
 

 

Introduction 
 
Apurinic/apyrimidinic (AP) endonuclease 1 
(APE1) is a 35 kDa protein with multifunctional 
enzymatic activities which include 3΄-5΄ DNA 
exonuclease [1], 3΄ phosphodiesterase [2], 
RNase H-like [3] and AP DNA endonuclease ac-
tivities [4].  The AP DNA endonuclease function 
involves incision of the phosphodiester bond 
immediately 5΄ to an AP site, generating prod-
ucts with 3΄ hydroxyls and 5΄-deoxyribose phos-
phate termini [5].  The products generated are 
then processed by enzymes involved in the sub-
sequent steps of the base excision repair (BER) 
pathway to fill the nucleotide gap and seal the 
nick in the DNA to complete the DNA AP site 
repair.  In mammalian cells, APE1 is the major 
protein involved in initiating removal of abasic 
sites in DNA [6]. In addition to its DNA repair 
activity, the mammalian APE1 was also inde-
pendently discovered to possess redox activity, 
hence it is also known as redox effector factor 1 
(Ref-1) [7]. Such function of APE1 has been 

shown to keep transcription factors such as c-
Jun and p53 in the reduced and active form 
[8,9].   
 
Stemming from an interest in understanding the 
general role of endoribonucleases in the control 
of gene expression, and in finding the enzyme 
that endonucleolytically cleaves and regulates c-
myc mRNA, we continued our efforts in the bio-
chemical purification and identification of the 
responsible endoribonuclease [10].  Studies in 
cell lines [11,12], cell-free mRNA decay assay 
involving polysome extracts [13] as well as ani-
mals [14], have confirmed that the coding re-
gion of c-myc mRNA which encompasses a spe-
cific region termed the coding region determi-
nant (CRD) is involved in the regulation of c-myc 
mRNA stability.  Using c-myc CRD RNA as sub-
strate, we unexpectedly identified APE1 as an 
enzyme with endoribonuclease activity [10].  We 
showed that APE1 preferentially cleaves c-myc 
CRD RNA at UA, UG and CA sites [10].  Using a 
specific siRNA against APE1 mRNA, we further 
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showed that APE1 is in fact involved in the regu-
lation c-myc mRNA levels and half-life in cells 
[10]. 
 
Given the demonstrated significance of APE1 in 
controlling c-myc mRNA and possibly other 
mRNAs in cells, it is thus warranted to further 
understand the biochemical RNA-cleaving prop-
erties of APE1. This study was undertaken to 
address the following questions.  Can APE1 
cleave other RNA molecules especially those 
that are implicated in diseases?  If it does 
cleave other RNA molecules, does it still prefer-
entially cleave at UA, UG, and CA dinucleotides 
at single-stranded regions only?  What are the 
divalent metal ion requirements for the RNA-
cleaving activity of APE1? 
 
Materials and methods 
 
Purification of recombinant human APE1 
 
The plasmid pET15b-hAPE1, kindly provided by 
Dr. Sankar Mitra, containing the human APE1 
cDNA was used to express recombinant APE1 in 
E.coli strain BL21(DE3) cells. The His-tagged 
APE1 was first purified using Ni-NTA column 
chromatography as previously described [10].  
Following removal of the His-tag with thrombin, 
the recombinant protein was further purified to 
homogeneity by ion exchange chromatography 
as previously described [10].  Just prior to use, 
the recombinant protein was dialyzed for 5 h 
against 10 mM Tris-HCl, pH 7.4, 2 mM DTT, 2 
mM magnesium acetate, and 50 mM potassium 
acetate, with two buffer changes. For use in 
divalent metal ion requirement experiments, the 
protein was dialyzed in Mg2+-free buffer contain-
ing 10 mM EDTA.   
 
Construction of plasmids and DNA templates 
 
Plasmids pUC19-Spike, pUC19-orf3, and pUC19
-orf1b were constructed using molecular sub-
cloning techniques according to established 
protocols [15]. cDNA clones of SARS-
coronavirus were gifts from Dr. Marco Marra 
(Genome Science Centre, BC Cancer Agency) 
and were used as template to amplify segments 
of cDNA of spike (nts 21482-21549), orf3 (nts 
25260-25339), and orf1b (nts 14440-14508) 
[16].  The PCR primers used were: Spike for-
ward primer, 5΄-CTC GGA TCC TAA TAC GAC TCA 
CTA TAG GCT AAA CGA ACA TGT TTA T-3΄, Spike 
reverse primer, 5΄-CTC GAA TTC TGC ACC GGT 

