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Rapid and Sensitive Analysis of mRNA 
Polyadenylation States by PCR 

Fernando J. Sail,s 1 and Sidney Strickland 

Department of Pharmacology, University Medical Center at Stony Brook, Stony Brook, New York 11794-8651 

A rapid and sensitive technique is de- 
scribed that measures the length of 
the poly(A) tall on a specific mRNA 
within subnanogram quantities of 
total cellular RNA [the Poly(A) test 
(PAT)]. In a single-tube reaction, a 
poly(dT) primer is synthesized in situ 
on the poly(A) tall of mRNAs using 
oligo(dT) and DNA Iigase. By modu- 
lating the annealing temperature 
and primer concentrations, a GC-rich 
adapter sequence is targeted to the 
S' end of the poly(dT) primer. This 
Iigated poly(dT)-anchor is then used 
to prime reverse transcription of 
the mRNA, yielding a library of PAT 
cDNAs. The length of a poly(A) tail is 
determined by PCR amplification us- 
ing the oligo(dT)-anchor primer and 
a message-spedfic primer. Comparl- 
son of PCR products from different 
samples allows quantitative determi- 
naUon of changes in polyadenylation 
of a given mRNA. This technique 
overcomes many of the pitfalls asso- 
clated with conventional poly(A) tall 
length assessments and should prove 
useful in studying a variety of pro- 
cesses relating to polyadenylation. 

1Present address: The Picower Institute for Medical 
Research, Manhasset, New York 11030. 

T h e  length of the polyadenylate 
[poly(A)] tail on mRNAs has emerged as 
an important regulatory element. Previ- 
ous assays for polyadenylation have re- 
lied on Northern analysis of mRNAs fol- 
lowing oligo(dT) hybridization and 
RNase H cleavage (e.g., see Ref. 1). Com- 
parison of RNA samples in the presence 
and absence of RNase H allows analysis 
of differential polyadenylation states. 
This procedure has several drawbacks: 
(1) Because the RNA is detected by 
Northern analysis and several controls 
are required for each mRNA, a relatively 
large initial sample size is needed; (2) 
precise quantitation of poly(A) tail 
length is difficult because of the limits of 
conventional agarose gel electrophoresis 
used in Northern analysis; (3) extended 
adenosine residue stretches within the 
RNA could complicate the analysis of 
polyadenylation because they too can 
hybridize to oligo(dT) and be cleaved by 
RNase H; and (4) multiple steps are 
needed that potentially subject the RNA 
to nonspecific degradation. 

Recently, other procedures have been 
described that improve on the RNase 
H/oligo(dT) assay. Previously, we re- 
ported an assay [PER Poly(A) test] (z) that 
allows screening for changes in poly(A) 
tail length. This assay is fast and requires 
little initial material. However, the na- 
ture of the assay makes it difficult to ac- 
curately estimate poly(A) tail size. A sec- 
ond technique, RNA ligase-mediated 
rapid amplification of cDNA ends (RLM- 
RACE), was used to determine the length 
of poly(A) tails in Tetrahymena thermo- 
phila. (3) This technique has excellent 
sensitivity and tail length quantitation; 
however, it involves multiple steps with 
intermediate RNA repurifications that 
can subject the RNA to degradation as well 
as a cumbersome single-stranded ligation. 

To facilitate our analysis of transla- 
tional control of maternal mRNAs by cy- 
toplasmic polyadenylation, we have de- 
veloped a new assay that allows us to 
accurately determine the polyadenyla- 
tion status of any mRNA in minute sam- 
ples. In this report we validate the 
poly(A) test (PAT) utilizing known mu- 
rine maternal mRNAs and explore some 
of its potential applications. The PAT has 
also been used to establish Drosophila as 
a model system for translational control 
by polyadenylation. (4) 

The PAT provides many advantages 
over previous poly(A) tail analyses: (1) 
Speed--PAT can be performed in 1 day, 
including RNA isolation and analysis of 
PCR products; (2) ease--a sequential 
one-tube reaction allows generation of a 
PAT cDNA library that can be used to an- 
alyze multiple RNAs; (3) sensitivity-- PAT 
can be used for single-cell analysis; and 
(4) quantitation -- targeting an adapter 
sequence to the 5' end of the reverse 
transcription primer in conjunction 
with gel analysis of small PCR products 
allows accurate estimation of poly(A) tail 
length. 

