequence changed, but in a way that avoided extending the
length of stem-loop B. Replacing three bases 5" of the stem
(SL30) or six bases 3" of the stem (SL29) had no effect on the
destabilizing activity (Fig. 3), indicating that there is no specific
sequence requirement at these positions. We conclude that the
loss of destabilizing activity in SL27 was due to the increased
length of the stem and thus the length of stem-loop B is an
important determinant of its destabilizing activity.

Essential features of the stem-loop destabilizing element.
Various changes were made to the stem or loop of stem-loop
B to further assess how dependent the destabilizing effect is on
the sequence or structure of this stem-loop. Partial disruption
of the stem by mutation of two consecutive bases (SL17) elim-
inated the destabilizing effect, but restoration of base pairing
by introducing compensating mutations in the other strand of
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the stem largely restored the destabilizing effect (SL16) (Fig.
4). This result is consistent with stem-loop B being the func-
tional element. It also suggests that the sequence within the
stem is not critical for function so long as base pairing is
maintained, consistent with the previous finding that an AU
base pair can be replaced by a GC base pair (shown by aster-
isks in Fig. 4) without loss of destabilizing activity (5). How-
ever, when compensated changes were introduced at another
location (near the middle of the stem) there was a partial loss
of destabilizing activity, indicating that the destabilizing activity
is not completely insensitive to the sequence within the helical
region (SL15, Fig. 4).

The mfold algorithm for predicting RNA secondary struc-
ture (21) gives two possible structures for the loop of stem-loop
B, one with a three-base loop (as shown in Fig. 1 and 4) and the
other with a five-base loop in which the AU pair at the top of
the stem is not base paired. The predicted free energies for the
two structures are —7.2 and —7.5 kcal/mol, respectively,
slightly favoring the five-base loop. To determine whether the
element functions best as a three-base loop or a five-base loop
we changed the potential AU closing base pair to a GC base
pair, creating SL11-1C,5G (loop positions are numbered 1 to 5
as for a five-base loop; see Fig. 5). This change, which is
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FIG. 5. The structure and sequence of the B loop are important for
its function as a destabilizing element. (A) Schematic showing changes
to the closing base pair of stem-loop B. The structure at left shows the
numbering of bases used in naming of constructs. Changed bases are
shown in bold. (B) RNA degradation time courses. Variant forms of
SL11 with changes either to the closing base pair of stem-loop B as
shown in panel A or point mutations in the three-base loop as indi-
cated by the label on the time course were transfected and analyzed by
RNase protection assay as described in Materials and Methods and the
legend for Fig. 1.

predicted to strongly favor a three-base loop (AG = —8.7
kcal/mol), had no effect on the destabilizing activity (Fig. 5).
On the other hand, forcing the structure to have a five-base
loop, either by mutation of the A to a C (SL11-1C) or the U to
an A (SL11-5A), abolished the destabilization (Fig. 5). Thus,
the functional destabilizing element has a three-base loop.
To determine whether any variation in the sequence of the
three-base loop is tolerated we measured the effect of substi-
tution at each of the three positions (Fig. 5). (Note that the
bases of the UAU loop are numbered 2, 3, and 4.) Changing
U2 to a purine reduced the destabilizing effect, but C at this
position was as effective as the wild-type U (Fig. 5B, upper
right graph). Changing A3 to any other base reduced the de-
stabilizing effect. Changing U4 to C or A eliminated the de-
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FIG. 6. Electrophoretic mobility shift detection of a complex on the SL11 RNA. SL11 probe corresponding to the sequence shown in Fig. 1
or a mutant probe containing a single inactivating point mutation in the SLDE loop (Fig. 5, SL11-4C) was incubated with cytoplasmic extract from
BALB/c 3T3 cells and subjected to digestion with T1 nuclease, and the products were electrophoresed on a native 6% polyacrylamide gel. The first
pair of panels show complexes resulting from incubation of SL11 and SL11-4C probes, respectively, with 0.625, 1.25, 2.5 and 5 pg of cytoplasmic
protein extract. A complex that forms on the SLDE but not the mutant probe is indicated with arrows. Other panels show the complexes formed
on SL11 or SL11-4C probe with or without 1 pg of protein extract, in the presence or absence of 1.6 pg of yeast RNA per ml plus 20 pg of tRNA
per ml, and with or without digestion for 5 min by 10 pg of proteinase K per ml.
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stabilizing effect, while converting this base to G significantly
reduced the destabilizing activity. Thus, the activity of the
SLDE is highly dependent on the sequence of the loop, with
the most active structure being a three-base loop with the
sequence PyAU.

