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Abstract
Reporter gene assays have proven to be an important tool in analyzing cis and trans factors that
influence gene expression. They have sometimes been adapted for studies in which they are not
totally reliable. Modifications that change the RNA expressed from the reporter gene may result in
regulation of reporter gene expression at multiple levels simultaneously. The data provided here
illustrate the difficulties that may arise from post-transcription regulation in various reporter gene
formats. This serves as a warning that further RNA studies may be necessary, if comparisons are
to be made between reporter constructs whose RNA is not identical.

Reporter gene assays were originally developed as a powerful tool for studying traditional
promoter and enhancer elements [1,2]. Because of their ease of use, further reporter
constructs have been utilized to study the function of other critical sequence elements,
including those influencing RNA stability [3], IRES elements [4], translation [5] and others
[6]. In these types of experimental designs, contrary to the original usage of reporter genes,
specific modifications to the reporter construct change sequence composition and/or size of
the resulting mRNA. The majority of studies that involve identification of functional
sequences in the context of reporter gene assay is designed to introduce point mutations,
serial terminal or internal deletions or replacements of the sequences of interest within the
5′, 3′ UTRs, or IRES sequences [6,7]. The concerns that some of these manipulations, if
performed without appropriate controls for their effects on mRNA production, can result in
misleading interpretations have been raised previously [8]. While many of the experimental
designs control for the fact that reporter gene constructs produce different mRNAs with
changes that may cause altered protein production through multiple levels of regulation
simultaneously, there are still some that overlook this important aspect of experimental
design [7,9–11].

RNAs often contain cis-acting elements involved in RNA processing (such as splicing and
polyadenylation) or RNA transport that can significantly influence their translational
potential. Signals for RNA splicing and polyadenylation are composed of multiple
sequences that, to function efficiently, have to be properly positioned with respect to one
another [12]. Manipulations such as deletions or sequence substitutions that not only change
the size of the 5′ or 3′ UTRs, but also their sequence composition can activate cryptic splice
sites or splice enhancers that may alter splicing efficiency or result in the production of
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alternatively spliced non-functional RNAs [13]. Similar manipulations within the 3′ UTR of
a reporter gene may alter mRNA stability or transport [3,6]. Generation of alternative
reporter gene mRNA products may skew the interpretation of the data obtained by assessing
only the levels of the reporter protein. Similarly, even small insertions/deletions or point
mutations can inactivate existing cis-acting elements, as well as activate cryptic or create
functional cis-acting elements important for RNA processing. As a result, they can
significantly change the quantity and/or spectrum of mRNA products [13]. The latter is
particularly relevant when the effects of genomic polymorphisms or inactivating mutations
are tested in the reporter gene assay because these point mutations can reside within a
sequence with multiple functions [9].

Assessment of the consequences of point mutations by northern blot analysis is important
when (i) multiple mRNA species can be generated by an expression vector creating a
possibility that introduced point mutations may differentially affect production of these
products and/or (ii) they reside within regulatory elements that affect transcription or
translation. This is often a possibility when intron-containing genomic fragments are
subcloned upstream of the reporter gene unit with a chimeric intron to generate a mini-gene
reporter construct [14]. To demonstrate this point, reporter gene vectors containing a Long
Interspersed Element-1 (L1) 5′ untranslated region (5′UTR) upstream of the Firefly
luciferase gene were used (Figure 1A). L1 elements provide a good experimental system to
test the adequacy of the reporter gene assay because their 5′UTR contains a functional
internal promoter with transcription factor binding sites as well as functional splice sites
[13,15]. Further, a reporter gene approach is often used in L1-related studies [15,16]. This
experimental design parallels methodology used in the reports that assess the presence of
functional promoters within intronic regions and the effect of point mutations or
polymorphisms within these sequences [11,17]. Figure 1B demonstrates northern blot
analysis of mRNAs generated by a reporter gene construct that contains wild type (WT) L1
5′UTR or the same 5′UTR with a point mutation that eliminates a splice donor site [13] and
modifies a binding site for RUNX3 transcription factor (Mut) [18]. As a result the construct
containing the mutant 5′UTR does not generate any detectable spliced mRNA, a product that
is produced by the wt construct. Additionally, it produces reduced levels of the unspliced
mRNA compared to wt most likely due to the loss of RUNX3 binding [18]. Despite the
differences in the mRNA species and levels of expression, both constructs generate
equivivalent amounts of luciferase activity, suggesting that this point mutation has no affect
on protein expression. This example demonstrates that a single point mutation can not only
change the amount of generated mRNA by altering promoter function, but also the spectrum
of mRNAs produced by reporter gene constructs through complex RNA splicing.
Importantly, these types of alterations can easily result from the conventional experimental
approaches commonly used to manipulate reporter genes; therefore, they may produce
misleading data by independently affecting protein production.