MATERIALS AND METHODS 

PAT cDNA Synthesis 

The acid-phenol method of mRNA puri- 
fication was used (s) on 20-419 isolated 
primary oocytes and pooled aged sec- 
ondary oocytes (6) with no additional car- 
rier RNA. However, any RNA isolation 
procedure should be adequate, and we 
have also used the guanidine isothiocy- 
anate method described in Huarte et 
al. (1) successfully. An aliquot [equivalent 
to 20-40 oocytes (8-16 ng of total 
RNA] (7) of RNA in HzO was heat-dena- 
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tured (65°C for 5 min)  in a 7 Vd volume 
in the presence of 20 ng of phosphory- 
lated oligo(dT) [p(dT)lz__ls] and placed 
directly at 42°C. Prewarmed mastermix 
[13 wl containing 4 wl of 5 x Superscript 
RNase H -  reverse transcriptase (RT) 
buffer (BRL); 2 Vd of 0.1 M DTT; 1 wl of 10 
mM dNTPs; 1 ~1 of 10 mM ATP; 4 V.1 of 
I-IzO; and I Vd of 10 U (Weiss)/wl T4 DNA 
ligase (U.S. Biochemical)] was added, 
and the samples incubated at 42°C for 30 
min.  Subsequently, 1 wl of oligo(dT)-an- 
chor (200 ng/p,1, 5'-GCGAGCTCCGCG- 
GCCGCGT12 ) was added at 42°C and the 
reaction transferred to a 12°C water bath. 
After a 2-hr incubation,  the samples were 
transferred back to 42°C, 1 ~l (400 U/~l) 
Superscript RNase H -  RT was added, and 
reverse transcription was performed for 
1 hr. cDNAs were diluted to 1 oocyte/pJ 
followed by a 30-min incubat ion at 70°C 
to inactivate the RT and ligase. A sche- 
matic representation of PAT cDNA syn- 
thesis is shown in Figure 1. An outl ined 
protocol is provided in Table 1. 

PCR Amplification 

For PCR amplification, 1 Vd of PAT 
cDNAs was added to a standard 50-~1 
PCR reaction spiked with 0.5 i~l of 
[3zp]dATP and containing 25 pmoles 
each of an mRNA-specific pr imer  (see 
legends) and the ol igo(dT)-anchor [am- 
plification conditions: 93°C for 5 min;  30 
cycles at 93°C for 30 sec; 62°C for 1 min;  
72°C for 1 min;  with a final extension of 
7 min  at 72°C]. After amplification, PCR 
products were phenol-extracted and eth- 
anol-precipitated with 2.5 M a m m o n i u m  
acetate to remove unincorporated label. 
Samples were analyzed by autoradiogra- 
phy following electrophoresis on non- 
denaturing 5% polyacrylamide gels. 
Screening for changes in poly(A) tail size 
can also be performed easily without  the 
addition of radiolabeled nucleotide or 
the subsequent precipitations by ethid- 
ium-bromide staining after agarose gel 
electrophoresis (see Figs. 3 and 4, be- 
low). To confirm the specificity of the 
amplification and that the size increase 
of the PCR fragments was attributable to 
elongation at the 3' end of the mRNA, 
the samples were digested with a restric- 
tion endonuclease that cleaves at a 
known location from the 5' end of the 
amplified region (data not shown, see 
Ref. 2). This digestion should show a 
constant 5' f ragment  present in all t ime 
points and a heterogeneous 3' end. 

