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Widespread Effects of Chemokine 3’-UTRs on mRNA
Degradation and Protein Production in Human Cells

Wenxue Zhao™ 1 and David J. Erle*1
*Lung Biology Center, Department of Medicine, University of California San Francisco, San
Francisco, California, USA

TSchool of Basic Medicine (Shenzhen), Sun Yat-Sen University, Guangzhou, P.R. China

Abstract

Chemokines are a large family of chemotactic cytokines that play critical roles in inflammation,
development, and diseases. Chemokine expression is highly regulated during development and in
response to environmental stimuli. The 3’ untranslated regions (3’-UTRs) of mRNA are believed
to be important in control of chemokine gene expression. However, the regulatory effects of most
chemokine 3’-UTRs have not been characterized previously. In this work, we systematically
studied the effects of 43 CC and CXC chemokine 3’-UTRs on gene expression in eight human cell
lines and two types of human primary cells. We found that chemokine 3’-UTRs had a wide
spectrum of regulatory effects on mRNA abundance and protein production that were tightly
correlated to the effects on mMRNA stability. In general, 3’-UTRs had remarkably similar effects
across all cell types studied. The presence of AU-rich elements, microRNA targets, and Pumilio
binding sites were associated with chemokine 3’-UTR activity but did not fully account for all 3’-
UTR activity detected using the reporter assay. Mutational analysis illustrated how specific cis-
elements contributed to the regulatory effect of chemokine 3’-UTRs. These findings bring new
insights into the mechanisms by which chemokine expression is regulated by 3’-UTRs.
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Introduction

Chemokines are a large family of chemotactic cytokines that can be subdivided based on the
distribution of cysteine residues in each protein (1). In humans, there are 28 CC chemokines,
16 CXC chemokines, one CX3C chemokine and two XC chemokines. Chemokine binding

by G protein-coupled chemakine receptors was originally discovered to direct the movement
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of mononuclear cells to sites of inflammation or injury (1, 2). In vitro assays indicated that
the movement toward chemokines is gradient-dependent (1). An example is the receptor
CCRS3, which binds several chemokines including CCL 11 and is involved in the recruitment
of T2 cells during allergic inflammation (3, 4). The CXCR4 ligand CXCL12regulates
lymphocyte trafficking within lymph nodes (5). In embryogenesis, chemokine signaling has
multiple functions in formation of the cardiovascular, hematopoietic, urogenital, and nervous
systems (1). Deficiency of CXCR4 or CXCL12in mice leads to extensive
neurodevelopmental defects including neuron malpositioning in the cerebellum and dorsal
root ganglia (6, 7). CXCL1 and its receptor CXCRZ participate in determining positioning
and oligodendrocyte numbers in developing spinal cord (8). Evidence is accumulating that
chemokines are also involved in cancer progression. For example, increased CXCR4 level in
the primary breast and colon cancer is associated with lymph node metastasis (9, 10). A
recent study demonstrated that CCL2and its receptor CCRZ2are coordinately elevated in
human and mouse breast cancer cells (11). Other functions of chemokines include roles in
lipid metabolism (12), angiogenesis (13) and HIV infection (14).

Chemokine expression is controlled at multiple levels including transcriptional activation
and translational regulation (15). The transcription factor NF-xB s involved in
transcriptional activation of multiple chemokines. For CXCL8, NF-xB and co-factors
including AP and NF-/L6 are necessary, whereas CXCL 1 transcription is initiated by NF-
xB interacting with SpZand CBP (16, 17). In contrast, posttranslational regulation can
convert chemokine precursors into biologically active peptides or modify the biological
activity. In neutrophil granulocytes, for example, removal of the first 5 amino acid residues
in CXCL&results in the increase of biological activity (15, 18). Recently, however,
increasing attention has been paid to 3’-UTR mediated regulation of gene expression. 3’-
UTRs are critical in determining the fate of the mRNA by serving as binding sites for
numerous proteins and noncoding RNAs (19-21), which subsequently change mRNA
stability (22, 23), translation (24-26) and localization (27). Types of cis-regulatory elements
in 3’-UTRs include AU-rich elements (ARESs) (28), microRNA (miRNA) targets (22) and
Pumilio binding sites (29). These cis-elements interact with the trans-acting factors and thus
affect development (30), metabolism (31) and disease pathogenesis (32). In the chemokine
family, the 3’-UTRs of several members such as CXCL2and CXCL8have been well
investigated. Binding of an ARE in the CXCL83’-UTR to the protein KSRP causes rapid
mMRNA decay during inflammatory reactions (33). Antigen stimulation stabilizes CXCLZ2
mMRNA via 3’-UTR interactions with the p38 MAPK and p44/42 MAPK pathways (34).
CXCL1 has also been shown to contain active AREs that affect mRNA stability (35).