The stem-loop destabilizing element enhances the rate of
deadenylation. The SLDE could function in an analogous way
to the ARE through binding one or more proteins that interact
with other components of the RNA degradation machinery.
Alternatively, it could function as the cleavage site for a spe-
cific endoribonuclease. We used RNase protection assays with
probes spanning the SLDE region in an attempt to detect
possible endonucleolytic cleavage products but were unable to
detect any such products (data not shown). However, when we
performed a REMSA on cytoplasmic extract using either an
RNA probe that contains the SLDE (SL11 probe) or a probe
containing a point mutation in the loop that eliminates desta-
bilizing activity (SL11-4C probe), a complex was observed to
form on the functional RNA but not on the mutant RNA even
at the highest protein concentration used (Fig. 6). This com-
plex was sensitive to digestion by proteinase K and was insen-
sitive to competition by excess heterologous RNA (whereas
slower migrating complexes that formed on both the wild-type
and mutant probe were sensitive to competition by the heter-
ologous RNA). Although we cannot rule out the possibility
that endonucleolytic cleavage at the SLDE generates products
that are too unstable to be detectable by RNase protection
assay, the detection of a complex in the REMSA that is sen-
sitive to an inactivating point mutation suggests that the de-
stabilization may be mediated through interaction with a bind-
ing protein.

The ARE mRNA destabilizing element as well as the re-
cently described c-fos coding region determinant accelerate the
rate of mRNA deadenylation (8, 12). To examine whether the
SLDE influences mRNA deadenylation we compared the
deadenylation rate of SL11 to that of {GH (which is stable),
fGH7, which contains an ARE that was previously shown to
accelerate the deadenylation rate about twofold (18), or two
stable mutant forms of SL11. The SL11 and f{GH7 mRNAs
were more rapidly deadenylated than the f{GH mRNA or the
stable mutants, SL-1C and SL-4C (Fig. 7). During the first hour
following serum stimulation, while the transcription pulse was
occurring, all the mRNAs accumulated with poly(A) tails of
similar lengths. The stable mRNA transcripts (fGH, SL11-1C,
and SL11-4C) subsequently shortened in a relatively homoge-
neous manner, with the band on the gel broadening only grad-
ually over time, indicative of a distributive mechanism of dead-
enylation, as previously observed for the fGH mRNA (18). In
contrast, for the fGH7 mRNA, and even more so for the SL11
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FIG. 8. Consensus sequence for activity of the stem-loop destabi-
lizing element. A schematic representation of the functional element
summarizing the results of the mutagenesis data are shown. N-N’, an
essential base pair whose sequence can vary; N, bases that must be
single stranded. Optimal bases in the loop are shown in large print and
suboptimal bases are shown in parentheses.

mRNA, the majority of transcripts migrated more rapidly once
the transcription pulse (which takes place during the first hour)
had ceased. Furthermore, the band on the gel rapidly broad-
ened, indicating a more rapid, processive deadenylation. This
indicates that the SLDE, like the ARE, destabilizes at least in
part by enhancing the rate of mRNA deadenylation and that
this enhancement involves an increase in the processivity of the
deadenylation reaction.

DISCUSSION

Structure of the destabilizing element. Our data indicate
that the destabilizing activity of the G-CSF SLDE resides pri-
marily in a single stem-loop. We found that the degree of
destabilization can be influenced by the upstream region, but
the observation that the upstream region can be replaced by a
different sequence with little loss of effect argues against any
sequence specificity requirement of this upstream region. The
variable effect of changing the upstream sequence could result
from the requirement for a single-stranded region to either
side of the essential stem-loop. We have noticed that the con-
structs with changes to the upstream region that resulted in
reduced destabilizing activity are predicted by the mfold pro-
gram to have some of the five bases preceding the stem in-
volved in base pairing, whereas these bases are predicted to be
single stranded in the constructs that have destabilizing activity
similar to or greater than that of SL11. However, this correla-
tion has not been tested experimentally.

