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Abstract
Background: We have previously noted that there were differences in somatic and male germ
cell polyadenylation site choices. First, male germ cells showed a lower incidence of the sequence
AAUAAA (an important element for somatic polyadenylation site choice) near the polyadenylation
site choice. Second, the polyadenylation sites chosen in male germ cells tended to be nearer the 5'
end of the mRNA than those chosen in somatic cells. Finally, a number of mRNAs used a different
polyadenylation site in male germ cells than in somatic cells. These differences suggested that male
germ cell-specific polyadenylation sites may be poor substrates for polyadenylation in somatic cells.
We therefore hypothesized that male germ cell-specific polyadenylation sites would be inefficiently
used in somatic cells.

Results: We tested whether pre-mRNA sequences surrounding male germ cell-specific
polyadenylation sites (polyadenylation cassettes) could be used to direct polyadenylation efficiently
in somatic cells. To do this, we developed a luciferase reporter system in which luciferase activity
correlated with polyadenylation efficiency. We showed that in somatic cells, somatic
polyadenylation cassettes were efficiently polyadenylated, while male germ cell-specific
polyadenylation cassettes were not. We also developed a sensitive, 3' RACE-based assay to analyze
polyadenylation site choice. Using this assay, we demonstrated that male germ cell-specific
polyadenylation cassettes were not polyadenylated at the expected site in somatic cells, but rather
at aberrant sites upstream of the sites used in male germ cells. Finally, mutation of the male germ
cell-specific poly(A) signal to a somatic poly(A) signal resulted in more efficient polyadenylation in
somatic cells.

Conclusion: These data suggest that regulated polyadenylation site choice of male germ cell-
specific polyadenylation sites requires one or more factors that are absent from somatic cells.

Background
Polyadenylation occurs in three stages: polyadenylation
site choice, cleavage of the pre-mRNA, and addition of the
poly(A) tail to the newly formed 3' end [1,2]. The first
step, polyadenylation site choice, can be defined as the

functional assembly of the factors necessary for pre-
mRNA cleavage onto the pre-mRNA to allow for efficient,
accurate cleavage of the pre-mRNA (it has also been called
the commitment step) [3-5]. Mutation of the pre-mRNA
sequence elements involved in polyadenylation site
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choice [6-12], or mutation of the protein machinery
involved in polyadenylation site choice [13-15], result in
inefficient polyadenylation of the pre-mRNA. Conse-
quently, inefficient polyadenylation prevents export of
mRNA and decreases production of the protein encoded
by that mRNA [1]. Therefore, polyadenylation site choice
is an important first step in polyadenylation and is essen-
tial for optimal gene expression.

In mammalian somatic cells, the mechanism of polyade-
nylation site choice has been intensely studied [1,2]. A
number of pre-mRNA sequences have been proposed to
be important in choosing the site of polyadenylation [16-
20]; however, two seem to play a prominent role in mam-
malian somatic cells. The first is the hexameric poly(A)
signal (most often AAUAAA) found 15–30 bases
upstream of the site of polyadenylation [6,21]. The other
is the G/U-rich element found 20–40 bases downstream
of the site of polyadenylation [11,22]. Together, these ele-
ments bind the multi-subunit cleavage and polyadenyla-
tion specificity factor (CPSF) [23] and cleavage
stimulation factor (CstF) [11], respectively. Thus, the for-
mation of this protein/RNA complex determines the poly-
adenylation site choice. The next step is cleavage of the
pre-mRNA at the polyadenylation site (a process that
requires additional factors, possibly including CPSF-73
[24]) followed by addition of the poly(A) tail [1,2].

However, a number of mRNAs use different polyadenyla-
tion sites in different tissues or developmental stages [25].
Changes in the composition of the protein polyadenyla-
tion machinery can invoke a change in polyadenylation
site choice called alternative polyadenylation [13,26,27].
In addition, inclusion or exclusion of pre-mRNA
sequences outside of the polyadenylation region (i. e., by
changes in splicing pattern or the presence of a "stronger"
polyadenylation site) may also affect polyadenylation site
choice [25]. Therefore, changes in the protein/pre-mRNA
complex involved in polyadenylation site choice can
change where the poly(A) tail is added, and thereby affect
gene expression.