Despite this progress, there is a lack of systematic understanding of regulatory effects of
chemokine 3’-UTRs on gene expression. In this work, we used a reporter assay to
systematically quantify the regulatory effects of 43 CXC and CC chemokine 3’-UTRs on
protein production, mRNA level, and mRNA turnover. Since the trans-acting factors may
vary with tissue types, we tested these 3’-UTR sequences in eight cell lines and two primary
cell types and compared their regulatory activity across cell types. We further analyzed the
roles for predicted AREs, miRNA targets and Pumilio binding sites. These cis-elements are
associated with the regulatory activity and co-regulate gene expression.
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Materials and Methods

Construction of the reporter BTV and cloning of 3’-UTR sequences

Cell culture

Construction of the BTV reporter and the subsequent cloning steps were performed as
described previously (36). In brief, we used Phusion® High-Fidelity PCR polymerase (NEB,
M0531) to amplify chemokine 3’-UTRs from genomic DNA derived from multiple
anonymous donors (Promega, G3041). After digestion with M/ul and Pacl, the PCR
products were ligated into BTV vector, followed by Sanger sequencing to validate
sequences. All cloned chemokine 3’-UTR sequences and 50-mer oligonucleotide sequences
containing wild type and mutant pumilio binding motifs are listed in Supplementary Table 1.

To study chemokine 3’-UTRs in immortalized cells, we used stable tTA-expressing cell
lines. BEAS-2B.tTA, Jurkat.tTA, and WIDR.tTA cell lines were described previously (36).
The other five tTA cell lines were expanded from single clones of cells transduced with a
tTA lentivirus as described previously (36). We verified cell identity for Jurkat, BEAS-2B,
and H292 cells using Short Tandem Repeat (STR) profiling (Mclab). Other cell line
identities were not verified and cells were not tested for mycoplasma. BEAS-2B.tTA cells
were maintained in DMEM/F12 (1:1) with 10% FBS, 2 mM glutamine, 0.1 mM non-
essential amino acids and penicillin-streptomycin. DLD-1.tTA cells and Jurkat.tTA cells
were maintained in RPMI11640 with 10% FBS, 2 mM glutamine, 0.1 mM non-essential
amino acids and penicillin-streptomycin. WIDR.tTA cells, H292.tTA cells, HelaS3.tTA
cells, MGB63.tTA cells, and RD.tTA cells were maintained in DMEM with 10% FBS, 2 mM
glutamine, 0.1 mM non-essential amino acids and penicillin-streptomycin. 293T cells were
maintained in DMEM with 10% FBS, 2 mM glutamine, and 0.1 mM non-essential amino
acids. Normal human primary lung fibroblast cells were purchased from ATCC
(PCS-201-013) and cultured in Fibroblast Basal Medium (ATCC, PCS-201-030) with
Fibroblast Growth Kit-Low serum (ATCC, PCS-201-041). The human bronchial smooth
muscle cells were purchased from Lonza (CC-2576, Lot# 0000581076) and cultured in
SmBM Basal Medium (Lonza, CC-3181) with SmMGM-2 SingleQuot Kit (Lonza, CC4149).