CAA GGT CAC-3΄; orf3 forward primer, 5΄-CTC 
GGA TCC TAA TAC GAC TCA CTA TAG GCG AAC 
TTA TGG ATT TGT T-3΄, and orf3 reverse primer, 
5΄-CTC GAA TTC GAG AAG CAT TGT CAA TTT-3΄; 
orf1b forward primer, 5΄-CTC GGA TCC TAA TAC 
GAC TCA CTA TAG GAG GAT GTA AAC TTA CAT A-
3΄, orf1b reverse primer, 5΄-CTC GAA TTC ATA 
GCT GGA TCA GCA GCA-3΄. T7 RNA promoter 
sequences are underlined and restriction sites 
for EcoRI and BamHI are italicized.  PCR prod-
ucts were digested with BamHI and EcoRI and 
sub-cloned into BamHI and EcoRI site of pUC19.  
pMIF-cGFP-Zeo-hsa-miR-10b was purchased 
from System Biosciences (Mountain View, CA) 
and pSIF-Neo-Ires-GFP-has-miR-21 was a gift 
from Dr. Yong Li (University of Louisville, USA).  
These were used as templates for PCR amplifi-
cation to generate DNA templates suitable for 
direct use in in-vitro transcription.  The PCR 
primers used were: pre-miR-10b forward primer, 
5΄-GGA TCC TAA TAC GAC TCA CTA TAG GTA CCC 
TGT AGA ACC GAA T-3΄, pre-miR-10b reverse 
primer, 5΄-ATT CCC CTA GAA TCG AAT-3΄; pre-
miR-21 forward primer, 5΄-GGA TCC TAA TAC 
GAC TCA CTA TAG GTA GCT TAT CAG ACT GAT G-
3΄, pre-miR-21 reverse primer, 5΄-ACA GCC CAT 
CGA CTG GTG-3΄. The plasmid pCYPAC2-CD44 
which contains the last CD44 exon was a gift 
from Dr. Finn C. Nielsen (University of Copenha-
gen, Denmark), and was used for PCR amplifica-
tion.  The PCR primers used to amplify segment 
(nts 2861-3055) corresponding to 
3΄untranslated region of CD44 RNA were: CD44 
forward primer, 5΄-GGA TCC TAA TAC GAC TCA 
CTA TA GG AAA TTA GGG CCC AAT TAA-3΄, CD44 
reverse primer, 5΄-AAA TTT CCT CCC AGG GAC-
3΄. 
 
Preparation of radiolabeled nucleic acids   
 
To synthesize spike, orf3, and orf1b RNAs, 
pUC19-Spike, pUC19-orf3, and pUC19-orf1b 
were each linearized with EcoRI and in-vitro 
transcribed using T7 RNA polymerase using 
previously described protocols [10]. To synthe-
size 5΄GG-pri-hsa-miR-10b, 5΄GG-pri-hsa-miR-
21, 5΄GG-pre-hsa-miR-10b, 5΄GG-pre-hsa-miR-
21 and CD44 RNA (nts 2862-3055), the PCR 
amplified DNA templates were used directly for 
in-vitro transcription by T7 RNA polymerase.  All 
RNAs were then 5΄-radiolabeled with γ-[32P]-ATP 
using T4 polynucleotide kinase as previously 
described [17].   
 
In vitro assay for endonuclease activity 
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The standard 20 µl-reaction mixture used for 
this assay included 2 mM DTT, 1.0 unit of RNa-
sin, 2 mM magnesium acetate, 10 mM Tris-HCl, 
pH 7.4, and 1 ng of 5΄-32P -radiolabeled RNA (~ 
5 x 104 cpm). The pH of all buffers for experi-
ments described here was determined at room 
temperature. Reactions were incubated for 25 
min at 37°C unless otherwise indicated. Forty µl 
of loading dye (9 M urea, 0.2% xylene cyanol, 
0.2% bromophenol blue) were added to the re-
action samples, and then 10 µl of reaction mix-
ture were subjected to electrophoresis in 8% 
polyacrylamide, 7 M urea gel. For identification 
of cleavage sites, partial RNase T1 digestion 
and alkaline hydrolysis of radiolabeled RNA 
were done as previously described and samples 
were electrophoresed on 12% polyacrylamide/7 
M urea gel [17]. Gels were then dried and sub-
jected to phosphorImaging using a Cyclone 
PhosphorImager. 
 