(Ligation of oligo p(dT) subunits ) 

(3' terrnmal targeting of anchor) 

(Reverse transcription of mRNA ) 

< - -  

RNA 

I 1)p(dT)12_18 ( 4z ° TTTTT ~ 

2) T4 DNA ligase 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT b, 

~P~ ' -  T'TTTT / 
12 ° ~ T/T-anchor (5 X) 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTT ~ 

/ 
42 ° ~ Reverse transcriptase 

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT'r-a n c h °r 

TTT-anchor 

PCR amplification 

mRNA specific pnmer TTT-anchor 
--c> 

TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT-anchor 
FIGURE 1 Schematic representation of the PCR-based PAT. Total RNA is prepared, and phospho- 
rylated oligonucleotide p(dT)lz_la is allowed to saturate the poly(A) tails of the mRNAs. The 
p(dT)lz_la is then ligated together at 42°C. This process generates a nearly full-length comple- 
mentary copy of the poly(A) tail, leaving a short 3' overhang of oligo(A) as a result of the 
instability of a short A/dT hybrid at 42°C. An oligo(dT)-anchor is then added at a fivefold molar 
excess with respect to p(dT)12_1a, and the temperature is lowered to favor the hybridization and 
ligation of the oligo(dT)-anchor to the extreme 3' end of the poly(A) tail. After ligation, the 
temperature is raised and the RNAs are reverse transcribed, using the ligated poly(dT)-anchor 
stretch as the template primer. The length of the poly(A) tail of a specific mRNA can be estimated 
by the size of the PCR products after amplifying the cDNA using the oligo(dT)-anchor and a 5' 
primer specific for the mRNA of interest. 

RESULTS 

PAT Analysis of mRNAs Known to 
Modulate Poly(A) Tail Length 

The assay was tested by examining the 
well-characterized dormant,  maternal  
mRNA encoding mouse tissue-type plas- 
minogen  activator (t-PA) (Fig. 2). t-PA 
mRNA contains a poly(A) tail of - 3 5  nu- 
cleotides in fully grown germinal  vesical 
(GV)-containing oocytes. During oocyte 
maturation, the poly(A) tail increases to 
- 3 6 5  nucleotides. Estimates derived by 
the PAT assay of both the extent and the 
t iming of polyadenylat ion are similar to 
those determined previously from 
Northern analysis. °) 

To ensure that the assay was accu- 
rately measuring poly(A) tail length, the 
PAT was applied to actin mRNA, an 
mRNA known to be deadenylated during 
the same t ime course that t-PA is polya- 
denylated (Fig. 3). (8) Actin mRNA con- 
tained a poly(A) tail of - 1 6 0  nucleotides 
in fully grown GV-containing oocytes 
and was essentially deadenylated by 6 hr  
after GV breakdown (GVBD) as deter- 
mined  by the PAT. These values are in 
agreement  with those obtained previ- 
ously by Northern analysis/s) 

PAT Analysis of Differential 
Polyadenylation 

In Xenopus,  maternal  mRNAs display dif- 

318 PCR Methods and Applications 

 Cold Spring Harbor Laboratory Press on June 24, 2026 . Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


TABLE 1 PAT Protocol 

1. Isolate total RNA. 
2. Add 20 ng of oligo p(dT)lz_18 to the RNA to a final volume of 7 I~1. Heat-denature at 65°C 

for 5 min. Transfer samples immediately to 42°C without an ice-quenching step. 
3. Add 13 ~1 of the following mixture (prewarmed to 42°C): 

4 ~1 of S x Superscript H- RT buffer 
2 txl of 0.1 M DTT 
1 I~1 of 10 mM each dNTP 
1 ~1 of 10 mM ATP 
4 ~1 of dHzO 
1 I~1 of 10 U/~I T4 DNA ligase 

13 ~1 

Incubate for 30 min  at 42°C. 
4. After step 3, while at 42°C, add 1 ~1 of 200 ng/l~l oligo(dT)-anchor.  
5. Vortex, microfuge, and incubate at 12°C for 2 hr. 
6. Transfer the samples to 42°C for 2 min.  
7. Add 1 ~1 of Superscript H -  RT. Incubate at 42°C for 1 hr. 
8. Dilute cDNAs to desired concentrat ion.  Heat to 70°C for 30 rain to inactivate ligase. 
9. PCR 

