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ABSTRACT

The 3′ untranslated regions (3′ UTRs) of mRNAs regulate transcripts by serving as binding sites for regulatory factors, including
microRNAs and RNA binding proteins. Binding of such trans-acting factors can control the rates of mRNA translation, decay,
and other aspects of mRNA biology. To better understand the role of 3′ UTRs in gene regulation, we performed a detailed
analysis of a model mammalian 3′ UTR, that of Hmga2, with the principal goals of identifying the complete set of regulatory
elements within a single 3′ UTR, and determining the extent to which elements interact with and affect one another. Hmga2 is
an oncogene whose overexpression in cancers often stems from mutations that remove 3′-UTR regulatory sequences. We used
reporter assays in cultured cells to generate maps of cis-regulatory information across the Hmga2 3′ UTR at different
resolutions, ranging from 50 to 400 nt. We found many previously unidentified regulatory sites, a large number of which were
up-regulating. Importantly, the overall location and impact of regulatory sites was conserved between different species
(mouse, human, and chicken). By systematically comparing the regulatory impact of 3′-UTR segments of different sizes we
were able to determine that the majority of regulatory sequences function independently; only a very small number of
segments showed evidence of any interactions. However, we discovered a novel interaction whereby terminal 3′-UTR
sequences induced internal up-regulating elements to convert to repressive elements. By fully characterizing one 3′ UTR, we
hope to better understand the principles of 3′-UTR-mediated gene regulation.
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INTRODUCTION

Precisely controlling the amount of protein made from each
gene is a fundamental cellular process; while much of this
regulation derives from transcriptional control, it is increas-
ingly clear that regulation acting upon the mature transcript
also plays a crucial role. The sequences underpinning post-
transcriptional regulation are most often located within the
transcripts 5′ and 3′ untranslated regions (UTRs). These
cis-regulatory sequence elements within UTRs serve as bind-
ing sites for trans-factors such as RNA binding proteins
(RBPs) and noncoding RNAs (for review, see Barrett et al.
2012). One relatively well-understood paradigm for post-
transcriptional control is that of microRNAs (miRNAs), a
class of ∼22-nt small RNAs, which act in concert with the
proteins of the RNA-induced silencing complex as trans-reg-
ulators of mRNAs. The effective binding sites for miRNAs are
most often located within the 3′ UTR, and recruitment of a
miRNA to a transcript results in transcript destabilization

and translational repression (for review, see Bartel 2009).
While miRNAs are, perhaps, the most prevalent example of
mammalian post-transcriptional regulation, a wide variety
of other mechanisms exist. Hundreds of RBPs have been
identified based on the presence of predicted RNA binding
domains (Cook et al. 2010), but only a modest subset has
been studied. Most post-transcriptional regulatory RBPs
that have been studied have binding sites within 3′ UTRs
(e.g., Hafner et al. 2010; Yoon et al. 2014). The 3′ UTRs of
mammalian genomes, in particular, are typically both well
conserved (compared with other regions of the genome;
Siepel et al. 2005; Xie et al. 2005) and extensive in length (av-
eraging 1.2 kb, versus 1.5 kb for coding sequences).Moreover,
recent studies have indicated that 3′ UTRs are densely bound
by proteins (Baltz et al. 2012),many of which are likely to have
regulatory roles. It seems the 3′ UTR serves as a switchboard
that combines complex inputs leading to proper post-tran-
scriptional regulation, a similar role to that of enhancers in
transcriptional regulation.
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While many, and likely most, 3′-UTR regulatory elements
are uncharacterized, an increasingly large number have been
identified. The majority of elements are between ∼6 and
12-nt long and are recognized by trans-factors by virtue of
their primary sequence (Xie et al. 2005). Longer elements
have also been described, whose identity and function derives
from both structure and sequence (Goodarzi et al. 2012).
Both site-types tend to be degenerate and therefore difficult
to predict from examining the primary 3′-UTR sequence.
However, some informative sequence motifs corresponding
to cis-regulatory elements have been characterized genome-
wide, including miRNA target sites, Pumilio Response ele-
ments, and binding sites for a small number of other regula-
tory proteins (Fox et al. 2005; Friedman et al 2009). It is,
nevertheless, far from clear howmany cis-regulatory elements
exist in a typical 3′ UTR. Few 3′ UTRs have been systemati-
cally examined with the goal of identifying all of their regula-
tory sequences. However, studies that have begun to address
this question suggest that 3′ UTRs might contain a large
number of regulatory sequences; for example, mutational
analysis of the Caenorhabditis elegans cog-1 3′ UTR shows
that many parts of the 3′ UTR contribute to the post-tran-
scriptional regulation of the cog-1 transcript (Didiano and
Hobert 2008). Systematic studies of the regulatory landscape
of 3′ UTRs to reveal the numbers and impacts of regulatory
elements within them should enhance our understanding
of the roles of 3′ UTRs in post-transcriptional biology.
The vast majority of investigations into 3′-UTR-mediated

regulation has focused on isolated, individual elements with-
in a 3′ UTR and have not determined how collections of
elements might interact with one another. However, there
exist a handful of examples of 3′ UTRs containing combina-
tions of cis-regulatory elements that function cooperatively:
Closely spaced binding sites for miRNAs can function syn-
ergistically, enhancing their regulatory impact (Grimson
et al. 2007; Sætrom et al. 2007; Broderick et al. 2011), and
the binding of RBPs has been reported to both activate adja-
cent cryptic miRNA binding sites (Kim et al. 2009, 2012;
Kedde et al. 2010; Miles et al. 2012) andmask otherwise func-
tional sites (Bhattacharyya et al. 2006; Kedde et al. 2007;
Léveillé et al. 2011; Kundu, et al. 2012). For example, two
studies demonstrated that the binding of human Pumilio
proteins within a 3′ UTR can induce a conformational change
in the RNA structure. This structural change allows the
silencing machinery access to miRNA target sites that
were previously hidden within hairpins (Kedde et al. 2010;
Miles et al. 2012) and thus enhances miRNA repression.
Alternatively, the binding of RBM38 (Léveillé et al. 2011)
or Dnd1 (Kedde et al. 2007) within certain 3′ UTRs inhibits
miRNA-mediated repression of mRNAs by inhibiting the
binding of the silencing machinery, an example of an in-
hibitory interaction (or negative synergism). Importantly,
many such interactions mediate major regulatory control
of the underlying transcripts with important biological
consequences.

These, and a handful of other examples, illustrate the po-
tential importance of complex interactions between 3′-UTR
regulatory elements—but are such interactions rare or are
they commonplace? At one extreme, if the impact of
3′ UTRs on expression can, typically, be derived from the in-
dependent contribution of individual elements, then a sys-
tematic approach to describe the role 3′ UTRs play in gene
expression is relatively straightforward. Alternatively, if post-
transcriptional regulation encoded within 3′ UTRs typically
entails complex interactions between elements, then a ge-
nome-wide understanding of 3′-UTR-mediated regulation
represents a nontrivial problem. In this study,wehave system-
atically identified regulatory sequences within a single 3′UTR,
that ofHmga2, and developed a new approach tomethodical-
ly determine the extent to which identified regulatory ele-
ments function independently or synergistically.
We selected the Hmga2 transcript as a case study because