In vitro assay with APE1 and DICER  
 
The reaction was carried out in two steps. First, 
a 10 µl-reaction mix containing 1 µM of recom-
binant APE1 and 25 nM of 5’-32P-labeled in vitro 
transcribed pre-miRNA analog (50,000 cpm/µl) 
in 8.8 mM Tris-HCl pH 7.4 and 2 mM magne-
sium acetate was incubated at 37oC for 30 min. 
Recombinant APE1 was purified and prepared 
in 20 mM Tris-HCl pH 8, 300 mM NaCl, 1 mM 
DTT, 0.1 mM EDTA, 50% glycerol was used in 
this reaction. Second, 10 µl mixture containing 
0.4 x DICER Reaction Buffer, 0.25 U DICER 
(Applied Biosystems, Ontario), and DEPC treated 
water was added to the first reaction and incu-
bated at 37oC for 30 min. Addition of 0.4 x 
DICER Reaction Buffer (120 mM NaCl, 8 mM 
HEPES, 2 mM MgCl2, and 20 mM Tris-HCl pH 
9.0) gives the final reaction mixture with salt 
and pH condition similar to that of the 1 x DICER 
Reaction Buffer which allows for optimal DICER 
activity. DICER was prepared to 0.25U/µl from 1 
U/µl stock in storage buffer (100 mM NaCl, 20 
mM Tris (pH7.5), 1 mM EDTA, and 50% glycerol) 
before combining with the DICER Reaction 
Buffer. The 0.4 x DICER Reaction Buffer was 
prepared from 5 X DICER Reaction Buffer (1.5 
M NaCl, 100 mM HEPES, 25 mM MgCl2, and 
250 mM Tris-HCl pH 9.0). The reaction was 
stopped by adding 40 µl of the Stopping Dye (9 
M urea, 0.01% bromophenol blue, 0.01% xylene 
cyanol FF) and 6 µl was loaded onto the 8% 
polyacrylamide gel. 

 
Secondary structure determination using RNase 
probes 
 
A partial alkaline digestion of the 5’-radio-
labeled transcript was carried out to generate 
an RNA ladder used to identify the cleavage 
sites. A typical reaction mixture of 20 μl in-
cluded 5’-radiolabeled transcript (100,000 
cpm), 50 mM sodium bicarbonate pH 9.2, and 1 
mM EDTA. The reaction was carried out at 95°C 
for 3 min followed by incubation on ice for 1 
min. RNase T1 (GE Healthcare), RNase A 
(Sigma), RNase VI (Ambion) and RNase T2 
(Invitrogen) were used for enzymatic structure 
probing. Prior to probing, 5΄-32P-radiolabeled 
RNA (30,000 cpm) was taken through a refold-
ing procedure which heated the RNA at 50-55°
C for 5 min and then cooled to room tempera-
ture for 10 min. Digestion by RNase T1 was 
done under both native and denaturing condi-
tions in order to determine if a particular 
guanosine residue is in single-stranded or stem 
region. Digestion of the 5΄-32P-radiolabeled 
transcript under denaturing condition was done 
in a 20 μl of 1 x sequencing buffer (Ambion, 
Inc., Austin, Texas) containing 20 mM sodium 
citrate pH 5, 7 M urea, and 1 mM EDTA. RNase 
T1 has been reported to be active under such 
condition [18]. Digestion of the transcript under 
native condition was done in a buffer containing 
100 mM Tris-HCl pH 7.5, 1 M NH4Cl, and 100 
mM MgCl2.  One unit of RNase T1 was added 
and then incubated for 5 min at room tempera-
ture, while for partial digestion under RNA na-
tive conditions, 0.05 units of RNase T1 was 
added and incubated for 30 seconds on ice. 
Digestions with RNase T2 (0.02 units) and 
RNase A (2 x 10-4 mg) were performed for 15 
min at room temperature, whereas for RNase 
V1 (1 x 10-4 units), incubation was done for 5 
min at room temperature. Digestions with these 
RNases were carried out in 1 x Structure Buffer 
(Ambion, Inc., Austin, Texas) containing 10 mM 
Tris pH 7, 100 mM KCl, and 10 mM MgCl2. All 
reactions were terminated by the addition of 40 
μl of loading dye (9 M urea, 0.2% xylene cyanol, 
0.2% bromophenol blue). To check for RNA in-
tegrity, undigested RNA was also run concur-
rently (input RNA). Ten μl of probing reactions 
were visualized on 12% polyacrylamide/7M 
urea gels which were electrophoresed at a con-
stant current (45 mA). Gels were dried and sub-
jected to phosphorImaging.  
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Results 
 
Divalent metal ion requirements of APE1 
 
We have previously demonstrated that the 
specificity of the endoribonuclease activity ex-
hibited by the purified recombinant wild-type 
APE1 and absence of the enzymatic activity 
amongst other recombinant APE1 mutants, 
such as H309N and E96A, which were purified 
using an identical procedure [10].  In this study, 
we perform further biochemical characterization 
of the purified recombinant wild-type APE1. 
 