Lentivirus production and transductions

1 ug each of pMDL, p-RSV, and p-VSV-G plus 3 pg of backbone plasmid in Fugene HD
(Roche, 04709691001) was used to transfect 293T cells (>80% confluent in 10-cm dishes)
cultured in high glucose DMEM containing 10% FBS, 2 mM glutamine, and 0.1 mM non-
essential amino acids (37). Conditioned medium containing virus was harvested 48 h post-
transfection and used immediately to infect cells or frozen at —80°C. To infect cells, we
added conditioned medium diluted 1:4 with fresh medium plus 8 ug/ml (final) polybrene to
cultured cells. The medium was replaced with fresh medium 24 h after infection. Transduced
cells were allowed to grow for 72 h and employed for flow cytometry analysis in bulk,
without clonal selection. For transduction of primary cells, a mixture containing reporter
virus, tTA expressing virus (36), and fresh medium (4:1:5 by volume) was added to the wells
in 96-well plates and replaced with fresh medium 24 h later. Cells were allowed to grow for
72 h and used for flow cytometric analysis.
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Cell staining and flow cytometry

Cells were incubated with Alexa 647—conjugated anti-LNGFR antibody (UCSF Monoclonal
Antibody Core, ME20-4), 1:500 in PBS containing 10% FBS, for 30 min on ice. After
washing twice with PBS, cells were re-suspended in PBS and fixed with 1%
paraformaldehyde. Data were collected from = 2000 LNGFR* cells using a FACSCanto |1
(Becton Dickinson). Mean values were determined from triplicate experiments.

RNA isolation

Cellular total RNA was extracted with RNeasy Mini Kit (Qiagen, 74104). DNase | was used
to eliminate possible DNA contamination in all RNA samples.

Quantification of mMRNA level with Quantitative Real Time PCR

SuperScript I First-Strand Synthesis System for RT-PCR (Invitrogen, 18080-051) was used
for cDNA synthesis. The abundance of £GFPin cDNA was detected with Fast SYBR®
Green Master Mix (Applied Bio., #4385612) on ABI prism 7900HT Sequence Detection
System. Relative RNA levels were evaluated using the AACt method (38) and normalized to
LNGFR for steady state mRNA, and to GAPDH in mRNA decay assays. Primers for EGFP.
GAAGTCGTGCTGCTTCATGT and TGACCCTGAAGTTCATCTGC; primers for
GAPDH: TTCCAATATGATTCCACCCA and GATCTCGCTCCTGGAAGATG; primers for
LNGFR: GCACCTCCAGAACAAGACCT and TGGAGCAATAGACAGGGATG.

RNA stability assay

Transduced BEAS-2B.tTA cells were expanded and divided equally into multiple dishes. On
the following day, doxycycline solution was added to the medium to 1 pg/ml (final) and cells
were harvested 0-8 h later. The total RNA was isolated from the cellular lysate, followed by
reverse transcription for cDNA synthesis. The EGFP mRNA remaining at each time point
was measured with quantitative real time PCR as stated above and mMRNA decay rates were
calculated by exponential fitting.

Co-transfection of let-7 sensor and let-7 inhibitor

BEAS-2B.tTA cells were plated in 24-well plates (60,000 cells/well). On the following day,
150 ng plasmid (BTV cloned with two repeats of the perfect let-7 target) and 5 pmol of let-7
inhibitor (sequence 5> ACCATACAACCTACT, Exigon) was transfected using
Lipofectamine 2000 (Invitrogen, 11668-027) according to the manufacturer’s instructions.
Gene expression was detected by measuring EGFP intensity with flow cytometry 48 h after
transfection.

ARESs, miRNA targets, and Pumilio binding site prediction

AREs were identified using the ARED database (39); typical Pumilio binding sites and
nontypical Pumilio motifs were defined as described previously (40, 41). Selected 50-mer
sequences including predicted Pumilio motifs tested in Fig. 4F are included in
Supplementary Table 1; conserved miRNA targets were identified using TargetScan 7.1 (42).
The complete list of predicted elements are shown in Supplementary Table 1.
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Results