We have noticed that the polyadenylation sites chosen in
male germ cells are different from those chosen in somatic
cells [28]. First, a number of mRNAs use a polyadenyla-
tion site at higher frequency than in other tissues [25,29-
31]. Second, the incidence of the sequence AAUAAA near
the 3' ends of male germ cell mRNAs is lower than in
somatic mRNAs [28,32]. Third, the polyadenylation sites
chosen in male germ cell mRNAs often result in shorter 3'
untranslated regions than somatic mRNAs [32]. This sug-
gests that there are significant differences in the polyade-
nylation sites chosen in somatic and male germ cells.
There are two possible causes of these differences. Either
male germ cell-enriched polyadenylation sites can be used

in somatic cells but are not (because they are on pre-
mRNAs not expressed in somatic cells, because other pre-
mRNA elements prevent their use, or because the somatic
polyadenylation sites out-compete them), or they are
poor substrates for polyadenylation in somatic cells.

We hypothesized that male germ cell-specific polyade-
nylation sites are poor substrates for polyadenylation in
somatic cells, and therefore would be used inefficiently in
somatic cells. To test this, we developed a luciferase-based
reporter assay to evaluate the polyadenylation efficiency
of different sequences. We then used the assay to show
that sequences surrounding male germ cell-specific polya-
denylation sites (called polyadenylation cassettes) were
inefficiently polyadenylated in somatic cells. Addition-
ally, we developed a 3' RACE-based approach to analyze
polyadenylation site positioning. Using this approach, we
observed that mRNAs containing these male germ cell-
specific polyadenylation sites were not polyadenylated at
the site chosen in male germ cells. Rather, they showed
aberrant polyadenylation upstream of the male germ cell-
specific polyadenylation site. Finally, we showed that
introduction of an AAUAAA (an element important to
polyadenylation site choice in somatic cells) into a male
germ cell-specific pre-mRNA allowed for more efficient
polyadenylation of that site in somatic cells. These data
suggested that male germ cell-specific polyadenylation
sites were inefficiently chosen in somatic cells, and that
polyadenylation site choice has different requirements in
male germ cells than in somatic cells.

Results
Development of a luciferase reporter system to assay 
polyadenylation efficiency
To test whether male germ cell-specific polyadenylation
sites were inefficiently polyadenylated in somatic cells, we
developed a system to assay polyadenylation efficiency.
We used PCR to isolate genomic sequences surrounding
various polyadenylation sites used in vivo; we called these
sequences polyadenylation cassettes (the primers used to
make these cassettes are shown in Table 1). Each polyade-
nylation cassette was between 150 and 200 base pairs
long, approximately centered on the site of polyadenyla-
tion. Each polyadenylation cassette was separately sub-
cloned downstream of the coding region of Renilla luci-
ferase (replacing the SV40 late cassette that is part of the
reporter) to make a reporter plasmid. This reporter plas-
mid was then co-transfected into somatic cells (mouse
embryonic fibroblasts) with a separate plasmid expressing
firefly luciferase to control for transfection efficiency (see
Materials and Methods). Since efficient polyadenylation
is necessary for gene expression [6-8,33], relative luci-
ferase activity (the quotient of Renilla and firefly luciferase
activities) was used as a measure of polyadenylation effi-
ciency for each polyadenylation cassette. Similar assay sys-
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tems have been developed using the CAT reporter system
[34,35].