ferences in both the timing and extent of 
polyadenylation. <9'~°) Two novel mouse 
maternal mRNAs, cloned on the basis of 
altered polyadenylation (OM1 and 
OM2), ~z) were subjected to the PAT. PAT 
analysis demonstrates that these mouse 
mRNAs are polyadenylated to different 
extents over a similar time course during 
meiotic maturation (Fig. 4). Both con- 
tained a poly(A) tail of - 6 0  nucleotides 
in fully grown GV-stage oocytes. During 
meiotic maturation, OM 1 receives - 170 
adenosine residues, whereas OM2 re- 
ceives -590.  As in the case of t-PA and 
actin, these data are in agreement with 
those derived from Northern analysis 
[OMl~Z); OM2°~)]. Combined, these re- 
suits demonstrate that the PAT accu- 
rately determines the polyadenylation 
state of mRNAs. 

DISCUSSION 

PAT Theory 

We routinely perform RNA isolations 
from cells in the absence of carrier even 
when dealing with minute samples (e.g., 
20 oocytes, 8 ng of total RNA). The pres- 
ence of carrier should not affect the re- 
sults, although it is possible that carrier 
excess will compete for oligo(dT) during 

the initial ligation reaction. The oli- 
go(dT) must be phosphorylated for the 
ligation reaction. We use p(dT)~z_18 be- 
cause we feel a heterogeneous mixture 
will yield cleaner results by allowing 
greater ligation of the variable sized gaps 
between multiple elongating poly(dT) 
chains (see below). The amount  of 
p(dT)lz_~8 in the reaction should be in 
excess, as too little oligo(dT) or too 
much RNA will prevent complete liga- 
tion of oligonucleotide subunits and 
possibly lead to misrepresentation of the 
actual poly(A) tail lengths (see below). 
The amount  of ligase used is in excess to 
ensure significant activity after 30 min at 
42°C for ligation of the oligo(dT)-an- 
chor, which is critical, as the anchor is 
required for proper amplification of the 
3' terminus and poly(A) tract. 

Theoretically, the p(dT)~z__~8 can an- 
neal anywhere on the poly(A) tail. At 
42°C, the subunit annealing should be 
weak and allow transient melting and 
sliding along the poly(A) tract. Ligation 
will occur when two subunits abut each 
other in the presence of ligase. Ligation 
will increase the stability of the elongat- 
ing chain of subunits along the poly(A) 
tract, limiting further sliding of the na- 
scent poly(dT) tract. ~ At the termini of 
the poly(A) tail, a small single-stranded 

adenosine residue stretch (<~10) should 
remain because of the instability of a 
short (A-dT) annealed complex at 42°C. 
At this point, an excess of unphosphory- 
lated oligo(dT)-anchor (5- to 10-fold 
with respect to p(dT)lz__18) is added to 
the reaction and the temperature is low- 
ered to 12°C. The lower temperature al- 
lows annealing of the oligo(dT) to the 
remaining short poly(A) stretch while 
the anchored primer excess favors the li- 
gation of the oligo(dT)-anchor versus 
the p(dT)~z_18. After allowing sufficient 
time to ligate the oligo(dT)-anchor, the 
temperature is raised and reverse tran- 
scription is performed using the nascent 
poly(dT)-anchor as the primer. At the 
end of the reaction, the ligase and RT are 
heat-inactivated to prevent further mod- 
ifications during subsequent manipula- 
tions of the PAT cDNAs. For our experi- 
ments, samples are diluted to one oocyte 
or embryo per microliter. One (equiva- 
lent to 350-430 pg initial total RNA) (7) to 
several microliters of sample can then be 
directly PCR amplified using an mRNA- 
specific primer and the oligo(dT)-an- 
chor primer. 

PCR and Gel Analysis 

Theoretically, the message-specific 
primer can be directed anywhere along 
the mRNA. Primer locations close to the 
3'end (within 400 nucleotides) are pref- 
erable because they provide the best PCR 
product size resolution. An internal 
primer can be used followed by restric- 
tion digest to allow visualization of the 
PCR products representing the 3' end of 
the mRNA. °z~ We use the primer pro- 
gram contained in the Genetics Com- 
puter Group (GCG) software to identify 
suitable sequences. We recommend 
primers that range between 20 and 25 
nucleotides, 40%-60% GC, Tm -60°C 
and that do not have significant compli- 
mentarity to the oligo(dT)-anchor. If 
spurious amplification products are a 
problem, the annealing temperature in 
the PCR can be increased slightly 
(2-5°C). If modifying the PCR condi- 
tions fails to give satisfactory results, a 
primer at a different location can be 
tried. 