FIG. 7. The SLDE enhances deadenylation. (A) To monitor poly(A) tail lengths, RNase A-resistant hybrids formed between the mRNA and
a probe that spans the 3’ end of the mRNA were electrophoresed on nondenaturing gels. RNA was isolated at half-hour intervals after serum
stimulation of NIH 3T3 cells stably transfected with SL11, f{GH (a stable mRNA that deadenylates slowly), or f{GH7 (which contains an ARE that
enhances the deadenylation rate) (left panel) or with SL11 or two stable mutants of SL11 as shown (right panel). A GAPDH coding region probe
was included as an internal standard. The lane on the right shows the migration from in vitro-prepared poly(A)~ RNA. Note that the two bands
immediately above the GAPDH band are residual degradation products from the GH probe and are not due to accumulation of deadenylated
mRNA in vivo. (B) To compare deadenylation rates, individual lanes from the left panel were scanned by phosphorimager and the signal intensity
from the top of the gel to near the expected location of deadenylated RNA was plotted for each time point. The SL11 trace is shown as a solid
line, the f{GH?7 trace is shown as a dotted line, and the fGH trace is shaded. (C) Plots of individual lanes from the right panel were scanned by
phosphorimager and the signal intensity was plotted. The SL11 trace is shown as a thick line, the SL11-4C trace is shown as a thin line, and the

SL11-1C trace is shown as a dashed line.
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1 73