To determine whether our assay measures polyadenyla-
tion efficiency, we tested three previously characterized
polyadenylation cassettes. The first two, the SV40 late and
the rabbit β-globin polyadenylation cassettes, are strong
polyadenylation cassettes, and were therefore used as a
reference for efficient polyadenylation. The third was a
SV40 late mutant cassette, which was the result of mutat-
ing the poly(A) signal from AAUAAA to GAGAAA. Mutat-
ing the SV40 AAUAAA was previously shown to prevent
binding of the polyadenylation machinery to the pre-
mRNA, thus preventing polyadenylation site choice and
resulting in inefficient polyadenylation [5,36,37].

We transfected mouse embryonic fibroblast cells (ATCC-
3T3) with the above reporter plasmids and 48 hours later
lysed the cells and assayed thy lysates for luciferase activ-
ity. Pilot experiments were performed to determine condi-
tions for transfection that yielded a linear increase in
Renilla luciferase activity (data not shown). As expected,
lysates from cells transfected with reporter plasmids con-
taining the wild type SV40 late or rabbit β-globin polyade-
nylation cassettes showed significantly higher levels of
luciferase than those lysates from cells transfected with the
mutant-containing reporter plasmid (Figure 1). Interest-
ingly, lysates from cells transfected with reporter plasmids
containing the SV40 late polyadenylation cassette showed
3.5 times higher levels of luciferase activity than those
containing the rabbit β-globin cassette (Figure 1). This
could be because the SV40 late polyadenylation cassette is
viral, and therefore highly efficient in many tissues,

whereas the rabbit β-globin cassette is being expressed in
mouse fibroblasts rather than in rabbit reticulocytes
(where it is normally expressed). These data demonstrate
that the luciferase activity in lysates from these cells corre-
lates with polyadenylation efficiency.

To test whether a male germ cell-specific polyadenylation
cassette could be efficiently polyadenylated in somatic
cells, another reporter plasmid was created with the poly-
adenylation cassette from the zonadhesin pre-mRNA.
Since the zonadhesin mRNA is expressed only in male
germ cells [38], it was used as a reference for male germ
cell-specific polyadenylation. Similar to the results using
the SV40 mutant reporter plasmid, the level of luciferase
activity in lysates from cells transfected with the reporter
plasmid containing the zonadhesin cassette was signifi-
cantly lower than the level in lysates from cells transfected
with the SV40-containing reporter plasmid (Figure 1).
Therefore, the luciferase activity present in lysates of cells
transfected with a reporter plasmid containing a male
germ cell-specific polyadenylation cassette was similar to
the level found in lysates from cells transfected with an
inefficiently polyadenylated cassette.

Genes with male germ cell-specific polyadenylation sites 
are expressed at lower levels than those with somatic 
polyadenylation sites from the same mRNA
The SV40 wild type and rabbit β-globin polyadenylation
cassettes are well-characterized [1,2]. In order to deter-
mine whether male germ cell-specific polyadenylation
sites are truly inefficiently polyadenylated relative to
somatic polyadenylation sites in somatic cells, we com-
pared the polyadenylation efficiency of somatic and male

Table 1: Primers used in the creation of polyadenylation cassettes.