To illustrate how reliance on the reporter gene output alone can produce false negative
results a polyadenylaion (PolyA or pA) site-containing fragment of a human L1 element
[19] was used to test the function of this site in the reporter gene assay (experimental design
is shown in Figure 2). A fragment of L1 sequence (1294–1729 nt of L1.3, L1wt) containing
the functional polyA site or the same fragment containing a point mutation that inactivates
this site (L1m) were cloned into the chimeric intron of the reporter gene vector (Figure 2A).
The SV40 polyA signal was also cloned into the same position to serve as positive control
for the presence of functional polyA site. Luciferase activity was determined in transiently
transfected NIH 3T3 cells. Only control vector produced significant signal from luciferase
activity, the other three constructs registered background levels of the luciferase activity
(Fig. 2B). These data suggest that the polyA signal within the introduced L1 sequence is not
the only functional factor that influences the readout of the assay because elimination of this
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functional polyA site does not restore luciferase production. mRNA analysis of these
constructs transiently transfected into NIH 3T3 cells demonstrated that L1m and control
constructs produced a similar steady-state amount of mRNA, while SV40 and L1wt
constructs generated undetectable or very low amounts of mRNA, respectively. Thus,
mRNA analysis supports the hypothesis that the polyA site within the L1 sequence is
functional. However, the majority of the mRNA produced from the L1m construct was
unspliced demonstrating that introduced L1 sequence interferes with the proper splicing of
the chimeric intron present within the reporter construct, which interferes with translation of
luciferase protein. This example demonstrates that mRNA analysis can help to avoid making
a false negative conclusion based on assessment of protein activity in the reporter gene
assay. Additionally, it demonstrates, not surprisingly, that a single point mutation within a
cis-acting sequence can have a very dramatic effect on mRNA production. This example
mimics commonly used experimental design where genomic sequences composed of introns
and exons are subcloned upstream of the chimeric intron followed by a reporter gene to
generate minigenes for testing the effects of polymorphic changes or presence of functional
promoters [9,11]. Because splicing efficiency is modulated by the cis-acting elements
located both 5′ and 3′ relative to the splice donor and splice acceptor sites, sequence
manipulations within introns as well as exonic regions can affect splicing efficiency [12].

The two examples shown here illustrate that point mutations introduced to assess a function
of a particular sequence can also overlap with cis-acting elements controlling mRNA
production and therefore have significant simultaneous effects on multiple aspects of gene
expression that may not always be accurately detected by measurements of protein activity
alone. Figure 2 also demonstrates that sequence manipulation within reporter construct can
have profound effects on RNA processing. The same issues are likely to arise when serial
truncations or internal deletions are introduced within sequences tested for function in
reporter gene-based assays.

In conclusion, based on our data, it is necessary to include RNA analysis by northern blots
into experimental designs that involve sequence manipulations in a reporter gene assay even
if the changes are as small as point mutations as well as when new sequence compositions
are generated in reporter gene constructs through deletions or insertions. Out of the two
conventional approaches for RNA analysis, RT-PCR and northern blots, the latter can more
reliably detect novel mRNA products and, therefore, it can prevent loss of data critical for
making accurate conclusions about the outcome of a reporter-based experiment. Usage of
polyA and splice site prediction programs
(http://rulai.cshl.edu/tools/polyadq/polyadq_form.html and
http://www.fruitfly.org/seq_tools/splice.html) [20,21] can be helpful for preliminary
assessment of the potential impact point mutations or sequence combinations may have on
the reporter construct expression.

Materials and methods
Culturing of NIH 3T3 cells, transfections, RNA harvest, polyA selection, northern blot
analyses, and site directed mutagenesis were done as described [13,19]. Protein harvest and
luciferase analysis were done according to the manufacture’s protocol (Promega). pOPI3luc
and pGL3 control vectors (Promega) were used for cloning.
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Figure 1. The effect of point mutations on the reporter gene mRNA
(A) Two reporter gene constructs containing either wild type 5′UTR sequence of the human
L1 element (WT) or the same sequence containing a point mutation that mutates a splice
donor site (T to C at position 99 of L1.3 [13]) and a RUNX binding site [18] (Mut, light grey
triangle). Black horizontal arrow indicates the position of the probe used to detect mRNA
produced by these constructs. (B) Northern blot analysis. Fluc indicates full-length mRNA
produced by both WT and Mut constructs; SpLuc marks spliced mRNA produced by the wt
construct. Control denotes mRNA for neomycin resistance gene encoded by the reporter
gene and used as transfection and loading control. The numbers at the bottom demonstrate
relative levels of reporter gene activity (% percent of WT).
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Figure 2. False negative outcomes can be prevented by northern blot analysis
(A) Renilla luciferase (Rluc, light grey box) reporter gene construct. RSV promoter (RSV
Pro, black box), Intron (white box), TK polyadenylation signal (pA, dark grey box). DNA
fragments subcloned into the intron of the vector: SV40 pA site, L1 sequence containing
functional polyA site (L1wt), and the same L1 sequence with mutated pA signal (L1m,
AATAAA at position 1788–1793 of L1.3 to GATCAA [19]). (B) Northern blot analysis of
polyA-selected mRNA from NIH 3T3 cells transiently transfected with the constructs
described above and probed with probes to Rluc or actin as described [13,19]. Spliced and
unspliced mRNA produced by the reporter construct is indicated. 1kb is a size marker. The
numbers at the bottom indicate relative levels of reporter gene activity.
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