The AP DNA endonuclease activity of APE1 is 
divalent metal ion dependent [19-22]. We there-
fore determined the divalent metal ion require-
ment for RNA cleavage by APE1.  For the pur-
pose of the following experiments, protein sam-
ples were dialyzed in a metal ion-free buffer, as 
described in Materials and Methods, to ensure 
complete removal of metal ions. Figure 1A 
shows that APE1 was able to cleave c-myc CRD 
RNA in the absence of any divalent metal ions 
(lanes 1-3).  RNA-cleaving activity was still visi-
ble when 10 mM EDTA was added (Figure 1B) 
further confirming APE1’s divalent metal ion-
independency.  APE1 also exhibited activity in 
the presence of 2 mM Mg2+ (lanes 4-5), Ca2+ 
(lanes 6-7), and Mn2+ (lanes 12-13).  In con-
trast, at 2 mM, Zn2+ (lanes 8-9), Ni2+ (lanes 10-
11), Cu2+ (lanes 14-15), and Co2+ (lanes 16-17), 
all had inhibitory effect on RNA-cleaving activity 
of APE1. 

APE1 cleaves RNA components of SARS-corona 
virus at specific sites 
 
The purified recombinant human APE1 has thus 
far been tested only against c-myc CRD RNA 
[10].  To determine if APE1 can also cleave 
other RNAs, to further confirm the sequence 
and structural cleavage specificity of APE1, and 
to initiate studies into investigating the possible 
use of the enzyme as an anti-viral agent, we 
challenged APE1 with three RNA components, 
spike, orf1b and orf3 RNAs, which code for pro-
teins important in the life cycle of the SARS-
corona virus [23].  Spike or S protein mediates 
membrane fusion and binding of the virus to 
host receptors [23].  Orf1b is one of the repli-
cases essential for replication of the virus [23]. 
Orf3, expressed during SARS-CoV infection, is a 
protein with endocytotic properties and does not 
have homology to other known coronaviruses 
[23]. 
 
The secondary structure of orf1b RNA nts 
14439-14508 was predicted using the software 
M-fold program [24], and the RNase structure 
probing data using RNases T1, T2, A, and V1, as 
shown in the left panel of Figure 2A were then 
used as a constraint with the structure gener-
ated by Mfold to obtain a structure that best fit 
the probing data (right panel, Figure 2A). APE1 
cleavage sites on orf1b RNA were then mapped 
as shown in Figure 2A (lane 8 in the left panel).  
Moderate to major cleavage sites generated by 
APE1 are 14445UA, 14453CA, 14455UA,  

Figure 1.  Effect of divalent metal ions on the RNA-cleaving activity of APE1.  (A) 350 fmoles of 5΄-32P-radiolabeled c-
myc CRD RNA were treated with 1.4 µM of purified APE1 for 5 min at 37°C in the presence (lanes 4-17) or absence 
(lanes 1-3) of 2 mM divalent metal ions as indicated under the in vitro endonuclease assay condition described in the 
Materials and Methods. Samples were electrophoresed on 8% polyacrylamide/7 M urea gel.  (B) Experiment was 
performed as in (A) with the exception that 10 mM EDTA was present (lanes 2 and 4) or absent (lanes 1 and 3) in 
samples. 2 mM Mg2+ was included in samples in lanes 1 and 3. 
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14473CA, 14484UA, and 14489UA, while weak 
cleavages are at 14443UG, 14448AC, 
14449CU, 14462CG, 14464UC, 14467CA, and 
14487UG. Several key observations can be 
drawn from this result: (i) there is a preference 
for UA over UG as exemplified by more intense 
cleavage at 14445UA over 14443UG, (ii) cleav-
ages can occur at CA, UA, and UC at weakly 
paired regions as exemplified by 14464UC, 
14467CA, 14473CA, and 14484UA, (iii) for the 
first time, APE1 is shown to cut very weakly at 
CU, AC and CG at single-stranded region as ex-
emplified by 14448AC, 14449CU, and 

14462CG sites. 
 
Similarly, the secondary structure of orf3 RNA 
nts 25260-25339 was predicted using M-fold 
program [24], and the RNase structure probing 
data as shown in the left panel of Figure 2B 
were then used to generate a structure that 
best fit the probing data (right panel, Figure 2B). 
Moderate to strong cleavage by APE1 are at the 
following sites: 25266UA, 25278UA, 25290UA, 
25312CA, 25319UA, and 25329CA.  Weaker 
but significant cleavage sites are observed at 
25267AU, 25268UG, 25291AC, 25296UA, 