Cassette/Template Primer sequence

CCNA2-SOM1/336M6 5'-GTTCTAGACTGCTTTGTTTGCCCATTTTTCTC
3'-CTTGGATCCCTCCCCACTGTACAATAAAACAA

CCNA2-SOM2/336M6 5'-AATTTCTAGAGGTTAACATTGGTGCTGCCAAC
3'-GTTTGGATCCCCCTGAGCAATGAAAGTGGAC

CCNA2-GC1/336M6 5'-GTCTAGAGTAGGAAAAGATTTTATAAAAC
3'-CATGGATCCCTGTAACATCTGAGAGCCGATC

CCNA2-GC2/336M6 5'-CTCTAGAGAATCTTACCCTGTTCTAAGTAAG
3'-CGGATCCCATGGGCAGTCCTGGTAGCAAG

CREM-somatic/304K8 5'-TCTAGAGTCACGTAGGTCTAGACTGGC
3'-GGATCCCTGAGTTCGGATCCCAACACC

CREM-MGC/304K8 5'-TCTAGAAACAAGAAGCTTCTAGAGGAGC
3'-GGATCCCCTTAGAGGTAGGATCCAATTAAATAC

c-abl-somatic/156H9 5'-TCTAGACCAGTACATTTTGTTTCTAGATATGACTG
3'-GGATCCCTGCTGTGAGGATCCCAAGAG

c-abl-mgc/156H9 5'-TCTAGATTCCCTGTCCTTCTAGAAC
3'-GGATCCGATGGACCTTCTAGACACCAAG

Shown at left are the names of the polyadenylation cassettes with the BAC template used as a template to create each cassette, and at right the 
sequences of the primers used to make the respective polyadenylation cassette. The XbaI and BamHI restriction enzyme sites used for cloning are 
shown in bold and italics, respectively.
Page 3 of 11
(page number not for citation purposes)



BMC Molecular Biology 2006, 7:35 http://www.biomedcentral.com/1471-2199/7/35
germ cell-specific cassettes that both derive from the same
gene. Since cyclin A2 potentially can use two different
polyadenylation sites in somatic cells and two different
polyadenylation sites in male germ cells [30], mouse
embryonic fibroblasts were transfected with reporter plas-
mids containing either the somatic or the male germ cell-
specific polyadenylation cassettes from the cyclin A2
mRNA. Luciferase activity from lysates of these transfected
cells was then assayed. As shown in Figure 2A, lysates
from cells transfected with the reporter plasmids contain-
ing the somatic-1 and somatic-2 polyadenylation cassettes
from cyclin A2 showed much higher luciferase activity
than did lysates from cells transfected with male germ cell-
specific-1 and male germ cell-specific-2 polyadenylation
cassette-containing plasmids. Therefore, for the cyclin A2
pre-mRNA, transfection of cells with reporter plasmids
containing the somatic polyadenylation cassettes resulted

in expression of higher levels of luciferase activity than
those containing the male germ cell-specific polyadenyla-
tion cassettes.

These studies were extended to compare the polyadenyla-
tion efficiencies of the various CREM and c-abl polyade-
nylation cassettes, each of which uses one
polyadenylation site in somatic cells and a different site in
male germ cells [29,31]. We transfected fibroblasts with
reporter plasmids containing polyadenylation cassettes
from c-abl and CREM mRNAs. Again, lysates from cells
transfected with reporter plasmids containing male germ
cell-specific polyadenylation cassettes showed lower lev-
els of luciferase activity than did those lysates with
somatic cassettes in the reporter plasmids (Figure 2B).
Thus, even when studied independently of each other, the
somatic polyadenylation sites are associated with higher

The luciferase assay evaluates polyadenylation efficiencyFigure 1
The luciferase assay evaluates polyadenylation efficiency. ATCC 3T3 cells (mouse embryonic fibroblasts) were trans-
fected with Renilla luciferase reporter plasmids containing one of the indicated (bottom) polyadenylation cassettes as well as a 
firefly luciferase expressing vector to control for transfection efficiency. Two days later, extracts of these cells were assayed 
for luciferase activity. Indicated on the left is the relative luciferase activity (Renilla luciferase values divided by firefly luciferase 
values). Asterisks indicate significant difference from the SV40 wild type as determined by Student's T-test (p < 0.01).
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levels of luciferase activities in extracts from transfected
cells.

Male germ cell-specific polyadenylation sites are 
inefficiently used in somatic cells
We wanted to determine whether the low levels of luci-
ferase activity we observed in extracts from cells trans-
fected with reporter plasmids containing male germ cell-

specific polyadenylation cassettes were because of prob-
lems with polyadenylation site choice. To do this, we
transfected mouse embryonic fibroblasts with reporter
plasmids used in earlier experiments, extracted RNA from
the transfected cells, made cDNA, and subjected it to 3'
RACE. The products were purified, cloned, and
sequenced, and the sequences were aligned with the
reporter plasmid with which these cells were transfected
in order to determine the site of polyadenylation (see
Methods and Materials).