Chemokine 3’-UTRs have widespread effects on protein production

To quantify the regulatory effects of chemokine 3’-UTRs, we used the BTV lentiviral
reporter to directly measure the effect of the 3’-UTRs on £GFPtransgene expression in
BEAS-2B cells (Fig. 1A, 1B). We first validated this reporter by testing previously studied
3’-UTR sequences. An ARE-containing fragment from the CXCL83’-UTR (33) led to the
expected decrease in reporter expression (Fig. 1C). A synthetic sequence containing a let-7
target (43) also decreased expression and this effect was eliminated by mutating the miRNA
target site (Fig. 1C). We then measured the effects of 43 chemokine 3’-UTRs on EGFP
protein in BEAS-2B cells. We included 3’-UTRs from all 40 CC and CXC chemokines with
3’-UTRs longer than 100 nt, and for three of these chemokines (CXCL12, CCL 16, and
CCL23) we included two different 3’-UTRs that can arise from alternative polyadenylation.
We did not include 3’-UTRs from CCL24 (no annotated 3’-UTR sequence) or CCLZ27 (short
3’-UTR, length 77 nt). One example of a highly active chemokine 3’-UTR, CCL3, which
decreased expression to 4% of the level seen with the control reporter without a test 3’-UTR
sequence, is shown in Fig. 1C. The set of chemokine 3’-UTRs showed a wide spectrum of
effects on reporter expression ranging from 3% (for CXCL2) to 124% (for CCL16.1) (Fig.
1D). Twenty 3’-UTRs decreased EGFP protein level to < 50%. Another sixteen had modest
down-regulatory effects, with expression ranging from 51%-90%. CCL14.2 and CCL16.1
3’-UTRs showed modest up-regulatory effects (122% and 124% respectively). In some
cases, polyadenylation variants showed much different effects. For example, a longer
isoform of CXCL12(CXCL12.1, 3139 nt, 10% expression) reduced expression more than a
shorter isoform (CXCL12.2, 1537 nt, 48%) and a longer CCL16isoform (CCL16.2, 1041 nt,
41%) reduced expression whereas a shorter isoform (CCL16.1, 120 nt, 124%) increased
expression (Fig. 1D). These results suggest that alternative polyadenylation of chemokine
MRNAs likely have important effects on regulation of expression.

Most chemokine 3’-UTR activity was conserved across cell types

Since 3’-UTR regulatory activity depends upon trans-acting factors that may vary across cell
types, we measured the effects of each chemokine 3’-UTR in seven other cell lines. Most 3’-
UTRs had generally similar activity across cell types (Fig. 2A). For example, the CXCLZ,
CXCL3 CXCL121, CCL3 CXCL8, CXCL14.1, CXCL6, CCL4, and CCL83’-UTRs
decreased reporter gene expression in all eight cell lines (o < 0.01 compared with the empty
vector control by Dunnett’s test) whereas the CCL16.1 3’-UTR did not significantly
decrease expression in any cell line. Reporter protein levels in each cell line were highly
correlated with levels in other cell lines (Fig. 2B, 2C). However, some 3’-UTRs had different
effects between cell types. For example, CCL 18 3’-UTR significantly decreased gene
expression only in DLD-1 and Jurkat cells (p < 0.001 compared with the empty vector
control by Dunnett’s test) and the inhibitory effects of this 3’-UTR were significantly greater
in Jurkat cells than in BEAS-2B, H292, HeLa S3, MG63, RD, and WIDR cells (all p< 0.02
by Tukey-Kramer test). CCL73’-UTR decreased expression in all cell types (p < 0.0005
compared with the empty vector control by Dunnett’s test), but expression was higher in RD
cells (mean 65%) and H292 cells (58%) than in any of the 6 other cells types (range 27—
40%, p < 0.05 compared with both RD and H292 by Tukey-Kramer test). To determine
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whether chemokine 3’-UTRs had similar activities in primary cells, we tested the 3’-UTR
reporters in two human primary cell types. Across the entire set of 43 chemokine 3’-UTRs,
reporter protein levels in primary lung fibroblast cells were highly correlated to mean protein
levels in the 8 cell lines (R2 = 0.95, Fig. 2D). In addition, we studied 15 3’-UTRs in primary
human bronchial smooth muscle cells and also found a strong correlation (R2 = 0.83, Fig.
2E). Taken together, these studies in multiple cell lines and in primary cells show substantial
functional similarities across cell types and also provide examples of the dependence of 3’-
UTR activity on cellular context.