1In the case of long poly(A) tails, it is likely that two or more poly(dT) chains will be initiated simultaneously on different regions of the poly(A) tail. Given that the oligo(dT) 
is 12-18 nucleotides in length, it is likely that the chains will leave a gap too small to incorporate an oligo(dT) subunit. When the temperature is lowered, the oligo(dT)- 
adapter may ligate with the 5' phosphates of each poly(dT) chain, allowing subsequent PCR amplification from what would appear upon electrophoresis as an internal 
position on the poly(A) tail. This would lead to a "laddering" effect, which we have observed (see Troubleshooting). If oligo(dT)-adapter ligation does not occur, the 
subsequent individual cDNA should not be amplifiable. 
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FIGURE 2 The PAT accurately determines poly(A) tail length. PAT was applied to the mRNA for 
mouse t-PA. (GV) GV-stage oocytes isolated at various times during oocyte maturation [hours in 
culture after GV breakdown (GVBD)]; (24GV) aged control GV-stage oocytes (prevented from 
undergoing maturation isolated after 24 hr in culture); these aged GV oocytes do not produce 
t-PA and do not polyadenylate the mRNA. (z) One oocyte equivalent of PAT cDNAs was amplified 
per time point. The autoradiograph represents an overnight exposure of 25% of the PCR products 
(GV, 1 hr, 24 hr GV) or 50% of the products (6, 11, 16 hr). (t-PA primer) 5'-ACTCTATAGATGGT- 
TGGGAG. The minimum expected size of the amplified products is 185 bp [155-bp t-PA 3' 
end + 30 bp of oligo(dT)-anchor]. The estimates of polyadenylation derived from the PAT are in 
good agreement with those derived from Northern analysis of t-PA mRNA isolated from mouse 
oocytes over a similar time course (Bottom, taken from Ref. 1). Moreover, the PAT reflects the 
levels of the mRNA over the time course presented when compared with Northern analysis. 
Estimates of size are derived from molecular weight standards. 

Poly (A) 
Length 

160 
0 -' 

GVBD (hrs) 

O~1 6 11 1628 

............ 

FIGURE 3 PAT accurately determines deade- 
nylation of actin mRNA. PAT PCR products 
were stained with ethidium bromide after 
agarose gel ele~-trophoresis. The PAT cDNAs 
were the sam ones used in Fig. 2, and one 
oocyte equivalent was PCR amplified with an 
actin-specific primer (5'-AAGAGGAGGATG- 
GTCGCGTCCATGC). The minimum expected 
size of the amplified products is 323 bp [293- 
bp actin 3' end+ 30 bp of oligo(dT)-anchor]. 
(Oi) GV-stage oocytes. 

The PCR-amplified products can be 
analyzed by either denaturing or nonde- 
natur ing polyacrylamide gel or agarose 
gel electrophoresis. We have found that  
the use of a radiolabeled nucleotide in 
the PCR allows the most accurate deter- 
mina t ion  of tail length; interpretable re- 
sults can also be obtained by e thidium 
bromide staining of agarose gels (cf. Fig. 
2 with Figs. 3 and 4). Additionally, we 
find that  with radiolabeled PCR, nonde- 
natur ing polyacrylamide gels yield more 
aesthetic results, whereas denaturing 
gels are more reliable. Finally, to con- 
firm specific amplif ication the PCR prod- 
ucts should be digested with a restriction 
endonuclease that  will yield a constant  

sized fragment, which represents the 5' 
port ion of the mRNA of interest, in all 
samples (data not  shown; see Ref. 2). 