Figure 3 summarizes the results of these experiments. Of
the seven cDNAs we cloned from cells transfected with
reporter plasmids containing the SV40 late polyadenyla-
tion cassette, five were polyadenylated at the reported site,
and the other two were within 100 bases of the reported
site. Similarly, five of the five cDNA cloned from cells
transfected with reported plasmids containing the rabbit
β-globin cassette were polyadenylated at the reported site
of polyadenylation.

In contrast, all five cDNAs cloned from cells transfected
with the SV40 late mutant polyadenylation cassette-con-
taining reporter plasmid showed polyadenylation at aber-
rant, upstream positions, and never at the reported site of
polyadenylation (Figure 3). This upstream polyadenyla-
tion is different from the read through transcripts most
investigators have observed because of inefficient polya-
denylation [39-41]. In addition, the cDNAs cloned from
cells transfected with reporter plasmids containing male
germ cell-specific polyadenylation cassettes all showed
aberrant upstream polyadenylation, similar to that seen
with the SV40 mutant. Interestingly, most of the aberrant
polyadenylation sites were found in the luciferase coding
region. Therefore, all of the polyadenylation cassettes
associated with low levels of luciferase give rise to aber-
rantly polyadenylated mRNAs when transfected into
somatic cells.

Sequences in cassettes affect polyadenylation efficiency
Cis-acting sequences around the site of polyadenylation
have been shown to affect polyadenylation efficiency pro-
foundly [3-9]. We hypothesized that the reason male
germ cell-specific polyadenylation sites were not chosen
in somatic cells was because they lacked the necessary cis-
acting sequences that somatic polyadenylation site choice
requires. If this were true, altering the sequences on a male
germ cell-specific polyadenylation cassette would increase
the ability of a male germ cell-specific polyadenylation
site to be chosen in somatic cells.

To test this hypothesis, we created four polyadenylation
cassettes. Three of them (SV40 late wild type, SV40 late
mutant, and zonadhesin) were used in earlier studies. We
also created a zonadhesin mutant, which converted a

Somatic polyadenylation cassettes are preferred tomale germ cell-specific cassettesFigure 2
Somatic polyadenylation cassettes are preferred 
tomale germ cell-specific cassettes. A) At the top is a 
map indicating the positions of the various polyadenylation 
sites on the cyclin A2 mRNA. Above the diagram is the posi-
tions of the poly(A) sites used [27], and below is the name of 
the cassette. The diagram is approximately drawn to scale. 
Below, ATCC 3T3 cells (mouse embryonic fibroblasts) were 
transfected with plasmids containing somatic or male germ 
cell-specific cassettes indicated and extracts were assayed for 
activity as described in Figure 1. B) Same as A, but using 
CREM and c-abl cassettes. The poly(A) positions at the top 
are from [26, 28]. For both A and B, asterisks indicate signifi-
cantly different from the respective somatic cassette as 
determined by Student's T-test (p < 0.01).
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Male germ cell-specific polyadenylation sites are not used in somatic cellsFigure 3
Male germ cell-specific polyadenylation sites are not used in somatic cells. ATCC 3T3 cells (mouse embryonic 
fibroblasts) were transfected with reporter plasmids containing the polyadenylation cassettes indicated on the left and two 
days later RNA was extracted from these cells, cDNA was made, and 3' RACE was performed as described in Methods and 
Materials. Shown are the results of the poly(A) site identification. The open arrow on the bottom indicates the reported site of 
polyadenylation on that polyadenylation cassette. The black arrows on top represent the sites of polyadenylation identified in 
transfected cells. The black bar at SV40-mutant shows a mutation in the poly(A) signal (AAUAAA to GAGAAA) of the SV40 
polyadenylation cassette.
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putative male germ cell-specific poly(A) signal GAGAAA
to an AAUAAA. Cells were transfected with reporter plas-
mids containing each of these four polyadenylation cas-
settes and subsequently lysates were assayed for luciferase
activity. As before, cells transfected with the SV40 late-
containing reporter plasmid showed high levels of relative
luciferase activity, and lysates from cells transfected with
SV40 late mutant and zonadhesin-containing reporter
plasmids showed significantly lower levels of relative
activity (Figure 4). However, when cells were transfected
with the reporter plasmids containing a zonadhesin
mutant polyadenylation cassette, significantly higher lev-
els of luciferase activity were observed when compared to
the zonadhesin-containing reporter plasmid. Therefore,
altering the poly(A) signal in a male germ cell-specific
polyadenylation cassette can increase the luciferase activ-
ity in extracts from cells transfected with this plasmid.