Chemokine 3’-UTRs regulate steady state mMRNA and mRNA stability

3’-UTRs have been reported to regulate protein production by modulating mRNA stability
(23) and protein translation (44). Since effects on mRNA stability result in changes in steady
state MRNA levels, we began by systematically investigating the effects of chemokine 3’-
UTRs on reporter mRNA levels in BEAS-2B cells. Most 3’-UTRs led to reduced abundance
of mMRNA,; some such as the CXCL12.1 (longer isoform of CXCL12) and CXCL23’-UTRs
resulted in a very low level of mMRNA, ~5% relative to empty reporter BTV. Some 3’-UTRs
had little or no effect on mRNA levels and one, the CCL1 3’-UTR, increased EGFP mRNA
level (30% higher than control, Fig. 3A). These results showed that chemokine 3’-UTRs had
a wide spectrum of effects on mRNA abundance. Strikingly, by comparing mRNA and
protein levels, we found that protein level was highly correlated with the mRNA level (R? =
0.91, p<0.0001) (Fig. 3B), indicating that chemokine 3’-UTR effects on protein production
are tightly coupled to effects on steady state mMRNA levels.

To directly determine whether chemokine 3’UTRs regulate mRNA stability, we measured
the half-lives of reporter transcripts containing each of the chemokine 3’-UTRs after
inhibiting reporter transcription by adding doxycycline. For example, Fig. 3C shows that the
CXCL83’-UTR caused more rapid mRNA decay compared with a control construct lacking
a 3’-UTR test sequence. We found half-lives varied widely, ranging from <1 h to >5 h and
were correlated with mRNA abundance (R? = 0.75, p < 0.0001, Fig. 3D) and protein level
(R2=0.75, p< 0.0001, Fig. 3E). These results indicate that effects on steady state levels of
mRNA and protein are generally coupled to changes in mRNA stability. However, two 3’-
UTRs (CCL22and CXCLY) showed a long half-life but much lower abundance of mRNA.
Furthermore, although CCL1 3’-UTR increased steady state MRNA level compared the BTV
control, this 3’-UTR had no detectable effect on mRNA half-life (4.2 h for CCL 1 versus 4.3
h for BTV). This suggests that some 3’-UTRs regulated reporter mRNA level by affecting
mRNA production (e.g., transcription) rather than mRNA stability.

Multiple classes of cis-elements are associated with the regulatory activity of chemokine

3’-UTRs

3’-UTR activity is often governed by cis-elements that interact with trans-acting factors.
ARESs, miRNA targets and Pumilio binding sites in 3’-UTRs are each known to regulate
MRNA stability. We identified predicted cis-elements of these three classes in all chemokine
3’-UTRs. We found that the presence of one or more ARES, miRNA targets, or Pumilio
binding sites was associated with significantly lower levels of reporter protein production in
BEAS-2B cells (Fig. 4A-C). Some 3’-UTRs containing predicted cis-elements did not have
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reduced expression, which illustrates the current limitations of computational methods for
functional annotation of regulatory sequences. 3’-UTRs that lacked any of these three types
of predicted elements had modest effects on EGFP expression, with none reducing
expression by >50% (Fig. 4D). We (36) and others (45) have previously established that AU-
rich elements in 3’-UTRs have major roles in destabilizing chemokine mRNAs. To test the
regulatory activity of predicted Pumilio binding sites, we tested five 50-nt predicted Pumilio
binding site-containing segments from the CXCL8, CXCL10, CXCL11, CXCL14, and
CCL213’-UTRs. In each case, we compared the activity of the 50 nt segment with the
activity of a sequence containing mutations in the predicted Pumilio binding site (Fig. 4E).
Mutagenesis of the predicted Pumilio binding sites significantly increased reporter protein
levels in BEAS-2B cells (Fig. 4F), demonstrating that these sites have regulatory activity.