Figure 2.  APE1 cleaves spike, orf3, and orf1b RNA components of SARS-Corona virus at specific sites.  Ribonuclease 
secondary structure probing of orf1b (A), orf3 (B), and spike (C) RNA.  In vitro transcribed RNA corresponding to the 
indicated nucleotides was 5΄-end-labelled with 32P and refolded prior to probing with the indicated RNases.  For refer-
ence, an alkaline hydrolysis ladder was generated as shown (lane 1).  Numbering on the left indicates guanosine 
residue sites cleaved by RNase T1 under denaturing conditions, whereas numbering on the right indicates sites 
cleaved by APE1.  The RNA secondary structure model on the right panel shows locations of sites cleaved by APE1.  
The structure was obtained by using the probing data on the left panel as constraints in the Mfold program [24].  
Filled arrows represent strong cleavage while un-filled arrows represent weak cleavage.  DN denotes cleavage by 
RNase T1 under denaturing conditions, and N denotes cleavage by RNase T1 under native conditions. 
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25301CA, 25305UA, 25310CA, and 25326UG.  
The following observations are noted: (i) cleav-
age at UA sites at weakly paired regions as ex-
emplified by 25266UA, 25278UA, and 
25319UA, (ii) APE1 cuts weakly at AC as exem-
plified by a cleavage at 25291AC, (iii) APE1 can 
cut weakly at stem region as exemplified with 
25267AU, 25268UG, and 25301CA. 
 
The secondary structure of spike RNA nts 
21481-21548 was also predicted using M-fold 
program [24], and the RNase structure probing 
data were then used as a constraint with the 
structure generated by Mfold to obtain a struc-
ture that best fit the probing data (right panel, 
Figure 2C). In the 68 nt spike RNA, APE1 
cleaves strongly at 21490CA, 21504UA, and 
21507UA while weaker cleavages are seen at 
21492UG, 21496UA, 21505AU, 21508AU, and 

21514UA.  The following are key observations 
from this result: (i) APE1 can cut weakly at UA at 
stem region as exemplified by a weak cleavage 
at 21496UA, (ii) APE1 can cut weakly at AU sites 
at weakly paired region as exemplified by cleav-
ages at 21505AU and 21508AU. 

 
APE1 cleaves 3΄UTR of CD44 RNA at specific 
sites 
 
Multiple sites at 3΄UTR of CD44 mRNA have 
been shown to bind proteins and following de-
pletion of the RNA-binding proteins, CD44 
mRNA became unstable [25].  Thus, it was pos-
tulated that the RNA-binding proteins bind to 
and protect CD44 mRNA from endonucleolytic 
cleavage.  To determine if APE1 can cleave a 
segment of 3΄UTR of CD44 mRNA that binds 
RNA-binding protein and to further confirm the 

Figure 3.  APE1 cleaves 3΄UTR of CD44 RNA at specific sites.  Ribonuclease secondary structure probing of CD44 
RNA was done as described in Fig. 2. Numbering on the left indicates guanosine residue sites cleaved by RNase T1 
under denaturing conditions, whereas numbering on the right indicates some of the sites cleaved by APE1.  The RNA 
secondary structure model on the right panel shows the locations of sites cleaved by APE1.  Filled arrows represent 
strong cleavage while un-filled arrows represent weak cleavage.  DN denotes cleavage by RNase T1 under denaturing 
conditions, and N denotes cleavage by RNase T1 under native conditions. 
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sequence and structural cleavage speci-
ficity of APE1, we challenged in vitro 
transcribed CD44 RNA nts 2861-3055 
with the purified recombinant APE1.  
The secondary structure of CD44 3΄UTR 
RNA nts 2861-3055 was first predicted 
using Mfold program [24].  RNase prob-
ing experiments were then conducted 
(left panel, Figure 3) and the results 
were used as a constraint with the struc-
ture generated by Mfold to obtain a 
structure that best fit the probing data.  
Only the RNA structure encompassing 
nts 2861-2958 is shown (right panel, 
Figure 3).  As shown, the major cleavage 
sites generated by APE1 (lane 6 on the 
left panel gel; lane 5 on the right panel 
gel) are 2866UA, 2873CA, 2877UA, 
2880UA, 2884CA, 2887CA, 2904CA, 
2911CA, 2926CA, 2931CU, 2932UC, 
2939UG, and 2942UA.  Weak but dis-
tinct cleavage sites generated by APE1 
are 2898UC, 2913CU, 2914UU, 
2915UG, and 2937UG.  The following 
are key observations from this experi-
ment: (i) APE1 does cut CA at stem re-
gions as exemplified by cleavages at 
2884CA and 2926CA, (ii) cleaves at UG 
at weakly paired regions as shown by 
cleavage at 2915UG, (iii) cleaves at CU 
and UC at a single-stranded region as 
exemplified by cleavage at 2931CU and 

 
 
 
 
 
 