Discussion and Conclusion
Our observations [28,42,43], as well as studies done by
others [32,44], suggested that there were differences in

how somatic and male germ cells choose a polyadenyla-
tion site. However, we had never tested directly whether
somatic cells were capable of efficiently choosing a polya-
denylation site from a male germ cell-specific mRNA. We
therefore devised a luciferase reporter assay that measures
polyadenylation efficiency. Using this assay, we showed
that extracts from cells transfected with reporter plasmids
containing male germ cell-specific polyadenylation cas-
settes showed significantly lower levels of luciferase activ-
ity than extracts from cells transfected with somatic
cassette-containing plasmids. Extracts of cells transfected
with reporter plasmids containing somatic polyadenyla-
tion cassettes also expressed higher levels of luciferase
activity than those with male germ cell-specific polyade-
nylation cassettes from the same mRNA. Analysis of 3'
RACE products showed that mRNAs containing somatic
polyadenylation cassettes were polyadenylated almost
exclusively at the reported sites. Mutation of the AAUAAA
polyadenylation signal to a GAGAAA resulted in no
observed polyadenylation at the reported sites. Rather,
analysis of the 3' ends of these mRNAs showed that any

The poly(A) signal is essential for polyadenylation of male germ cell-specific polyadenylation sitesFigure 4
The poly(A) signal is essential for polyadenylation of male germ cell-specific polyadenylation sites. ATCC 3T3 
cells (mouse embryonic fibroblasts) were transfected with reporter plasmids containing the indicated polyadenylation cas-
settes. Bars represent the average relative luciferase activity over three different replications. Asterisks indicate significant dif-
ference from the wild type version of each cassette (p < 0.01).

*

*

SV40 
wild type

SV40 
mutant

zonadhesin 
wild type

zonadhesin 
mutant

0

5

10

15

20

25

30

R
el

at
iv

e 
lu

ci
fe

ra
se

 u
n

it
s

Page 7 of 11
(page number not for citation purposes)



BMC Molecular Biology 2006, 7:35 http://www.biomedcentral.com/1471-2199/7/35
mRNAs that were being polyadenylated were being poly-
adenylated at aberrant sites. Finally, introduction of an
AAUAAA into a male germ cell-specific polyadenylation
cassette resulted in significantly higher levels of luciferase
in extracts transfected with this plasmid. These data sug-
gest that male germ cell-specific polyadenylation sites are
inefficiently used in somatic cells.

Each of the male germ cell-specific polyadenylation sites
shown here are efficiently used in male germ cells [29-31].
Additionally, we have shown that the somatic polyade-
nylation sites for these pre-mRNAs are used in somatic
cells (data not shown). Why, then, are male germ cell-spe-
cific polyadenylation sites inefficiently used in somatic
cells? As discussed above, polyadenylation site choice is
the product of the sequences present on the pre-mRNA
and the polyadenylation machinery present in the cell.
There is a lower incidence of the sequence AAUAAA near
the 3' ends of mRNAs in male germ cells relative to the
incidence in other tissues [28]. Other studies have sug-
gested that other elements essential for polyadenylation
in somatic cells may likewise be absent from male germ
cell mRNAs [32]. The fact that male germ cell-specific
polyadenylation cassettes often lack the sequences neces-
sary for somatic polyadenylation could be the reason for
male germ cell-specific polyadenylation sites not being
chosen in somatic cells. Additionally, it is possible that
elements in male germ cell-specific polyadenylation cas-
settes prevent their polyadenylation in somatic cells.
However, this study has shown that male germ cell-spe-
cific polyadenylation sites are used rarely, if at all in typi-
cal somatic cells (Figure 3). Introduction of a somatic
polyadenylation signal (AAUAAA) can greatly increase its
ability to be chosen in these cells (Figure 4), but there are
likely other elements involved as well. This suggests that
the polyadenylation machinery present in somatic cells is
less compatible with the polyadenylation sequences
present in male germ cell-specific mRNAs than with
somatically expressed mRNAs.