it is strongly repressed post-transcriptionally through sites
within the long (2.9 kb) and highly conserved 3′ UTR
(Borrmann et al. 2001). Normal expression ofHmga2, which
encodes a nonhistone chromatin protein, is limited to em-
bryonic tissues, and overexpression strongly correlates with
poor prognoses for cancer patients. Moreover, Hmga2 has
been identified as a driver for metastasis (Morishita et al.
2013). One key component to the repression of Hmga2 in
normal nonembryonic tissues is the tumor suppressing
miRNA let-7, which has seven target sites within the 3′ UTR.
Loss of post-transcriptional regulation, and specifically loss
of let-7 targeting (Lee and Dutta 2007; Mayr et al. 2007), leads
to overexpression of Hmga2 and oncogenic transformation.
Interestingly, the RNA binding protein IGF2BP3 has recently
been shown to protect the Hmga2 transcript from let-7-me-
diated repression in embryonic tissues and cancer cells
(Jønson et al. 2014). While let-7 repression and IGF2BP3 se-
questration are clearly important, these alone do not explain
the extensive conservation of the Hmga2 3′ UTR. Thus, it
seems likely that additional regulatory sequences exist within
what is already a relatively well-studied 3′ UTR.
A handful of 3′ UTRs have been examined systematically

by truncation analysis with the goal of identifying important
sequences. Most such studies were performed at low resolu-
tion (e.g., 400 nt), giving limited information about specific
sequences (Borrmann et al. 2001; Khaziapoul et al. 2012;
Diab et al 2013; Melanson et al. 2013). Two recent studies
have taken a more comprehensive look at 3′ UTRs. Wirsing
et al. (2011) first performed a low-resolution truncation
analysis, and then performed higher resolution mapping of
selected 3′-UTR fragments. A high-resolution map of regula-
tory sequences within the CXCL2 3′ UTR has been generated
by analyzing a large collection of point mutations within the
3′ UTR, though only measuring mRNA steady-state levels
(Zhao et al. 2014). Although this study represents one of
the most thorough investigations of a single 3′ UTR, focusing
only on elements that control mRNA levels is not optimal, as
elements that alter translation will be missed; moreover,
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elements robust to single point mutations would not have
been detected, whichmay constitute a relatively large fraction
of 3′ UTR elements. We have taken a different approach,
mapping the Hmga2 3′ UTR to high-resolution (50 nt) using
reporter assays that monitor total protein output. Important-
ly, we also measured the regulatory impact of larger overlap-
ping fragments (100, 200, and 400 nt) and used comparisons
between different sized 3′-UTR fragments to determine
whether combinations of regulatory elements are interacting
synergistically. We found a large number of previously un-
identified regulatory segments, many of which confer up-reg-
ulation. Importantly, our data suggest that elements within
the 3′ UTR largely function independently of one another.
We did, however, observe an exception to this rule, whereby
distal sequences within the 3′ UTR induce otherwise positive
regulatory elements to function as repressive elements.

RESULTS

High-resolution mapping reveals many discrete
regulatory sequence elements within the
Hmga2 3′ UTR

To begin to understand the regulatory sequences present
within the Hmga2 3′ UTR, we generated a set of luciferase
reporter constructs, each containing ∼100-nt fragments
(100mers) of the mouse 3′ UTR, such that the complete
2.97-kb sequence was represented in the set (Fig. 1A).
Experiments in which reporter activities are compared with
each other can be used to calculate the relative impact on
gene expression for each reporter. They cannot, however,
be used to infer the absolute impact on gene expression,
because there is no way to establish a baseline. To address
this problem, we reasoned that 3′ UTRs comprising random-
ized sequences are unlikely to contain any sequence elements
that could impact gene expression, and are therefore ideal
inert controls with which to establish a baseline for expres-
sion. We generated three different reporter constructs, each
containing a different random 100-nt sequence (random
100mers) as their 3′ UTR. Importantly, there were no signifi-
cant differences in reporter activity between the three ran-
dom 100mer constructs, nor between them and a no-3′-
UTR control (Fig. 1B), indicating that none contained se-
quences impacting gene expression in our assay and confirm-
ing their usefulness as inert controls. Although the random-
sequence controls are equivalent in their expression to a no-
3′-UTR control for 3′ UTRs of this size, such size-matched
random-sequence constructs have the benefit of controlling
for the influence of 3′ UTR size per se on gene expression
(Tanguay and Gallie 1996; Hogg and Goff 2010; Nicholson
et al. 2010), a consideration that is more important for larger
3′-UTR fragments (Fig. 2A). This approach allowed us to es-
tablish the baseline for all of our reporter experiments, thus
enabling us to calculate the absolute impact on gene expres-
sion for all 3′-UTR fragments assayed.

We first assayed our set of mouseHmga2 100mer reporters
in A549 cells (Fig. 1A). As expected, the fragments containing
previously identified let-7 miRNA target sites corresponded
well to those that significantly down-regulated reporter ex-
pression. We confirmed that let-7 was responsible for the re-
pression observed by comparing reporters with and without
intact target sites (Fig. 1C). We also measured the total im-
pact of let-7 repression of the full-length Hmga2 3′ UTR by
comparing a wild-type full-length construct to a 3′ UTR con-
struct that has all seven let-7 target sites disrupted (m7) (Fig.
1D). Let-7 repression of the full-length matches well with ex-
pectation based on the 100mer data. In addition to let-7 con-
taining fragments, only two other fragments contained active
repressive elements, the identities of which were not readily
apparent. The presence of such elements, however, is not un-
expected, as the Hmga2 3′ UTR is considered a strongly re-
pressive sequence (Fig. 1D,J; Borrmann et al. 2001). We
observed that many fragments significantly up-regulated re-
porter expression, a somewhat surprising result given the
presence of counteracting repressive elements.
To investigate whether the novel regulatory elements with-

in theHmga2 3′ UTR are conserved, we performed an equiv-
alent study of both the human and chickenHMGA2 3′ UTRs
(83% and 76% identical to mouse, respectively), in which
we generated and characterized a complete series of 100mer
fragments in a luciferase reporter system (Fig. 1E–G). When
generating the human and chicken reporters, the 100mer co-
ordinates were selected based on an alignment of the three
3′ UTRs, allowing us to ensure that comparisons between
species were specific to orthologous regions of each 3′ UTR.
Importantly, because of the high pair-wise identity, we could
confidently identify orthologous positions between the
3′ UTRs. We found significant correlations in regulatory im-
pact of equivalent 3′-UTR fragments between the three species
(Fig. 1G), indicating conservation of regulatory sequences.
The extent to which regulatory impact deviated between spe-
cies was not strongly correlated to the sequence divergence
(nucleotide diversity) of the corresponding 100mer fragments
(Fig. 1H), perhaps suggesting the existence of relatively small
conserved regulatory elements that are responsible for the reg-
ulatory effect of each fragment. Notably, both human and
chicken HMGA2 3′ UTRs also contained multiple positive
regulatory sites, providing additional support for their biolog-
ical importance within the Hmga2 3′ UTR.
To gain additional perspective on the regulatory potential

of the Hmga2 3′ UTR in a variety of different trans-factor en-
vironments, we repeated our experiments, testing mouse
100mers in a series of different cell lines: mouse 3T3 and
F9 cells and human HeLa cells. Although we found instances
of cell-type specific differences in regulation, the overall reg-
ulatory landscape was extremely consistent between different
cell lines (Fig. 1I). The largest exception to this trend was
found in F9 cells, a mouse testicular teratoma cell line that
should not express let-7 (Zovoilis et al. 2008). Indeed,
when we compared the full-length wild-type and let-7
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FIGURE 1. Regulatory sequences in vertebrateHmga2 3′ UTRs. (A) Reporter assaysmeasuring regulatory impact of tiled 100-nt fragments (100mers)
of the mouseHmga2 3′ UTR. Histogram indicates log2 fold change conferred by 3