T r o u b l e s h o o t i n g  

Occasionally, a laddering of PCR prod- 
ucts between the expected m i n i m u m  
size and the maximally polyadenylated 
species is seen and appears to be indica- 
tive of unsaturat ing p(dT)lz__lS concen- 
trations or mult iple oligo(dT) ligations 
on individual poly(A) tracts (see foot- 
note above). The intensi ty and degree of 
laddering generally varies with each PAT 
cDNA synthesis. In our experience, addi- 
t ional bands outside of the expected 
range and/or excessive smearing are gen- 
erally indicative of PCR problems. In 
these instances, the PCR anneal ing tem- 
perature, the number  of cycles or, fi- 
nally, the specific pr imer selection 
should be altered to optimize results and 
not  the PAT cDNA synthesis. If problems 
persist, the RNAs should be DNase 
treated to ensure that  artifacts do not  
arise from genomic  or plasmid DNA con- 
taminat ion.  We have successfully used 
the DNase t rea tment  described in Vas- 
salli et al. (13) with the PAT assay. 

Poly (A) 
Length 

230 

OM1 OM2 

O I Oil - O I O . .  

....... 650 

FIGURE 4 PAT analysis of differential polya- 
denylation. PAT PCR products were stained 
with ethidium bromide after agarose gel elec- 
trophoresis. Shown are two murine maternal 
mRNAs known to be polyadenylated to differ- 
ent extents during oocyte meiotic matura- 
tion. One oocyte equivalent was PCR ampli- 
fied per sample with a specific primer 
[(OM1) 5'-AC CAGAAGTGCTAACCGGAATGT- 
GA, (OM2) 5'-CATGTCCAGCTTTTAAGTGG]. 
The minimum expected size of OMl-ampli- 
fled products is 124 bp [90 bp of OM1 
3'end+30-bp oligo(dT)-anchor]. The mini- 
mum expected size of OM2-amplified prod- 
ucts is 89 bp [59-bp OM1 3' end+ 30-bp oli- 
go(dT)-anchor]. (Oi) GV-stage oocytes; (O,) 
oocytes that have completed meiotic matura- 
tion, -16-20 hr after GVBD. 
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CONCLUSIONS 

The PAT has several advantages  for the  
analysis of po lyadeny la t ion .  (1) By us ing 
the PCR, the  sensi t ivi ty of the  assay is 
increased such tha t  the  analysis can be 
per formed on  m i n u t e  samples (fractions 
of  a single oocyte  or embryo) .  (2) The 
assay can be pe r fo rmed  o n  total  cellular  
RNA. (3) The l igat ion and  reverse tran- 
scr ipt ion steps can be pe r fo rmed  o n  a 
larger n u m b e r  of specimens  and  stored. 
W h e n  a specific mRNA is to be analyzed, 
a pr imer  for tha t  RNA is synthes ized and  
used in the  PCR wi th  the  stored cDNAs. 
(4) The results can typical ly be visualized 
wi th  e th id ium bromide-s ta ined  2% aga- 
rose gel electrophoresis .  For the  analysis 
of rare mRNAs or if a more  precise deter- 
m i n a t i o n  of the  extent  of po lyadenyla -  
t ion  is desired, the  PCR react ion  can be 
carried out  in  the  presence of a radiola- 
beled nuc leo t ide  and  separated on  poly- 
acrylamide gels. (5) Given all the  re- 
quired reagents, the  assay can be done  in 
1 day. 

Given the  ease and  sensi t ivi ty of this 
assay, it shou ld  prove useful  for the  anal- 
ysis of any  mRNA in any  tissue inc lud ing  
those already shown  to unde rgo  changes  
in po lyadeny la t i on  [e.g. vasopres- 
sin (14As) and  oxy toc in  (16) in  mice; Cyb, 
COI, COII, and  CR1 mRNAs in Trypano- 
soma brucei, (17) MST87F in Droso- 
phila(18)]. Addit ional ly ,  the  assay could  
be adapted for analyzing sequence  or 
structural r equ i rements  tha t  regulate 
bo th  t iming  and  ex ten t  of  polyadenyla-  
t ion  us ing micro in jec ted  RNAs or wi th  in 
vitro extracts as well as for the  analysis of  
related topics such as deadeny la t ion  of  
mRNAs. 
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