 
Figure 4.  APE1 cleaves 5΄GG-pri-hsa-miR-
10b and 5΄GG-pri-hsa-miR-21 at specific 
sites.  Ribonuclease secondary structure 
probing of 5΄GG-pri-hsa-miR-10b (A) and 
5΄GG-pri-hsa-miR-21 (B) was done as de-
scribed in Fig. 2. Numbering on the left indi-
cates guanosine residue sites cleaved by 
RNase T1 under denaturing conditions, 
whereas numbering on the right indicates 
some of the sites cleaved by APE1.  The RNA 
secondary structure model on the right 
panel shows the locations of sites cleaved 
by APE1.  Filled arrows represent strong 
cleavage while un-filled arrows represent 
weak cleavage.  DN denotes cleavage by 
RNase T1 under denaturing conditions, and 
N denotes cleavage by RNase T1 under na-
tive conditions. 
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2932UC. 
 
APE1 cleaves pri-miR-21 and pri-miR-10b at 
specific sites 
 
In our effort to establish the RNA sequence and 
structural cleavage specificity of APE1 and to 
initiate studies into the possible use of APE1 in 
degrading oncogenic miRNAs, we challenged in 
vitro transcribed pri-miR-21 and pri-miR-10b 
with purified recombinant human APE1.  The 
secondary structure of pri-miR-10b was pre-
dicted using Mfold program [24], and as before, 

RNase probing experiments were conducted.  
The data was used as a constraint with the 
structure generated by Mfold to obtain a struc-
ture that best fit the probing data (right panel, 
Figure 4A).  The major cleavage sites generated 
by APE1 are 11UA, 53UA, and 59UA, while 
weaker sites are observed at 34UA, 50UG, and 
61UA. Key observations from this result are: (i) 
APE1 cleaves UA at weakly paired regions as 
shown by cleavages at 34UA and 53UA, (ii) 
APE1 does not cut at UA, CA, UG, and UC at 
strong stem regions as exemplified by the ab-
sence of cleavage at 21UA, 23UA, 25UA, 48UG, 

Figure 5.  Effect of pre-treatment with APE1 on Dicer’s ability to process 5΄GG-pre-hsa-miR-21. (A) 350 fmoles of 5΄-
32P-radiolabeled 5΄GG-pre-hsa-miR-21 were treated with 1.4 µM of purified APE1 (lane 3, left panel gel) for 5 min at 
37°C under the in vitro endonuclease assay condition as described in the Materials and Methods. For reference, an 
alkaline hydrolysis ladder was generated (lane 1, left and right panel gels).  For the left panel gel, numbering on the 
left indicates guanosine residue sites cleaved by RNase T1 under denaturing conditions (lane 2), whereas numbering 
on the right indicates sites cleaved by APE1.  For the right panel gel, the numbering on the right indicates the major 
cleavage product generated by Dicer. 5΄-32P-radiolabeled 5΄GG-pre-hsa-miR-21 pre-treated with (lane 4, right panel 
gel) or without (lane 3, right panel gel) APE1 prior to the incubation with 0.25 units of Dicer for 30 min at 37°C. (B) 
The RNA secondary structure of 5΄GG-pre-hsa-miR-21 shows the locations of cleavage sites generated by APE1. The 
major Dicer product is shown. 
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65CA, 67CA, and 71UC. 
 
Similarly, RNase probing experiments were per-
formed on pri-miR-21 and the secondary struc-
ture generated upon constraining the experi-
mental data with structure predicted by Mfold, 
is shown on the right panel of Figure 4B. As 
shown, the major cleavage sites generated by 
APE1 are 34UG, 38UC, and 41CA, while weaker 
cleavage sites are seen at 13UA, 16CA, 31UG, 
33UU, and 40UC.  The following are key obser-
vations from this result: (i) APE1 does not cut at 
UG, CA, and UU at strong stems as indicated by 
the absence of cleavage at 12UU, 24UG, 26UU, 
27UG, 43UG, 46CA, 49CA, 52CA, and 55UC. 

 
Pre-treatment with APE1 interferes with the 

processing of pre-miR-10b and pre-miR-21 by 
Dicer 
 
To assess if APE1 can potentially interfere with 
the processing of pre-miRNAs by Dicer, we 
treated pre-miR-10b and pre-miR-21 with APE1 
prior to the incubation with Dicer.  It is impor-
tant to point out that two additional nucleotides 
GG was inserted 5’ to pre-miR-10b and pre-miR-
21 DNA templates which is necessary for T7 in 
vitro transcription.  However, the resulting RNA 
substrates, 5’GG-pre-hsa-miR-21 (Figure 5) and 
5’GG-pre-has-miR-10b (Figure 6), have identical 
secondary structure as their in vivo pre-miRNA 
substrates as predicted by Mfold.  Hence, APE1 
cleavage sites are expected to be identical on 
both types of substrates. 