′-UTR 100mers, relative to random-sequence 100mer reporters (B);
significance assessed with Bonferroni-correctedWilcoxon rank-sum tests (n > 12; P < 0.05, 1 × 10−3, and 1 × 10−5 significance thresholds indicated by
∗, ∗∗, and ∗∗∗, respectively; error bars indicate the third largest and third smallest values among 12 replicates, approximating 68% of the data as a
nonparametric analog of one standard deviation; for measurements with more than 12 replicates, values were selected so that error bars also approx-
imate 68% of the data). The x-axis shows the approximate coordinates of each 3′-UTR sequence; the positions of let-7miRNA target sites are indicated
with blue arrowheads. (B) Reporter assays measuring regulatory impact of a no-3′-UTR control (No) and 100mer 3′-UTR fragments of random se-
quence (A–C). Three different control sequences mediate regulatory effects equivalent to one another and to the no-3′-UTR control (n = 9; P > 0.05,
Wilcoxon rank-sum test). (C) Mutated let-7 sites abrogate the repression of Hmga2 100mer 3′-UTR fragments. Reporter assays comparing the reg-
ulatory impact of 100mer fragments containing predicted let-7 target sites (sites numbered as in A) to otherwise identical fragments in which the let-7
target sites were disrupted (n = 9; ∗∗ indicates P < 1 × 10−3, Wilcoxon rank-sum test). (D) Let-7mediated repression of the full-lengthHmga2 3′ UTR.
As in C, comparing full-lengthHmga2 3′ UTR constructs (normalized to a no-3′ UTR control) with all let-7 target sites intact (WT) or disrupted (m7)
(n = 9, P < 1 × 10−3, Wilcoxon rank-sum test). (E,F) Reporter assays measuring regulatory impact of successive 100-nt fragments of human (E) and
chicken (F) HMGA2 3′-UTR sequences. Boundaries for human and chicken 3′-UTR fragments are orthologous to mouse coordinates; otherwise as
described in A (n = 9). (G) Conservation of regulatory sequence impact. Heat maps (top) illustrate reporter data from A,D,E (color key on right); the
positions of let-7 miRNA target sites are indicated with blue arrowheads, as in A. Table (bottom) contains correlation coefficients (Spearman and
Pearson) and P values comparing regulation of orthologous 100-nt fragments tiled across the 3′ UTR. (H) Nucleotide diversity (X-axis) is not
well-correlated with divergence in regulatory impact of different 3′-UTR fragments from human, mouse, and chicken (Pearson R = 0.21, P >
0.08). (I) Impact of Hmga2 3′-UTR regulatory sequences compared in different cell types. Reporter assays (data depicted as heat maps, as described
above) comparing regulatory impact of mouse 100mer 3′-UTR reporters performed in indicated cell lines. Each pair-wise comparison between re-
porter data is summarized with Spearman and Pearson correlation coefficients along with P values. (J) Regulatory effect of full-lengthHmga2 3′ UTRs
compared in different cell types. Full-length Hmga2 3′-UTR constructs (normalized to a no-3′-UTR control) with all let-7 target sites intact (WT) or
disrupted (m7) in different cell types (n = 9; ∗ and ∗∗ indicate P < 0.05 and P < 1 × 10−3, respectively, Wilcoxon rank-sum test).
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disrupted (m7) reporters in these cell lines, the F9 cells were
the only environment where there was not a substantial dif-
ference in expression between the constructs (Fig. 1J).

Importantly, we selected a range of different types of cells,
thus, the majority of the regulatory events detected here are
relatively robust to differences in cellular environment.

Map of regulatory sequences within the Hmga2 3′ UTR
at different nucleotide resolutions

The regulatory capacity of a 3′ UTR cannot be determined by
analyzing 100-nt fragments alone, in part because many bona
fide regulatory elements are significantly smaller than 100
nucleotides, and also because some elements may require
larger surrounding sequence context to recapitulate regulato-
ry impact found in their native context. To address these con-
cerns, we generated three additional sets of reporters, each of
different sizes, derived from the mouse 3′ UTR. As before,
we generated and assayed size-matched random-sequence
control constructs; as expected, random-sequence reporters
of the same size impacted reporter expression equivalently
(Fig. 2A), allowing us to establish an appropriate size-
matched baseline for each of the three different sets of report-
ers. Our observation that longer random-sequence controls
were more repressive than shorter ones implies a sequence-
independent repressive effect with increasing 3′-UTR length;
a result consistent with previous observations (Hogg and
Goff 2010).
We first generated a 50mer fragment set, which was tiled in

nonoverlapping ∼50-nt windows across the entire mouse
3′ UTR (Fig. 2B), maintaining the same boundaries used pre-
viously to generate the 100mer reporters (Fig. 1A). Within
this high-resolution regulatory map, very few 50mers show
repressive effects (6 of 58), and most of these (5 of 6) contain
let-7 target sites, consistent with the 100-nt data set. A large
number of fragments (29 of 58) mediate significant positive
regulatory effects, again consistent with our analysis of the
100mer reporters. Together, these data indicate that the
Hmga2 3′ UTR contains at least 35 discrete regulatory ele-
ments. It is worth mentioning that the identification of spe-
cific regulatory elements within the Hmga2 3′ UTR is greatly
facilitated by narrowing the resolution from 100 to 50 nt
(e.g., Fig. 6, below).
We next generated a 200mer fragment set, which was tiled

in overlapping∼100-nt windows across the entire 3′ UTR us-
ing the same boundaries as the original set of 100mers. We
generated 200mer sets for both the mouse (Fig. 2C) and hu-
man (Fig. 2D) sequences. MultipleHmga2 200mer fragments
also show significant up-regulatory potential and the overall
pattern is highly similar between the mouse and human
(Pearson correlation coefficient, R = 0.88, P < 1 × 10−6). Fi-
nally, we generated an overlapping 400mer fragment set for
the mouse 3′ UTR, tiled in ∼100-nt offsets using the same
boundaries as both the 100 and 200mer sets (Fig. 2E). To-
gether, these data sets confirm the presence of multiple pos-
itive regulatory sequences within the Hmga2 3′ UTR.
It is worth noting that despite the presence ofmultiple pos-

itive sites, the complete Hmga2 3′ UTRs of all three species

FIGURE 2. Regulatory sequences in themouseHmga2 3′ UTR at differ-
ent size resolutions. (A) Reporter assays measuring regulatory impact of
50-, 200-, and 400-nt (n = 9) 3′-UTR fragments of random sequence,
otherwise as described in Figure 1B. (B–E) Reporter assays measuring
regulatory impact of tiled 50mer fragments (n > 12) of mouse Hmga2
3′-UTR sequences (B); 200mer fragments tiled at 100-nt intervals (C,D,
mouse and human sequences, respectively); and 400mer mouse 3′-UTR
fragments tiled at 100-nt intervals (E). Heatmaps (bottom of each panel)
show same datawhile illustrating tiling strategy (each bar is centered over
the middle of the corresponding square in the heatmap). Significance of
regulation determined with Bonferroni-corrected Wilcoxon rank-sum
tests (n = 9; ∗ indicates P < 0.05), otherwise as described in Figure 1A.
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examined are repressive, when compared
with a no-3′ UTR control (22-, 12-, and
29-fold repressed for mouse, human,
and chicken, respectively). Moreover,
the mouse Hmga2 3′ UTR remains re-
pressive even when let-7 target sites have
been disrupted (Fig. 1J). While some,
perhaps the majority, of this repression
may derive from the 3′ UTRs large size
(top 15% for 3′ UTR length in hu-
mans), it may also indicate that the regu-
latory impact of the full-length 3′ UTR is
not simply the sum of its component
elements.