Additionally, male germ cells express proteins that are
present either exclusively or predominantly in this tissue
that are homologous to known polyadenylation proteins
[42,43,45-47]. Two of these proteins, a CstF-50 homolog
called WDC146 [45] and a CstF-64 homolog called τCstF-
64 [42,43], are similar to proteins that have been associ-
ated with changing polyadenylation site choice
[13,27,48]. The presence of these proteins in male germ
cells may alter the polyadenylation machinery's prefer-
ence for polyadenylation site choice, and their absence
may explain why male germ cell-specific polyadenylation
sites are inefficiently chosen in somatic cells.

We originally hypothesized that τCstF-64 would affect
polyadenylation site choice for the mRNAs studied here

[43]. However, we have recently shown that the CREM, c-
abl, and CCNA2 mRNAs are expressed at normal levels
and are polyadenylated at the same position in the testis
of mice lacking τCstF-64 as in the wild type testis (KWM,
B. Dass, T. Denison, K. Hockert, CCM, in preparation).
This strongly suggests that τCstF-64 is not involved in
changing the polyadenylation site choice for these tran-
scripts. However, other proteins expressed in male germ
cells – proteins that are also absent from fibroblasts –
could be responsible for the change in polyadenylation
site choice for these male germ cell-specific mRNAs.

One surprising finding was of the existence of aberrantly
polyadenylated mRNAs with poly(A) site choice occurring
upstream of the reported site of polyadenylation (Figure
3). Previous studies showed that if a pre-mRNA was inef-
ficiently polyadenylated, then RNA polymerase II read
through the site of polyadenylation, producing longer
transcripts [39-41]. In contrast, we observed mRNAs that
were polyadenylated at disparate places, all upstream of
the reported site and several in the luciferase coding
region. We used a 3' RACE-based approach to look for
changes in polyadenylation; this is opposed to the RNase
protection assays and nuclear run-on assays previous
investigators have used [41,49,50]. Because we saw this
aberrant polyadenylation associated with the SV40 late
mutant polyadenylation cassette, we believe that aberrant
polyadenylation is the result of inefficient polyadenyla-
tion. It is also possible that these aberrant polyadenyla-
tion sites often occur naturally, but are only detectable in
the absence of efficient polyadenylation. However, we
propose that the use of a more sensitive PCR-based
method has allowed us to observe previously undescribed
upstream aberrant polyadenylation.

Finally, our data suggest the possibility that male germ
cells express one or more different factors and have differ-
ent sequence requirements that together alter how the
polyadenylation site is chosen. Other tissues may simi-
larly have different mechanisms of polyadenylation site
choice. The brain seems especially prone to contain
mRNAs that are alternatively polyadenylated [44], and
our lab has identified a brain-specific form of CstF-64 (G.
Shankarling, CCM, in preparation), which may alter poly-
adenylation site choice in this tissue. The existence of such
alternative methods of polyadenylation site choice could
be used to greatly increase the protein diversity within a
cell.