Figure 6. Effect of pre-treatment with APE1 on Dicer’s ability to process 5΄GG-pre-hsa-miR-10b. (A) 350 fmoles of 5΄-
32P-radiolabeled 5΄GG-pre-hsa-miR-10b were treated with purified APE1 (lane 3, left panel gel) for 5 min at 37°C 
under the in vitro endonuclease assay condition as described in the Materials and Methods. For reference, an alka-
line hydrolysis ladder was generated (lane 2, left panel gel; lane 1, right panel gel).  For the left panel gel, numbering 
on the left indicates guanosine residue sites cleaved by RNase T1 under denaturing conditions (lane 1), whereas 
numbering on the right indicates sites cleaved by APE1. For the right panel gel, the major cleavage products 1 and 2 
generated by Dicer are shown with numbering on the right.  5΄-32P-radiolabeled 5΄GG-pre-hsa-miR-10b pre-treated 
with (lane 4, right panel gel) or without (lane 3, right panel gel) APE1 prior to incubation with 0.25 units of Dicer for 
30 min at 37°C. (B) The RNA secondary structure of 5΄GG-pre-hsa-miR-10b shows the locations of cleavage sites 
generated by APE1.  Dicer products 1 and 2 are shown. 
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The left panel in Figure 5 (lane 3 on left panel 
gel) shows APE1 cleaves pre-miR-21 at 26UG, 
28UU, 29UG, 33UC, 35UC, and 36CA.  Dicer 
cleaves pre-miR-21 to generate a single major 
product of 26 nt in size as shown in Figure 5 
(lane 3 on right panel gel).  Pre-treatment with 
APE1 significantly reduce the ability of Dicer to 
process pre-miR-21 as evident by the significant 
reduction (~6.2 fold) of the 26 nt major Dicer 
product.  The left panel in Figure 6 shows the 
cleavage of APE1 on pre-miR10b at 26UG, 
29UA, 35UA, and 37UA.  On the other hand, 
Dicer alone cleaves pre-miR-10b to generate 
two major products, 25 nt Product 1 and 26 nt 
Product 2 (lane 3 on the right panel gel).  Pre-
treatment of pre-miR-10b with APE1 appeared 
to substantially suppress the ability of Dicer to 
process pre-miR-10b, as evident from the sig-
nificant reduction in Products 1 (~6.2 fold) and 
2 (~6.7 fold) (lane 4 on the right panel gel).   
 
Discussion 
 
Given that APE1 could act as an important en-
doribonuclease to control gene expression in 
cells, it is thus warranted to further understand 
the RNA-cleaving properties of APE1. Prior to 
this study, several RNA-cleaving properties of 
APE1 were unknown. First, it was unknown 
whether APE1 required the presence of divalent 
metal ions for its RNA catalysis. Second, APE1 
was found to preferentially cleave c-myc CRD 
RNA at UA, UG, and CA dinucleotides [10]. How-
ever, it was unknown whether APE1 can cleave 
these or other sequences on other RNA sub-
strates that have biological significance. 
 
Many nucleases that degrade DNA or RNA util-
ize metal ions for their catalysis [26]. Against a 
standard abasic DNA substrate, APE1 requires 
divalent metal ions for its optimal activity 
[20,27].  It is reported that these metal ions 
occupy the active site to stabilize the transi-
tional state during DNA incision, and facilitate 
the release of the incised product.  Previously, it 
was found that Mg2+, Mn2+, Ni2+, and Zn2+ was 
able to rescue an EDTA-inactivated APE1 inci-
sion activity on an abasic DNA substrate while 
Ca2+ could not [3].  Another study found Ni2+ 
and Zn2+ ions permitted the DNA incision activ-
ity up to concentrations of 100 μM (Ni2+) and 50 
μM (Zn2+) [32].  Comparing these requirements 
with our data on the ability of APE1 to cleave c-
myc CRD RNA, we found a few notable discrep-
ancies.  First, we found that APE1 was able to 