Nonadditive interactions between
neighboring sequence elements are
rare within the Hmga2 3′ UTR

Though rare examples of sequence ele-
ment interactions have been identified,
it is not clear how commonly this occurs
in mammalian 3′ UTRs. Amajor motiva-
tion for this study was, therefore, to sys-
tematically examine a single 3′ UTR
for evidence of nonadditive interactions
between different regulatory elements.
Since the Hmga2 3′ UTR is both long
and contains many regulatory sequences
(as we have shown above), it is an ideal
subject to test how often distinct se-
quence elements interact. One approach
to this question is to compare the regula-
tory impact of each 3′ UTR fragment to
that predicted by the corresponding pairs
of smaller fragments. Toward this goal,
we modeled the expected regulation of
a particular 3′ UTR fragment as the prod-
uct (log additive) of the regulatory im-
pact of constituent smaller fragments
(Fig. 3A). This model assumes that sites
act autonomously of one another, each
contributing independently to the cumu-
lative regulation observed when sites are
combined within a 3′ UTR. Notably,
this model recapitulates well experimen-
tal measurements of the regulatory impact of multiple
miRNA target sites (Grimson et al. 2007). If the observed
and the modeled values correlate strongly, this indicates
that most sites within the Hmga2 3′ UTR function indepen-
dently of each other. On the other hand, a failure to correlate
could indicate the presence of interacting sequence elements,
either synergistic or inhibitory.
We implemented the approach described above at three

different resolutions, comparing observed to expected re-

porter data for 100mer, 200mer, and 400mer fragments us-
ing, respectively, 50mer, 100mer, and 200mer reporter data
to generate expected values. Strikingly, we found strong
and significant correlations between observed and expect-
ed values at all three resolutions (Fig. 3B–D, for mouse
100mers, 200mers, and 400mers, respectively). Indeed, these
correlations were almost as strong as simulated correla-
tions for perfectly independent sites that take into account
the degree of experimental noise intrinsic to the experiments

FIGURE 3. 3′-UTR regulatory sequences impact gene expression independently of one another
within Hmga2. (A) Depiction of regulatory impact of different 3′-UTR fragments, assuming in-
dependent action of regulatory elements. The cumulative effect of regulatory elements within a 3′-
UTR fragment is modeled as the product of the regulatory impacts of constituent smaller seg-
ments. (B–D) The observed regulatory impact (x-axis) for each 100mer, 200mer, and 400mer
fragment compared with the prediction (y-axis) based on the 50mer, 100mer, and 200mer
data set, respectively, for the mouse Hmga2 3′ UTR. The gray line represents a Pearson best-fit
regression between x- and y-values; for comparison, the red line shows a y = x line. Error bars
represent the middle 68% of the data as a nonparametric equivalent to one standard deviation.
3′-UTR fragments that deviate significantly (see Materials and Methods) from the regression
are circled in red. (E) Comparison of the observed regulatory impact of 200mer and 400mer
3′-UTR fragments to the prediction using values observed for 50mers (for 200mers and
400mers) and 100mers (for 400mers). Each comparison is summarized with correlation coeffi-
cients (Spearman and Pearson) and P values. (F) Sequences located at the junction of adjacent
100mer fragments alter the regulatory behavior of two of the three 200mer fragments whose ac-
tivity is not well predicted by constituent 100mers (circled red in C). For each 200mer fragment,
mutations were introduced at the junction between the two corresponding 100mers. The activity
of each mutant derivative was normalized to the original 200mer reporter constructs. Significant
difference between intact and disrupted junction constructs was determined with a Wilcoxon
rank-sum test (n = 9; ∗ indicates P < 0.05).
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(Rmax = 0.95, 0.99, and 0.99 for 100mers, 200mers, and
400mers, respectively).

As a more strenuous test of the model of site indepen-
dence, we tested whether observed 50mer reporter data pre-
dicted 200mer and 400mer data, and whether observed
100mer data predicted 400mer data. In all three cases, we ob-
served significant (P < 1 × 10−6) and pronounced (R > 0.80)
correlations between the directly measured regulatory impact
of large fragments and that derived from measurements of
multiple constituent fragments (Fig. 3E). These results illus-
trate that cis-element interactions over short to mid-range
distances (up to 400 nt) are rare in Hmga2, and that the 3′-
UTR functions as the sum of many independent elements.
Additionally, these results indicate that our approach to map-
ping regulatory sequences within 3′ UTRs is appropriate, as
the vast majority of 3′-UTR fragments we examined consis-
tently recapitulate the behavior of larger portions of the 3′

UTR. This final point is most striking when considering
that 50mer reporter data captures well (R = 0.80, P < 1 ×
10−6) the regulatory impact measured for 400-nt portions
of the Hmga2 3′ UTR.

We did observe a small number of fragments with a statis-
tically significant (P < 0.01), but usually small, discrep-
ancy between observed and expected measurements (3 of
29 100mers, 3 of 28 200mers, and 6 of 26 400mers). Such ex-
ceptions likely derive from two possible sources. Firstly, they
may represent bona fide cases in which two (or more) regu-
latory elements in adjacent fragments interact with either
positive or negative synergism. Secondly, they may arise
from technical limitations of our approach. For example, a
functional regulatory element located in the middle of a
200mer might be divided between each of the constituent
100mers, and therefore no longer functional in either. To
differentiate between these possibilities, wemutated sequenc-
es at the center of the deviating 200mers (where the two
100mers wouldmeet) and examined the effect on reporter ex-
pression (Fig. 3F). For two of the three deviating 200mers, this
mutational analysis indicated the likely existence of a single
regulatory element within the 200mer that is disrupted in
both constituent 100mers (these results also likely explain cer-
tain of the discrepancies between expected and observed
400mers). In contrast, the remaining 200mer may contain
a pair of interacting elements. In summary, only one of
28 200mer fragments (of which almost all contain detectable
regulatory sequences) showed evidence indicating nonaddi-
tive interactions between regulatory elements. Taken togeth-
er, these data indicate that synergistic interactions between
regulatory elements rarely occur within this 3′ UTR, at least
within the size resolutions we examined.

The PIM1 3′ UTR contains multiple regulatory elements,
which largely function independently

Fundamentally, our comprehensive study of the Hmga2
3′ UTR identified many discrete regulatory sequence

elements with minimal nonadditive interactions between
neighboring elements. We tested whether these results ex-
tend to an additional 3′ UTR by creating a similar data set
for the PIM1 3′ UTR, which is relatively well conserved
(Wang et al. 2001) but has not been systematically character-
ized with respect to post-transcriptional biology. As before,
we generated both 100- and 200-nt sets of reporters, tiled
at 100-nt intervals across the complete PIM1 3′ UTR.
Reminiscent of our results with Hmga2, most (8 of 13
100mers and 10 of 12 200mers) of the 3′-UTR fragments me-
diated significant regulation (Fig. 4A,B). Notably, the regula-
tory impact of 200mers was again well recapitulated by
constituent 100mers (Fig. 4C). Also, as with Hmga2, the
full-length PIM1 3′ UTR is repressive (compared with a
no-3′-UTR control; Fig. 4D) despite the presence of multiple
positive sites, although the extent to which the repression can
be attributed to the size of the PIM1 3′ UTR could not be
determined. Along with our investigations of regulatory

FIGURE 4. Regulatory sequences impact gene expression indepen-
dently of one another within the PIM1 3′ UTR. (A,B) Reporter assays
measuring regulatory impact of 100- and 200-nt 3′-UTR fragments
(A,B, respectively) tiled across the PIM1 3′ UTR at 100-nt intervals
(n = 9; P < 0.05 and 1 × 10−3 indicated by ∗ and ∗∗, respectively,
Bonferroni-corrected Wilcoxon rank-sum tests). Heatmaps (bottom
of each panel) show same data while illustrating tiling strategy; blue ar-
rows indicate location of target sites for miRNAs expressed in A549
cells. (C) The measured regulatory impact of each 200mer fragment
(observed, x-axis) modeled as the product of the regulatory impact of
constituent 100mer fragments (expected, y-axis), for mouse PIM1 3′-
UTR sequences, otherwise as described in Figure 3C. (D) The full-
length PIM1 3′ UTR (FL) is repressive (normalized to a no-3′ UTR con-
trol [No], n = 9).
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sequences within the Hmga2 3′ UTR, these results imply that
the regulatory sequence elements found in 3′ UTRs typically
function independently of one another.