Methods
Cell culture
Mouse ATCC-3T3 cells were grown at 37°C in growth
media (Gibco Dulbecco's Minimal Eagle Media in the
presence of Gibco 10% newborn calf serum and penicil-
lin/streptomycin).
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Reporter plasmids
Each of the cassettes was created by using PCR to amplify
polyadenylation cassettes from a bacterial artificial chro-
mosome (BAC) obtained from the Children's Hospital
Oakland Research Institute (CHORI). The primers and
BAC templates used for the PCR reactions are shown in
Table 1. Each of the 5' primers contain also contains an
XbaI (TCTAGA) site at the 5' end and each of the 3' prim-
ers contain a BamHI site (GGATCC) at the 5' end. These
products were cloned into pCRII using the TOPO cloning
kit (Invitrogen, Carlsbad, CA) according to manufac-
turer's instructions. pGL3-promoter (Promega, Madison,
WI) was used as the transfection control. Mutations were
done using the QuickChange site directed mutagenesis kit
from Promega, per manufacturer's instructions.

The various reporter plasmids were created by subcloning
(using standard subcloning techniques) each of the poly-
adenylation cassettes separately into the pRL-SV40
reporter plasmid using the XbaI and BamHI sites that sur-
round the SV40 polyadenylation cassette that is a part of
the plasmid. In doing so, the SV40 polyadenylation cas-
sette was removed from each of the newly-made reporter
plasmids.

Luciferase assays and transfections
For luciferase assays, cells were plated on 24-well dishes at
1.5 × 104 cells/well 16–24 hours before transfection. 12 ng
of pRL-SV40 plasmid (containing polyadenylation cas-
sette of interest) 4 ng of pGL3-promoter plasmid, and 500
ng of pBluescript (used as a carrier plasmid) were mixed
together and transfection with Lipofectamine™ was car-
ried out per manufacturer's instructions (Invitrogen). The
same transfection was done in six different wells for each
experiment, making 6 replicates.

After 48 hours, cells were washed three times in PBS and
lysed in 100 μL of lysis buffer from the Dual Luciferase
Reporter Assay System (Promega) for 15 minutes shaking
at room temperature. The lysates were then removed from
the wells with a micropipette and transferred to a clean
microcentrifuge tube on ice. Lysates were either used
immediately or stored at -80°C before being thawed on
ice. Luciferase assays were done according to manufac-
turer's instructions and luciferase activity was measured
on a TD-20/20 (Turner Designs, Sunnyvale, CA). All val-
ues were recorded on a Microsoft Excel spreadsheet and
calculations were done within this document. The num-
bers reported are in relative luciferase units, which is the
ratio of Renilla luciferase activity to firefly luciferase activ-
ity. The value for each experiment was the average relative
luciferase activity of the six different replicates. The num-
bers reported are the averages of three separate experi-
ments (making a total of 18 different replicates), with
standard deviations illustrated using error bars.

3' RACE
For 3' RACE, RNA was extracted from transfected cells
using Trizol (Invitrogen) and treated with DNAse, then
purified by phenol/chloroform and ethanol precipitation.
1 μg of DNA-free RNA was converted to cDNA with the
SMART RACE kit (BD Biosciences), using 1/10 the
amount of oligo(dT) the manufacturer recommends. 1 μL
of a 1:10 dilution of cDNA was then used as a template for
the first round of PCR which used the 5' primer (5'-GAAC-
CATTCAAAGAGAAG-3') and the Universal Primer A mix.
The resulting reaction was diluted 1:10 in ddH2O and 1
μL was used in a second round of PCR that included the
3' primer (5'-GTGAAGTTCGTCGTCCAAC-3') and Nested
Universal Primer A.

Following both rounds of amplification, the products
were separated by agarose gel electrophoresis, purified,
and cloned into pCRII using the TOPO cloning kit (Invit-
rogen) according to the manufacturer's instructions. Mul-
tiple (between 5–10) clones were sequenced and aligned
to the pRL-SV40 reporter plasmid sequence to determine
the position of the poly(A) tail. A poly(A) tail was said to
be legitimate (not due to false priming of the oligo(dT)
primer) if it met the standards of the polya_db [49].
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