bovine TGA...... GCaCAgcGCtteCllteTCat GTaTtTaTcPCTgTATTTAATATTTATGL | TATTTANRCCTAATATTTHARGAC . ... ..
cat TGA. .. ovvvvn. AARaCCCTCCCtcaCgA GTGTATTTAFCTETATTTAATATTTATGL | TATTTAMRCCTAATATTTHAAAGAC. ... ..
human TGA........ gCCcAAGCCCTCCCCATCce aTGCTATTTAYCTCTATTTAATATTTATGH | TATTTAAGCCTCATATTTYARGAC . .. ...
mouse TAGaCCTGaGCagAAAGCCCTLECCAgatA GTtTATTTAYFCTCTATITAATATITATGR | TATTTANGCCTAQTATTTRAAGAC. ... ..
pig TGA........ gCAgAGCCCTCCCCETCcA GTGTATTTATCTCTATTTAATATTTATGGe | TATTTAARCCTCYTATTTRARGCCCggggy
rat TAGgCCTGeGCaghA . GCaCTttCCAgaah GTETATTTAFCTCTATTTAATATTITATGHy | TATTTANGCCCAQTATTTARAAGAC., ... . .
chicken TGA........ cgecceCCeaCeCCecccA cecctecccc§CTLTATTTAATATTTATGE |TATTTAY. .. . JTATTTHtccggecggygy
1 72
74 16l
bovine .AgGgAAGCACAGAAAGGAGCCCCAGGCTc CTGGGTCCTTCCLTtCACCTCcatGTggygy AaaactCTcCaTcTtGCAtA. ... ...
cat . AaGaAAGagCAGAAAGGAGCCCtgGalTc tTGGGTCCTTCCLgCCACCTCLGAGTITTC. ATTCTCCTGCTTGTAGCAGYGAGAARAL ., .
human -AgGgRAGagCAGAACGGAGCCCCAGGCet CTGLCTCCTTCCCTGCATLTCLGAGTTTC. ATTCTCCTGCcTGTAGCAGLGAGARRAAGC
mouse . .aaagAcGAgAaAAtGGAGCLCtAaGCTt CTaGaTCaTTCtCTCCACtTCCGAGTTTE. gTTCTCCTGCTTagAGCAGAGAGAgAAGGC
pig LggGgggGGACAGAAAGGAGLCCCAGECTe CTGGGTCCTTICCCTECECCTCCcaAGTTTC . ATTCTCCcGCeTGTAGCAGYGAGARARA . &
rat . .2a8achAaGAgAaAATGGAGCECLAaGCTL CTaGaTCCTTCtCTCCACETCLGAGTTTt. gTTCTCCTGCTTGgAGCAGAGAGAGARAGGC
L] 4 o o PP
162 251
bovine ...... ... . ..., CtgGGAtTGGGAGG .gagTtGGTAAATACCAAGTATTacTTCtT GTGQCTGCTICCa.GG.CtTGGCTCeGeGGT
cat ... CtgTCCCCYGGACTGGGAGG cgGATAGGTAAATACCACGTATTGATTECT aTGaCTGCTCCCtGG.CCTGGCTCTGEGGT
human TCcTGTcctCCCaTCCCCLGGACTGGGAGG tAGATAGGTAAATACCAAGTATTLATTACT aTGaCTGCTCCccaGeCCTGGCTCTGeaaT
mouse TCETGTgTcCtCeTgtggaGGecCaGGGRat gAGATgGGTAARATACCAAGTATTGATTCCT GetgCTGCTCCagGeACCcaGtTCTGEGGE
rig gCccaTcTtCCCYTCCCCLGGACTGGGAGG tAG. TLGGTARATACCAAGTATTacaTCCy GTGaCTGCTCCctG. .CCTGGCTCCGEGET
rat TCtTCTgTcCtCcTgtggat. .CaGGGAaG gAGATAGGTAAATACCGAGTATTGATTCCT GeegCTGCTCCagGeACCeccatTCTGEGGT
L] 0 e 3 o
252 336
bovine GGGttCTGGGAGAgCEGCAGTGAACCCCT . .acCCTGAGGATgCCCACCTCGGGGCCCE TGGAAGCATCGGGAAGTCTCCCAAGTGGGE
cat GGGCACTGGGAAGAACGCCAGTGAACCCCT t.agCCcaAGGGTaCCCACCTEGaGGeCCt cGGAAGCATCAGGAAGTCTCCCAaGTGGGA
human GGGCACTGGGALGAgCCGCEGTGAGCCCCT g.GTCCTGAGGGTCCCCACCT. .GGGaCCC TtGAg. .AgtatcAgGTCTCCCACGTGGGA
mouse aGtacCcccaA. .AAaatCAGTGAgCCCtg CcGTgCTGAGGeaCCatctCagGGGGGCCC aGGCAGCATCLG. . . GTCTCCCttceGGGy
pig GGGCACTGaG. v v v v v v i TGAaCCCCT a..cCCTaAGGGTYgCCCACCT. .GGGGCCt TGGAAGCATLgGGAAGTCTCCCACGTGGGA
rat GGtacCcaaGA. .AAtCaCAtTGAgCCCtg CtGTgCTGAGGcaCC. tgtCTCaGGGGCCC aGGCAGCATCEG. . .GTCTCCCLteTGGGY
chicken ........ .. .. ... ggGtcecgCtge CecccClgcecceccaCglCagggT.gecGGCCC TGegetgecgtec. .GTgcaCygggtetetyg
73 141
337 426
bovine GAtgAGACAJCLCTGTTTAATATTTAAACA [GCAGTGTTCCCCAACTGGGTCCTTGC.CCC CTgGCTCeGGCCctgCALTCGGgCatgaal
cat GACAAGACAHCCCTGTTTAATATTTAAACA |GCAGTGTTCCCCtACCGGGTCCT. ... . CC CTeGCTCTGGCCtCaC. . ... .. CGaAGtG
human GACAAGRAATCCCTGTTTAATATTTAAACA [GCAGTGTTCCCCALCTGGGTCCTTGCACCC CTcaCTCTGGCCtCageCgactgCaCAGet
mouse GACAAGACATICCCTGTTTAATATTTAAACA [GCAGTGTTCCCaAACTGGGTLCTTatAtCC CTTGCTCTGGtCaaCCA. . .GGTEGCAGYG
rig GACAAGACAYCCCTGTTTAATATTTARACA |[GCAGTGTTCCCCgACTGGGTCCTaGtACCC CTTeCTCTtGgCeCCtgCTgacTCaCeGeG
rat GACAAGACATCCCTGTTTAATATTTAAACA [GCAGTGTTCCCaAACTGGGTLCTTaCALtCC CTTGCTCTGGECaaCCA. . .GGTtGtAGgt
chicken GcagcacCAJCCaTGTTTAATATTTAAACA [caAGeGTatCtCtygCTacGaggTTtgegCC CcTGagCTGecgeaCCcaTgGGaacCecca

143

SLDE

232

FIG. 9. Comparison of part of the 3'-UTR sequences of G-CSF mRNAs from different species. Sequences were aligned using the GCG
programs CLUSTAL and GAP. Regions conserved across all seven species are boxed. The lower box includes the SLDE. The sequences (and their
GenBank accession numbers) are from cow (AF092533 [15]), cat (AB042552 [27]), human (X03438 [23]), mouse (M13926 [25]), pig (Y10494 [17]),
rat (U37101 [13]), and chicken (X14477 [19]). The numbering shown above the sequences is with respect to the start of the human 3'-UTR and

below is with respect to the start of the chicken 3'-UTR.