A role for HuR in mediating regulation within the
Hmga2 3′ UTR

When examining the up-regulatingHmga2 50mer sequences,
we noted that many contained U-rich sequences consistent
with a possible function as AU-rich elements (AREs). AREs
interact with multiple different trans-factors and their pres-
ence within a transcript can mediate both positive and nega-
tive post-transcriptional regulatory effects (for review, see
Barreau et al. 2005). HuR is an established ARE-binding pro-
tein and is one of the few known to confer positive regulation
(Fan and Steitz 1998; Peng et al. 1998). Publicly available
PAR-CLIP data (Kishore et al. 2011) indicate several HuR
binding sites within the Hmga2 3′ UTR. Moreover, all such
sites fall within fragments we identified as containing positive
regulatory elements (Fig. 5A). To test whether HuR is re-
quired for the observed positive regulation of the Hmga2
3′-UTR fragments, we used RNAi (using lentiviral-delivered
shRNAs) to knock down HuR in A549 cells. The efficacy of
HuR knockdown was assessed by qRT-PCR (Fig. 5B), iden-
tifying two different shRNAs that effectively target HuR.
We then performed reporter assays in the HuR knockdown
cells to determine the effect on Hmga2 3′-UTR reporter con-
structs. Inert shRNAs targeting GFP and LacZ served as neg-
ative controls for RNAi.

We found consistent evidence that HuR is required for the
positive regulatory impact of multiple 50mer reporter frag-
ments (Fig. 5C). For three different 50mer fragments, both
HuR knockdown experiments resulted in significant reduc-
tions in positive regulatory impact. For the remaining three
50mer fragments, HuR knockdown with either shRNA con-
sistently impaired the positive regulatory impact of the re-
porters, but only two of the experiments were statistically
significant. Overall, these results suggest a role for HuR in
regulating the Hmga2 transcript. Surprisingly, however, the
results did not extend to a full-length Hmga2 3′-UTR report-
er, as it was only minimally affected by HuR knockdown
(data not shown; see Discussion).

Mapping positive regulatory sequence elements
within the Hmga2 3′ UTR

To further examine the positive regulatory impact conferred
by fragments of theHmga2 3′ UTR, we performed a scanning
mutagenesis analysis of the three 50mer fragments with the
strongest positive impact on reporter expression. We first
generated a series of reporter constructs in which we replaced
12 nt of endogenous 3′-UTR sequence with 12 nt of inert se-
quence (derived from our random-sequence controls), with
the 12-nt window tiled at 8-nt intervals across each of the
three 50mers. We then assayed the reporters, expecting to
identify a subset whose ability to mediate increased reporter
activity was compromised, thereby identifying the specific
nucleotides comprising the positive regulatory elements
within these Hmga2 fragments. This strategy was successful
for two of the three 50mer reporters (Fig. 6B,C), identifying
nucleotides 660–671 and 1009–1029 as the specific sequences
required for positive regulation. For the remaining 50mer the
results were less clear, possibly indicating the existence of
multiple separate regulatory elements (Fig. 6A).
The sequences identified by the scanning mutagenesis as

candidate positive regulatory elements coincided well with
U-rich or CU-rich sequences (consistent with AREs) (Fig.
6D). Indeed, even the 50mer refractory to this approach
(Fig. 6A) contains a similar pyrimidine-rich sequence (Fig.
6D). To determine if U-rich sequences are responsible for
these up-regulating effects, we deleted the candidate AREs
from 3′-UTR reporters containing either the full-length
Hmga2 3′ UTR or 200mer fragments containing the U-rich
sequences (Fig. 6D–F). Experiments performed with
200mer fragments were consistent with the mutational anal-
yses, supporting a role for pyrimidine-rich tracts as positive
regulatory sequences (Fig. 6E). Surprisingly, removal of
poly-pyrimidine tracts within the full-length Hmga2 had an
effect of the same magnitude but in the opposite direction
(Fig. 6F), suggesting that the same sequences can also func-
tion as negative regulatory elements, but only when located
within the complete 3′ UTR. Thus, while it was clear that
these sites regulate expression, the exact nature of this regu-
lation is remarkably context dependent.

FIGURE 5. A role for HuR in regulation of Hmga2. (A) HuR binding
sites correspond to up-regulating 50mers. Location of HuR binding sites
(black boxes) according to available PAR-CLIP data (Kishore et al. 2011)
displayed parallel to a heatmap representation of the Hmga2 3′-UTR
50mer reporter data. (B) Evaluation of HuR knockdown. A549 cells
were infected with two different shRNA hairpins targeting the HuR
mRNA, and the effect on HuR transcript levels determined with qRT-
PCR; two different hairpins (targeting GFP and LacZ) were used as neg-
ative controls (n = 3). Error bars indicate one standard deviation. (C)
Reporter assays of selected Hmga2 50mer reporters, and one random
50mer control reporter, in HuR knockdown cells. Reporter expression,
normalized to a second inert random-sequence control (right-most
data), was compared between HuR knockdown cells and cells infected
with control shRNAs (targeting GFP). Significant changes in reporter
expression were determined using Wilcoxon rank-sum tests (n = 12;
P < 0.05 and 1 × 10−3 indicated by ∗ and ∗∗, respectively).
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Terminal sequences within the Hmga2 3′ UTR induce
a functional switch in candidate AREs from positive
to negative regulatory elements

As individual AREs are known to bind many different pro-
teins (for review, see Barreau et al. 2005), it is conceivable
that events elsewhere in the 3′ UTR can modulate which
ARE-binding protein stably associates with AREs within
that same 3′ UTR, resulting in a switch in function.We there-
fore hypothesized that sites elsewhere in the Hmga2 3′ UTR
were responsible for the functional switching of the candidate
AREs responsible for up-regulation within 200mer fragments
to down-regulation in the full-lengthHmga2 3′ UTR (Fig. 6).
To identify the region responsible, we generated a truncation
series of the full-length Hmga2 3′ UTR, and compared this
series with a parallel truncation series in which the ARE at
nucleotides 660–671 (ARE II) was deleted. These experi-
ments revealed two regions of the 3′ UTR that alter the
behavior of the distal ARE: nucleotides 6–431 and 2481–
2855 (Fig. 7A). In 3′-UTR reporters lacking either region,
the ARE is rendered inert. Furthermore, we found that for
3′-UTR reporters lacking both regions, the same ARE func-

tions as a positive regulatory element. Any additional trunca-
tion had no effect on the function of the ARE sequence. This
pattern was recapitulated when tested in the mouse 3T3 cell
line (data not shown). Together, these results indicate that
distal sequences within the 3′-UTR control the function of
at least one ARE located hundreds of nucleotides distant.
Notably, the 3′-UTR regions that affect the distant ARE

both contain highly effective let-7 target sites (Fig. 1A;
Mayr et al. 2007), suggesting that let-7 targeting might play
a role in this phenomenon. To address this possibility, we de-
leted ARE II from a full-lengthHmga2 3′-UTR construct that
had all seven let-7 target sites disrupted. Orthogonally, we
also examined our truncation reporters (Fig. 7A) in F9 cells,
which do not express let-7. If let-7 targeting is necessary for
the ARE to convert to a repressive element, this conversion
should occur in neither F9 cells nor in reporters containing
disrupted let-7 target sites. Instead, our data clearly indicates
that loss of let-7 targeting (through loss of either the target
site or the miRNA; Fig. 7B and data not shown, respectively)
had no effect on the functional switch in the ARE. Thus, the
Hmga2 3′ UTR contains unknown terminal regulatory ele-
ments whose function appears to render ineffective internal
positive regulatory elements, converting them to repressive
elements.
To investigate whether terminal regulatory elements in-