A let-7 target and an AU-rich element in CCL3 co-regulate gene expression

In order to understand how multiple cis-elements in one 3’-UTR co-regulate gene
expression, we chose CCL33’-UTR for further study. CCL3is secreted by activated
inflammatory cells, acts as a chemoattractant for monocytes and lymphocytes (46), and is
involved in diseases such as asthma, arteriosclerosis, and rheumatoid arthritis (47). The
reporter assay showed that the CCL33’-UTR had a very strong down-regulatory effect in all
eight cell types (10 = 5% relative to BTV) (Fig. 2A). Using ARED (39) and TargetScan (42),
we found a predicted ARE and a predicted let-7 target in the CCL33’-UTR. Both of these
predicted elements are evolutionarily conserved (Fig. 5A). Deletion of the ARE caused a 4-
fold increase in EGFPexpression and mutation of let-7 target resulted in a 2-fold increase in
EGFPexpression (Fig. 5B). ARE deletion combined with let-7 target mutation led to a 6-
fold increase in expression (Fig. 5B). To confirm the dependence of the activity of CCL33’-
UTR on the microRNA let-7, we co-transfected BEAS-2B cells with the reporter and a let-7
inhibitor. We found that the let-7 inhibitor decreased the inhibitory effect of the CCL33’-
UTR to a similar extent as did mutation of the CCL33’-UTR (Fig. 5C), demonstrating that
the activity of the predicted let-7 target was let-7-dependent. Both ARESs (28) and miRNA
targets (22) frequently destabilize mMRNAs, and our results indicate that the destabilizing
effect of the CCL33’-UTR (Fig. 3) is due in large part to its ARE and let-7 target sequences.
Since the effect of the let-7 target in the CCL33’-UTR has not been reported previously, we
measured the activity of the let-7 target on mRNA decay. Mutation of the let-7 seed
sequence significantly extended mRNA half-life (1.7 h) compared with the wild type (0.9 h)
(0 < 0.005) (Fig. 5D). Previous studies of multiple miRNAs (25, 48), including let-7 (49),
show that miRNA-induced mRNA destabilization is frequently coupled to translational
inhbition, and our finding that the effect of let-7 target mutation on reporter protein levels
(270% relative increase) is somewhat larger than the effect on stability (89% relative
increase) suggests that the let-7 target in the CCL33’-UTR may affect translation as well as
stability. Our results show that conserved elements from two different classes (an ARE and a
miRNA target) co-regulate expression of the CCL 3 chemokine gene.

Discussion

In this work, we systematically studied the regulatory effects of chemokine 3’-UTRs on
gene expression. Previous studies have shown that 3’-UTRs play important roles in
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controlling mRNA stability, subcellular localization, and translation (22, 23, 27). 3’-UTR
mediated regulation of gene expression is important during development and in disease
pathogenesis (30, 32). The regulatory activity of 3’-UTRs is dependent on cis-elements and
trans-acting factors. Computational approaches based on identifying sequence motifs can be
used to predict active cis-elements. Well-known cis-elements include AREs (28), Pumilio
binding sites (29) and miRNA targets (22, 36). ARE motifs are found in 5-8% of coding
genes and can either increase or decrease gene expression, dependent on RNA binding
proteins (50). Over 50% of coding genes are predicted to be under the control of miRNAs,
which inhibit translation and destabilize mRNA (51). However, computational approaches
have limited ability to predict functional activity since the activity of cis-elements is cellular
context-dependent and it is not known whether individual elements are active or not (52). In
this study, for example, some chemokine 3’-UTRs containing predicted ARES, miRNA
targets or Pumilio binding sites did not show significant effects on EGFP expression (Fig.
4D). Another limitation of computational approaches is that many active elements identified
in functional studies do not contain known RNA binding protein or miRNA target motifs
(36). Therefore, direct experimental evaluation of the effects of 3’-UTRs can provide
information that cannot be provided by current computational methods.