The other features of the SLDE that are important for its
function are the size and sequence of the loop and the length
of the stem. These features are summarized in Fig. 8, which
presents a consensus structure for the SLDE based on the
analysis of function of the various mutations we constructed.
Briefly, the key features are a loop sequence of YAU, a stem
that is stable but less than 11 bp in length, and the presence of
unpaired bases flanking the stem. The optimal stem length has
not been determined, but we presume that the naturally oc-
curring length of 8 bp is close to the optimum. We are pres-
ently using the consensus to search for other genes that may
also contain an SLDE.

The structure of the destabilizing element is conserved
across species. With the sequence of the G-CSF 3'-UTR
known for seven species (human, mouse, rat, cat, cow, pig, and
chicken), it is interesting to compare the different sequences.
The 3'-UTR sequences are rather divergent across the differ-

ent species, but two sequence segments are conserved in all the
species. These are the ARE near the 5'end of the 3'-UTR and
the SLDE. Figure 9 shows an alignment of the first 450 nt of
the 3’-UTRs from the seven species. The 3’-UTR sequences
are either incomplete or quite divergent beyond this region.
The conserved ARE region is located approximately 40 to 80
nt downstream of the stop codon in all seven species. The
location of the conserved SLDE region is different in chickens
than in the mammalian species (about 350 nt from the stop
codon in mammals versus 160 nt in the chicken), but it is the
longest contiguous segment of sequence conservation across
all species anywhere in the 3'-UTR. This conservation of se-
quence across species is consistent with the AREs and the
SLDE having a function and suggests that the function is
conserved from birds to mammals. The stem of the SLDE in
the chicken mRNA is predicted to be 1 bp shorter than in the
other species but is otherwise identical. The nonessential stem-
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loop (stem-loop C) that precedes the SLDE is conserved in the
mammalian species but not in the chicken, adding further weight
to the conclusion that stem-loop C is not essential for function.

Mechanism of destabilization. Destabilizing elements lo-
cated in the 3’-UTRs of some mRNAs have been found to be
sites of endonucleolytic cleavage (1, 2, 4, 14, 24). The local
RNA secondary structure is implicated in the activity of several
such elements, either because the cleavage site is located
within a loop region or because the secondary structure ap-
pears to play a role in targeting the endonuclease to the RNA
(2, 14, 24). However, we found that the destabilizing effect of
the SLDE is more likely to be analogous to that of the ARE,
which functions by promoting deadenylation of the mRNA.
We observed in transcription pulse time courses that both
elements enhance the deadenylation rate and rapidly produce
heterogeneity of poly(A) tail length, indicative of a processive
mechanism of shortening, whereas stable mutants of SL.11 did
not enhance deadenylation. However, it is unlikely that the
activities of the SLDE and the ARE are mediated through
binding the same cellular factor, because the SLDE is struc-
turally different from the ARE.

It is interesting that two distinct destabilizing elements that
target the same step in degradation coexist in a single tran-
script. This situation has recently been described for the c-fos
mRNA, which has a coding region determinant as well as
ARE:s in the 3’-UTR, both of which promote mRNA dead-
enylation (12). The c-fos coding region determinant may pro-
vide a means of coupling mRNA degradation to translation
that is not provided by the 3" AREs. In the case of G-CSF, the
SLDE may provide a response to a regulatory pathway that is
not afforded by the AREs or may allow rapid degradation of
the mRNA under circumstances that normally lead to stabili-
zation of ARE-containing transcripts. For example, the IL-2
and IL-3 mRNAs, both of which contain 3’ AREs, are stabi-
lized in response to signaling by the stress-activated protein
kinase pathway (7, 22). Perhaps the rapid decay afforded by the
ARE and the SLDE is subject to regulation by different path-
ways, so that the G-CSF mRNA, which contains both types of
element, requires activation of two signaling pathways for the
mRNA to be stabilized, whereas some other ARE-containing
mRNAs might respond to the stress-activated protein kinase
(or JNK) pathway alone. This will be an interesting question to
investigate further.
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