duce a more global switching of otherwise positive regulatory
elements within theHmga2 3′ UTR, we directly compared the
full-length sequence to reporters containing terminal dele-
tions. In particular, wewere interested in whether such exper-
iments could explain the apparent discrepancy between the
repressiveness of the full-length 3′ UTR and the prevalence
of positive regulatory elements detected in 50–400-nt report-
ers. To better enable comparisons between the different re-
porters, each of which contain different numbers of let-7
target sites, we tested only reporters in which the let-7 target
sites were disrupted (m7). Although a reporter containing
nucleotides 432–2480 of the Hmga2 3′-UTR-mediated regu-
lation equivalent to that of the full-length reporter, the activity
of a reporter containing nucleotides 432–1645 was signifi-
cantly and substantially increased (P < 1 × 10−4; ∼2.4-fold),
compared with the full length (Fig. 7C). These results support
a model whereby the deleted sequences normally act as
control sequences involved in distal element switching.
However, it is important to note that such experiments are
unable to distinguish between regulation conferred by specific
regulatory elements, and the effect of 3′-UTR size, per se (Fig.
2A; Hogg andGoff 2010; Nicholson et al. 2010). In particular,
the results highlight sequences within nucleotides 6–431 and
1645–2844 as important for the complete repressive effect ob-
served for the full-length 3′ UTR.

DISCUSSION

Prior to this study, the most widely studied aspect of HMGA2
regulation was the post-transcriptional repression of the

FIGURE 6. Fine-resolutionmapping of positive regulatory sequence el-
ements within the Hmga2 3′ UTR. (A–C) Scanning mutagenesis identi-
fies regulatory sites within 631–684 and 990–1042 50mers (B,C,
respectively), but not within 528–579 50mer (A). Reporter assays com-
paring the original endogenous-sequence 50mers to substitution mu-
tant 50mers, relative to size-matched inert random-sequence controls.
Significant reductions (Wilcoxon rank-sum tests) in positive regulatory
impact are signified with an asterisk (n = 9). (D) Sequence of three
strongest positive 50mers with candidate sequence elements highlighted
in red. ARE sequence elements are denoted I, II, and III. (E,F) Reporter
assays determining the effect of a targeted deletion of candidate elements
from 200mers (E) or full-length Hmga2 (F). Reporter activities of
200mers are shown relative to size-matched random-sequence inert
controls; full-length reporters with the targeted deletion are shown rel-
ative to an intactHmga2 3′-UTR reporter. Significant effects on reporter
expression were determined using Wilcoxon rank-sum tests (n≥ 12; P
< 0.05, 1 × 10−3, and 1 × 10−5 significance thresholds indicated by ∗, ∗∗,
and ∗∗∗, respectively).
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Hmga2 transcript by let-7 (Lee and Dutta 2007; Mayr et al.
2007). Notably, however, let-7 was responsible for only
∼15% of the total regulatory effects observed in our study.
In fact, our findings illustrate that many previously uncharac-
terized regions, distributed throughout the Hmga2 3′ UTR,
have significant regulatory impact—most of comparable
magnitude to the let-7 target sites. The majority of 3′-UTR
fragments mediated similar effects when compared between
mouse, human, and chicken sequences, a level of conserva-
tion likely indicating important biological roles. Moreover,
the regulatory map of the 3′ UTR was remarkably robust to
different cellular environments, suggesting that the corre-
sponding trans-factors are broadly expressed.

In the study that originally determined
that Hmga2 expression was regulated by
sequences within its 3′ UTR, Borrmann
et al. (2001) characterized it using a strat-
egy based on successive ∼500-nt trun-
cations. Their analysis revealed two
negative and a single positive regulatory
region, which, while informative, gives
an incomplete depiction of the complex-
ity of post-transcriptional regulation of
Hmga2. Given the relatively small size of
many 3′-UTR regulatory elements and
the absence of reliable predictive tools,
high-resolution mapping is one of the
few appropriate approaches to defining
a near-complete set of regulatory se-
quences within a 3′ UTR. Here, by using
this approach, we identify at least 35 dis-
tinct regulatory elements within the
Hmga2 3′ UTR, a density of∼12 elements
per 1000 nt of 3′-UTR sequence. Given
the biological importance of post-tran-
scriptional control of HMGA2 by let-7
(Lee and Dutta 2007; Mayr et al. 2007),
these newly identified cis-regulatory re-
gionsmay also play important roles in de-
velopment and oncogenesis, through
their control of HMGA2 levels.

The extent to which discrete cis-regu-
latory elements in 3′ UTRs act synergisti-
cally (either positively or negatively) is a
major unanswered question in post-tran-
scriptional biology. Here, we attempted
to answer this question using a metho-
dical search for evidence of synergism
within the Hmga2 and PIM1 3′ UTRs.
Although our comprehensive analysis
was limited to two 3′ UTRs, in both cases
our results indicate that such interac-
tions, at least over the distance ranges
we examined (up to 400 nt), are not a
typical paradigm for cis-elements within

3′ UTRs. Our finding that most sites act independently, if
generalizable, will greatly simplify endeavors toward a full un-
derstanding of the impact of 3′ UTRs on gene expression.
However, our data also indicate that despite an absence of
synergistic interactions over short to medium distances, the
behavior of sites in the full-length 3′ UTR is not necessarily
fully recapitulated by behavior of sites within smaller
fragments.
In many cases, synergism can derive from local effects,

whereby binding of a trans-factor at one site affects the affin-
ity of a second trans-factor to a neighboring site. This can be
accomplished through changes in RNA conformation
(Kedde et al. 2010) or through physical interactions between

FIGURE 7. Mapping regions involved in switching ARE function. (A) Truncation analysis reveals
regions necessary for switching. The effect on reporter expression of ARE II deletion (shown on
right) was determined in a set of truncation reporter constructs (illustrated on left with approxi-
mate coordinates shown at top). For each pair of truncation constructs, significant differences be-
tween otherwise wild-type and ARE II-delete reporters were determined withWilcoxon rank-sum
tests (n = 9; P < 0.05 and 1 × 10−3 indicated by ∗ and ∗∗, respectively). The location of ARE II is
marked in green and regions that affect ARE II function are marked in pink. (B) ARE II deletion
has an equivalent effect on reporter expression in both awild-type and a let-7-disrupted full-length
Hmga2 reporter (Wilcoxon rank-sum tests;n = 9,P > 0.2). (C) Impact of terminal deletions on the
overall regulatory effect of theHmga2 3′ UTR. Full-lengthHmga2 3′ UTR (m7) is compared with
terminal truncation mutants (all constructs normalized to a no-3′ UTR control) (n = 9). (D) A
model showing two possible mechanisms for the ARE II switching phenotype. On the left, a local-
ization model depicts a trans-factor (in blue) binding to localization signals within the terminal
regions, leading to a change in the transcripts local environment, thereby altering the set of
trans-factors available to bind ARE II. On the right, a protein–protein interaction model depicts
a trans-factor (in blue) interacting with sequences within the terminal regions of the 3′ UTR; bind-
ing of this factor governs the selection of regulatory proteins bound to ARE II.
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trans-factors, resulting either in increased affinity to sites
(Jing et al. 2005) or blocking of a second site through steric
hindrance (Kedde et al. 2007). These types of interactions
are discoverable by our approach, although we may not cap-
ture every instance. Another, perhaps more rare, mode of
synergism derives from long-distance interactions. An exam-
ple would be a site at one end of a 3′ UTR that controls tran-
script localization (for example to processing bodies); such a
change in localization can readily alter the set of trans-factors
available to the transcript and thereby alter the function of
a cis-element anywhere within a 3′ UTR. Our primary
approach is not well suited to identify such interactions,
as the maximum fragment size we examined was 400 nt.
It is clear that long-range interactions do occur; indeed
IGF2BP3 control of theHMGA2 transcript is one such exam-
ple (Jønson et al. 2014), as is our discovery of distal control of
AREs within the Hmga2 3′ UTR. Systematic identification of
such interactions requires both knowledge of the regulatory
impact of discrete pieces of a 3′ UTR, together with experi-
ments that investigate the roles of identified elements within
the complete native 3′ UTR. It remains to be seen how fre-
quent such complex interactions are. It is worth mentioning
that even if such interactions are rare, their impact on regu-
lation can be profound, and may even be relatively common
in a small subset of 3′ UTRs whose post-transcriptional reg-
ulation is particularly critical.