The reporter assay allowed us to systematically quantify the regulatory effects of chemokine
3’-UTRs. We found that chemokine 3’-UTRs have a wide spectrum of regulatory effects on
gene expression, ranging from 3% to 124% of control reporter protein expression. Most
chemokine 3’-UTRs had similar regulatory activity across the set of cell lines and primary
cells we studied, suggesting that common trans-regulatory networks operate in these cells
despite their different origins. By correlating predicted cis-elements (AREs, Pumilio binding
sites, and miRNA targets) with regulatory activity, we found that the presence of any or all
of these types of cis-elements was associated with chemokine 3’-UTR activity. We directly
tested the role of several predicted cis-elements using mutagenesis. This approach
demonstrated the activity of individual elements and showed how two distinct elements in
one chemokine 3’-UTR work together to regulate expression. We directly demonstrated the
importance of one trans-factor, the miRNA let-7, in CCL33’-UTR-mediated post-
transcriptional regulation. Many trans-factors are likely to be involved given the large
number of miRNAs and RNA binding proteins (e.g., 3 Pumilio proteins and >20 ARE
binding proteins (53)) found in human cells, and further studies will be required to
determine the contributions of these trans-factors. Several 3’-UTRs which do not contain
predicted miRNA targets, AREs, and Pumilio binding sites still altered reporter expression
(Fig. 4D), suggesting that other 3’-UTR cis-elements and trans-factors can also contribute to
post-transcriptional chemokine gene regulation. We further found the regulatory effect on
protein is tightly coupled with mRNA level and mRNA decay rate. In general, a longer
mMRNA half-life was associated with a higher level of mMRNA at steady state. Surprisingly,
CCL22and CXCL93’-UTRs had similar mRNA half-lives as the control reporter with no
3’-UTR test sequence despite having much lower levels of steady state mRNA. One possible
mechanism is that these 3’-UTRs can regulate gene transcription. We recently showed that
targeting 3’-UTRs of some chemokine genes with CRISPR-Cas9 decreased the transcription
of these genes (54), suggesting that the 3’-UTR or the corresponding DNA sequence could
regulate gene transcription as well as post-transcriptional regulation.
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Chemokines are a class of regulators that play a central role in many homeostatic and
pathological conditions. Existing evidence indicates that chemokine regulation is complex
and involves multiple steps, including transcription, post-translational modifications, and
interactions with extracellular matrix (15, 55). Transcription factors that bind to chemokine
promoters and enhancers influence the initiation and cessation of chemokine expression.
Post-translational processing can convert an immature precursor to a functional chemokine.
An increasing collection of studies suggest that post-transcriptional regulation plays an
important role in control of chemokine gene expression. In particular, the mechanisms
controlling mRNA stability appear to be crucially involved in determining the timing and the
levels of chemokine gene expression during an inflammatory response. In this work, we
found many chemokine 3’-UTRs are active in regulation of gene expression. These 3’-UTRs
contain multiple cis-elements such as miRNA targets, AREs, and Pumilio binding sites and
likely other active elements that could potentially serve as targets of immunomodulatory
therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1.

Quantification of the effects of chemokine 3’-UTRs on EGFP protein production with a
reporter assay. (A) BTV reporter. Bi-Tet: bi-directional tetracycline-regulated promoter
driving both EGFPand LNGFR expression. The 3’-UTR test sequence was cloned
downstream of the EGFP open reading frame. (B) Flow cytometric analysis of BEAS-2B
cells transduced with a negative control without EGFP (BTVnoGFP) or BTV without a 3’-
UTR test sequence. (C) Flow cytometric analysis of effects of 3’-UTR test sequences.
CXCL8 ARE: 160-nt ARE-containing sequence from CXCL&3’-UTR,; let-7 wt: synthetic
let-7 target; let-7 mut: mutant let-7 target; CCL3. full length 3°-UTR of CCL3mRNA. The
dotted lines show the threshold for gating of LNGFR positive cells used in the analysis. (D)
Effects of 43 chemokine 3’-UTRs on £GFP protein expression in BEAS-2B cells. The

suffixes “.1” and “.2” represent 3’-UTR variants arising from alternative polyadenylation; “.

1" is the longer version. All values represent mean + s.d.. *, p< 0.05.
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FIGURE 2.