Although the primary focus of this study was to character-
ize cis-regulatory elements in the Hmga2 3′ UTR, we also
showed that disrupting the expression (by RNAi) of the pos-
itive regulatory RBP HuR had a significant effect on multiple
individual fragments of the Hmga2 3′ UTR. Surprisingly, we
were unable to see the same effect on the full-length 3′ UTR.
While this may indicate that HuR has a minimal role in
Hmga2 regulation, there are other possible explanations.
The expression of RBPs that bind AREs (ARE-BPs), includ-
ing HuR, are known to be extensively interconnected, such
that inhibition of one ARE-BP results in complex changes
in the levels of other ARE-BPs (Pullmann et al. 2007). For ex-
ample, repression of HuR led to at least twofold changes in
the protein levels of three other ARE-BPs, with KSRP and
TIA-1 levels going down and AUF1 going up. Thus, knock-
down of HuR may yield interpretable results when focusing
on isolated, discrete 3′-UTR fragments that contain only
AREs with high affinity to HuR, but results may not be so
clear for a 3′-UTR sequence containing multiple AREs,
some of which can bind other ARE-BPs. A recent study iden-
tified another RBP that has an important role inHMGA2 reg-
ulation: Jønson et al (2014) demonstrated that IGF2BP3
protects let-7 targeted transcripts, and HMGA2 in particular,
from miRNA repression by sequestration into “IGF2BP3
granules.” Unfortunately, we were unable to address this as-
pect ofHmga2 biology, as in our hands, shRNA-mediated in-
hibition of IGF2BP3 had no effect on full-length Hmga2 3′-
UTR reporters (data not shown). This has two likely explana-
tions: It is possible that a stronger knockdown is needed to

see an effect, or, it may be that IGF2BP3 does not regulate
Hmga2 in A549 cells.
Although our results indicate that interactions between

3′-UTR elements are rare, we did discover one striking excep-
tion withinHmga2. In isolation, our data clearly indicate that
AREs within the Hmga2 3′ UTR are positive regulatory ele-
ments, but in the context of the full-length sequence, the
same AREs became repressive elements. We demonstrated
that terminal sequences within the 3′ UTR are responsible
for the conversion of at least one of the internal AREs from
activating to repressive sequence elements. We also showed
that this effect was fully independent of let-7 targeting. The
most likely explanation for this switch in behavior is a change
in the identity of the ARE-BP associated with the site, from
HuR to an ARE-BP that mediates repression. We have con-
sidered three possible mechanisms that could be driving
this interaction. The first model, and the one we favor, is
that sub-cellular localization of the Hmga2 transcript is con-
trolled by sequences within the terminal regions of the
3′ UTR; altered localization, in turn, changes the RBPs avail-
able for binding to Hmga2 (Fig. 7D, left). The second model
posits that physical interactions between trans-factors bound
at terminal sequences within the 3′ UTR and ARE-binding
proteins control the identity of the specific ARE-BP that
binds to the central sites (Fig. 7D, right). The final model is
that the native function of the ARE elements are determined
by the structural conformation of the Hmga2 3′ UTR, which
requires the sequences at both termini. This final possibility
seems least likely for two reasons: We can find no plausible
predicted RNA structures supporting this model, and termi-
nal truncations at only one end inactivated the internal ARE
but did not induce switching. Determining which of these
mechanisms is responsible will require further study. While
we only demonstrated the switching effect for the three stron-
gest positive regulatory sites (and only mapped the interact-
ing region for one of them), it is possible, indeed likely,
that this applies to many of the remaining sites we identified
as positive regulatory elements. If true, this may explain the
seemingly contradictory identification of multiple positive
sites that would counteract the negative effect of let-7 target-
ing, as well as the apparent contrast between the regulatory
effect of the full-length 3′ UTR and the pieces that comprise
it. It is easy to imagine how such switchable AREs could con-
tribute to regulation ofHmga2. In adult tissues, when repres-
sion of Hmga2 is essential for normal cellular function, the
AREs function as repressive sites, along with let-7 target sites.
However, in situations where Hmga2 is highly expressed,
such as certain embryonic tissues, the same AREs could act
as positive regulators of Hmga2 expression.
In summary, our study has three major findings. First, the

Hmga2 3′ UTR is crowded with regulatory sequences, many
of which were previously unidentified. Second, despite the
density of regulatory sequences, synergistic interactions
over short tomedium distances are exceedingly rare; we iden-
tified and validated only one such example, and found that all
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other adjacent regulatory sequences largely functioned inde-
pendently. These findings extended to a second 3′ UTR, indi-
cating the discoveries may be generally applicable. If true, the
lack of widespread interactions means that useful informa-
tion can be gathered by studying sequence elements in isola-
tion with limited surrounding sequence context. However, it
is clear that complex interactions between elements do occur
and can have pronounced effects on the role of a 3′ UTR. This
is particularly clear in light of our third discovery: A long-
range interaction within Hmga2 reconfigured multiple posi-
tive elements to repressive sequence elements. That synergis-
tic interactions appear to be rare within 3′ UTRs suggests that
those evolved to contain them likely correspond to genes
whose post-transcriptional control is of particular biological
importance. The interactions identified to date have com-
monly involved genes with important roles in cell-cycle con-
trol (Kedde et al. 2010), development (Kedde et al. 2007),
and cancer (Miles et al. 2012), processes that are generally
under very complex control. Though preferences in research
topics may account for some of this apparent enrichment, it
would be interesting to see if an unbiased search for element
interactions would find interesting patterns in which types of
genes evolves interacting 3′-UTR elements.

MATERIALS AND METHODS

3′-UTR reporter constructs

Forward and reverse PCR primers were designed at ∼100-nt inter-
vals spanning the entire Hmga2 (mouse, human, and chicken)
and PIM1 (human) 3′ UTRs (see Supplemental Tables S1,S2, re-
spectively). Each primer also contained SpeI/NheI (forward) or
NotI (reverse) restriction sites to use for cloning. PCR amplicons
of ∼100 and ∼200 (Hmga2 and PIM1) and 400 bp (Hmga2 only)
were generated using these primers, creating amplicons tiled at
∼100-nt intervals across each 3′ UTR. To generate the 50-nt insert
sequences, oligos were designed so that they could anneal to one an-
other, and after primer extension create double-stranded molecules
tailed with appropriate restriction sites (see Supplemental Table S3).
Each 3′ UTR segment was then inserted downstream from the firefly
luciferase coding sequence and upstream of the SV40 late poly(A)
signal of Promega’s pmirGLO Dual-Luciferase miRNA Target
Expression vector, using the NheI and NotI vector restriction sites.
The insert sequences and cloning junctions of all resulting con-
structs were fully sequence-validated.

Random-sequence and no-3′-UTR control reporter
constructs

All luciferase reporter experiments were performed using a panel of
size-matched reporter constructs in which the sequence of the
3′ UTR was randomly generated. The sequence of the random
100mer 3′ UTRs were generated to mimic the base composition of
theHmga2 3′ UTR (A:29%, U:30%, C:23%, G:18%). These percent-
ages represent the nucleotide ratios in the full-lengthHmga2 3′ UTR,
and are close to the average composition of all 3′ UTRs (A:27%,
U:29%, C:22%, G:22%). Three different random 100mer sequences

were generated, and oligonucleotides designed to generate the corre-
sponding double-stranded DNA suitable for cloning into pmirGLO.
Three different 50mer control sequences were derived from

100mer control sequences, and were cloned using oligonucleotide
extension, as described above. Three different 200mer control se-
quences were made by combining different random 100mer con-
trols using overlap extension PCR. Two different random 400mer
sequences were designed as described above for random 100mers
and one was designed as a combination of two neutral 200mers.
All three random 400mers were synthesized as gBlocks (IDT), which
were inserted into pmirGLO. See Supplemental Table S4 for random
sequences. The no-3′ UTR control was generated by digesting the
pmirGLO vector with NheI andNotI and using T4 DNA polymerase
to create blunt ends, which were then ligated.

Mutated 3′-UTR reporters

let-7 mutants (Fig. 1C,D,J): 100mer reporters containing disrupted
let-7 target sites were PCR amplified from an Hmga2 3′-UTR con-
struct in which all let-7 binding sites were disrupted (Mayr et al.
2007); amplicons were cloned into the pmirGLO vector, as de-
scribed above. See Supplemental Table S5 for primers.
Junction mutants (Fig. 3F): For fragments with coordinates 432–

631 and 2365–2575, 10 nt of 3′ UTR sequence were removed from
the region where the two corresponding 100mers would meet and
replaced with scrambled versions of the sequences. For 2481–
2709, the let-7 target site that is located at the junction between
the two corresponding 100mers was disrupted by altering three nu-
cleotides within the seed region. Mutants were generated using over-
lap extension PCR using the primers in Supplemental Table S6. The
altered versions were inserted into pmirGLO, as described above.
Scanning mutagenesis (Fig. 6A–C): For each of the three positive

50mers we generated a set of mutants by replacing 12 nt of endog-
enous 3′-UTR sequence with 12 nt of inert 3′-UTR sequence (de-
rived from one of our random-sequence controls), with the 12-nt
window tiled at 8-nt intervals across each of the three 50mers.
Mutant 50mer constructs were generated by oligo annealing and
primer extension, as described above for endogenous 50mer se-
quences (see Supplemental Table S7 for primers).
U-rich sequence deletions (Fig. 6E–F): Candidate U-rich ele-

ments were deleted from the full-length Hmga2 (or let-7 disrupted
Hmga2) reporter using overlap extension PCR (see Supplemental
Table S8 for primers); the resulting amplicons were inserted into
pmirGLO, as described above. 200mer reporters containing the
same mutations were PCR amplified from the mutated full-length
Hmga2 reporters (using primers from Supplemental Table S1)
and cloned as described above.
Truncation analysis (Fig. 7A–C): Truncated Hmga2 3′-UTR re-

porters were generated by PCR amplifying the indicated regions
(Fig. 7A) from wild-type, ARE II disrupted and let-7-disrupted
full-length Hmga2 3′ UTR reporters using primers from Supple-
mental Table S1. The resulting amplicons were inserted into
pmirGLO, as described above.
The inserts and cloning junctions of all mutated constructs were

fully sequence-validated.

Dual-Luciferase reporter assays

Cells were seeded 24 h pre-transfection at densities appropriate for
each cell line (70,000 cells/well for A549, 52,500 cells/well for HeLa,
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50,000 cells/well for F9 and 3T3 cells) in 24-well plates. A549 and
HeLa cells were transfected with Lipofectamine 2000 (Invitrogen);
F9 and 3T3 cells were transfected with Lipofectamine LTX and
Plus reagent (Invitrogen), following the manufacturer’s protocols,
and using 2.5–50 ng of pmirGLO-derived reporter plasmids, with
the amount determined by the identity of the cell lines, to account
for differences in transfection efficiency, and/or inherent differences
in expression from the plasmid. Carrier DNA (pUC19) was includ-
ed to increase transfection efficiency (100–140 ng/well). Cells were
harvested 30 h post-transfection by removing the media, washing
once with 1× PBS, and frozen at −80°C. Luciferase assays were per-
formed using the Promega Dual-Luciferase Reporter Assay kit and a
Veritas Microplate Luminometer (Turner Biosystems) according to
manufacturer’s protocols. The resulting Firefly values were first nor-
malized to the Renilla values for each individual well, thus control-
ling for transfection efficiency. Normalized Firefly values were then
scaled relative to the geometric mean of normalized firefly values
for the appropriate baseline control (i.e., the random-sequence
controls for most experiments). The resulting data was plotted as
log2 values. The error bars were estimated as the nonparametric
equivalent to one standard deviation (∼68% of the data is within
the error bars). To determine significant differences between differ-
ent reporters, a Wilcoxon rank-sum two-sample test was used.
Multiple comparison corrections (Bonferroni) were used when ap-
propriate (as indicated).

Quantifying sequence divergence and regulatory impact
divergence between mouse, human, and chicken
Hmga2 3′ UTRs

Sequence divergence was calculated as previously described (Nei
and Li 1979), counting gaps as sequence differences. Divergence
in regulatory impact was calculated as the absolute value of the devi-
ation from the mean regulatory impact (across species), summed
across all three species.

Calculating expected regulatory potential

We used a Monte Carlo sampling strategy to estimate an expected
regulatory impact for a 3′-UTR fragment from reporter values cor-
responding to two constituent fragments (Figs. 3, 4). We used all in-
dividual normalized luciferase values (as described above) for each
of the two constituent fragments and randomly sampled one from
each distribution and multiplied them. This procedure was repeated
100,000 times, generating a distribution of simulated values, which
represent the expected values assuming no regulatory interactions
between the two constituent fragments (i.e., the model outlined in
Fig. 3A). This distribution of simulated values was then treated
equivalently to the distributions of all other reporter data (as de-
scribed above).

Identifying significant outliers from observed-modeled
regressions

We used a Monte Carlo sampling strategy to identify significant de-
viations in expected regulatory impact (y-axis values in Fig. 3).
We simulated individual y-axis values by assuming that the true
value lied precisely on the regression line, and then used the exper-

imentally determined variations in reporter data to generate the
simulated reporter data for that y-axis value. This procedure was
repeated 100,000 times for each reporter fragment, generating a
distribution of simulated values, which were used to estimate the
probability that the actual value was a significant outlier. This
same approach was also used to estimate the maximum possible
correlations between observed and expected values for the data
shown in Fig. 3.

shRNA knockdown experiments

shRNA hairpin plasmids (The RNAi Consortium, see Supplemental
Table S9 for hairpin reference numbers) were used to generate
shRNA virus according to TRC protocols (Root et al. 2006).
Media supernatant with virus was harvested on day 2 and 3 post
transfection and pooled.

A549 cells were plated at 80,000 cells/mL into 6-well plates (three
wells per infection) and infected with shRNA virus 24 h later in
polybrene media (DMEM 10% FBS, 8 µg/mL polybrene [Sigma])
at an MOI of 4. Cells were selected with puromycin media
(DMEM 10% FBS and 3 µg/mL puromycin [Sigma]) and expanded
to 75 cm3 flasks. On day 4 post infection, cells were plated for trans-
fection and luciferase assays (as above). Cells were also lysed in
TRIzol for RNA isolation, following the manufacturer’s recom-
mended protocol (Life Technologies).

qRT-PCR

RNA isolated from shRNA knock down cells was treated with re-
combinant DNase I (Roche) for 20 min, and then phenol chloro-
form extracted. cDNA was generated using Thermo Scientific
RevertAid Reverse transcriptase and an oligo(dT)18 primer at 42°C
for 60 min; the reaction was heat inactivated at 70°C for 10 min.
qPCR reactions were performed using Taq polymerase and SYBR
Green (Life Technologies) as the detection agent and using
GAPDH as a house-keeping gene to which to normalize. For
qPCR primers used see Supplemental Table S10. Each qPCR reac-
tion was done in triplicate, and performed on at least two biological
replicate samples.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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