Comparison of the effects of chemokine 3’-UTRs on EGFP protein in cell lines and primary
cells. (A) Effects of chemokine 3’-UTRs in immortalized cell lines. Reporters were
introduced into each of 8 cell lines: RD (rhabdomyosarcoma), MG-63 (osteosarcoma),
DLD-1 (colon cancer), BEAS-2B (airway epithelial), Jurkat (T lymphoblast), WIDR
(colorectal adenocarcinoma), HelaS3 (cervical carcinoma), and H292 (airway epithelial).
The color scale represents reporter protein expression relative to the control reporter with no
3’-UTR test sequence (100%) in the same cell line. (B, C) Correlation of reporter protein
levels in one cell type with mean reporter protein levels in the other seven cell lines.
BEAS-2B cells (B) had the highest correlation and Jurkat cells (C) had the lowest. Each
point represents one of the 43 chemokine 3’-UTRs tested. (D, E) Correlation of reporter
protein levels in primary lung fibroblasts (D) or primary bronchial smooth muscle cells (E)
with mean reporter protein levels in the eight cell lines. All 43 chemokine 3’-UTRs were
analyzed in fibroblasts and a subset of 15 chemokine 3’-UTRs were analyzed in smooth
muscle cells.
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FIGURE 3.
Effects of chemokine 3’-UTRs on steady state mRNA levels and mRNA stability. (A)

Quantification of the steady state £GFP mRNA in BEAS-2B cells with qRT-PCR. Results
were normalized by comparing with BTV reporter with no 3’-UTR test sequence (100%).
Values represent mean £ s.d.. *, p<0.05. (B) Effects of chemokine 3’-UTRs on steady state
EGFPreporter mRNA versus protein levels (R2 = 0.91, p< 0.0001). (C) CXCL83’-UTR
effects on mRNA degradation. (D) Effects of chemokine 3’-UTRs on reporter mRNA half-
lives versus steady state mMRNA levels (R2 = 0.75, p< 0.0001). (E) Effects of chemokine 3’-
UTRs on reporter mRNA half-lives versus protein levels (R2 = 0.75, p< 0.0001). The dotted
lines are linear regression lines. CCL22and CXCL93’-UTRs have lower levels of mMRNA
than other 3’-UTRs with similar mRNA half-lives.
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elements. Comparison of the effects chemokine 3’-UTRs containing or lacking AREs (A),
miRNA targets (B), Pumilio binding sites (C) or any of these elements (D) on £GFP protein
level in BEAS-2B cells. Each points represents one chemokine 3’-UTR; bars represent
group medians. P values were calculated using the Mann-Whitney test. (E) Examples of
three predicted Pumilio binding sites (WT) and mutations tested in the BTV reporter assay.
Numbers denote motif positions within the 3’-UTR. (F) Effects of mutating predicted
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Pumilio binding sites on reporter protein expression in BEAS-2B cells. *, p< 0.05; **, p<
0.005 by Student's t-test.
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FIGURE 5.

A let-7 target and an ARE in the CCL33’-UTR co-regulate gene expression. (A) CCL33’-
UTR contains a conserved let-7 target and an ARE. The vertical bars represent conservation
scores from PhyloP. The let-7 target is predicted by TargetScan; the ARE (based on ARED)
contains a typical ARE motif (solid underline) and two non-typical ARE motifs (broken
underline). (B) Mutagenesis of the let-7 target and the ARE resulted in the reduction of
inhibitory activity of CCL33’-UTR in BEAS-2B cells. WT: CCL33’-UTR; ARE-del,
deletion of the ARE in CCL33’-UTR,; Let7-scr, scrambled seed sequence binding site in
CCL33-UTR; ARE-del&Let7-scr: mutation of both the ARE and the let-7 target. (C) The
let-7 inhibitor abrogated the inhibitory effect of the let-7 target in CCL33’-UTR. Lipo:
negative control transfection with lipofectamine; AntiLet7, let-7 inhibitor. (D) Scrambling
the let-7 target seed sequence in CCL33’-UTR stabilized mRNA. **, p < 0.005; ns, no
significant difference by one-way ANOVA and Dunnett’s test. All values represent mean +
s.d.
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