cleave RNA without the presence of divalent 
metal ions.  Possible explanation may be that 
APE1 has previously been found to weakly 
cleave abasic DNA in the presence of EDTA 
[21], and in particular, it has been shown to 
have an EDTA-resistant activity towards acyclic 
substrates that are considered to have a better 
flexibility than abasic DNA [20].  Single stranded 
RNA structures (e.g., hairpin loops) are particu-
larly more flexible than those of RNA stems and 
abasic DNAs, which could allow APE1 to cleave 
such RNA substrates without their divalent 
metal cofactors.  Secondly, we showed that 
APE1 is able to cleave RNA in the presence of 
Ca2+. Here, the discrepancy between the RNA 
and DNA cleaving may be that Ca2+ is not suit-
able to occupy the APE1 active site for DNA inci-
sion because of its larger atomic size than Mg2+, 
but for RNA cleaving, such metal ions are not 
required.  Thirdly, we showed the RNA-cleaving 
activity of APE1 is inhibited by the divalent 
metal ions Ni2+ and Zn2+, which are known to 
interact with histidines to inhibit the enzymatic 
activities of certain proteins [29,30].  The pres-
ence of these ions may thus affect the amino 
acid residues that are specifically critical for 
RNA catalysis of APE1.  Alternatively, these 
metal ions may affect the secondary structure 
of RNA substrates and interfere with APE1 bind-
ing to these RNAs or interfere with their release 
after incision.  Further experimentations are 
clearly required to answer these questions. 
 
We found that APE1 is able to cleave RNAs in a 
non-specific manner in vitro. This includes 
miRNAs, CD44 RNA, and RNA components for 
SARS-corona virus.  We propose that in addition 
to mRNA, APE1 may have multiple RNA sub-
strates in vivo.  Similar to our previous finding 
[10], APE1 cleavage sites were found to be pre-
dominantly located in the single-stranded re-
gions of the RNA substrate with dinucleotide 
sequences of UA, UG, and CA. In addition, for 
the first time, we found that APE1 can weakly 
cleave RNA at UC, CU, AC, and AU sites.  APE1 
has previously been shown to cleave abasic 
RNA [31,32] and is involved in ribosomal RNA 
quality control process [32].  Although the N-
terminus of APE1 appears to be important in 
binding RNA and in abasic RNA-cleaving func-
tion [32], the detailed structural basis for this 
and the endoribonuclease activity of APE1 re-
ported here remain unclear.  In abasic DNA 
binding, APE1 interacts strongly with an abasic 
deoxyribose flipped out of the DNA helix and it 
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tightly binds to this moiety facilitated by a hydro-
phobic pocket composed of Phe 266, Trp 280, 
and Leu 282.  Such tight packing expels the 
binding of regular nucleotides and gives speci-
ficity towards the abasic sites [33].  However, 
since all RNA molecules tested possess bases, 
the likelihood of such specificity is low and it is 
likely that APE1-RNA interaction is more tolerant 
towards different nucleotides than its interac-
tion with an abasic DNA. This would result in 
range of specificities cleaving different dinucleo-
tides sequences. Single stranded regions of 
RNA, as in the case of RNA hairpin loops, have 
their bases flipping outwards from the centre of 
the loop which allow RNA binding proteins to 
interact easily [34].  In RNA cleaving, we specu-
late that APE1 can recognize some of these 
extra helical bases in single stranded RNAs.  
The APE1 residues which confer specificity for 
the 3΄ of pyrimidines still need to be identified.  
But, some insights can be drawn from the exam-
ple of RNase A.  In recognition of its substrate, 
RNase A uses residue Thr 45 for recognition to 
cleave polyC and polyU [35].  Such specificity is 
facilitated by specific hydrogen bonds between 
the side chain -OH with –NH (pyrimidine) and 
the main chain –NH and =O (pyrimidine).  In 
APE1 RNA cleavage specificity, Thr 268 could 
serve a similar purpose, which is located near 
the hydrophobic pocket of APE1 (Phe 266-Trp 
280-Leu 282) for recognizing the extra helical 
abasic deoxyribose [33].  Site-directed 
mutagenesis studies are clearly required to test 
this hypothesis.  After testing different RNA sub-
strates with varying secondary structures, we 
conclude that APE1 cleaves only on the single 
stranded regions or weakly paired regions of the 
RNA. It has strong cleavage specificity towards 
3΄ of pyrimidines, especially at UA, UG, and CA 
sites. 
 
Since CA-rich elements are known as potent 
splicing enhancers/silencers [36], the prefer-
ence of APE1 to cleave CA dinucleotides sug-
gests a possible role for APE1 in mRNA splicing. 
This is in line with the finding that APE1 serves 
as a nuclear enzyme and has been found to 
interact with heterogenous nuclear ribonucleo-
protein L (hnRNP L) [37], a high affinity CA-rich/
CA-repeat binding protein which acts as a key 
regulator of splicing [38-40]. In addition, APE1 
was found to interact with YB-1 [41], a mediator 
of splicing [42].   
 
Pre-treatment of pre-miRNAs with APE1 signifi-
cantly reduces the ability of Dicer to process 

these substrates in vitro. This provides another 
dimension in which APE1 could potentially influ-
ence the biogenesis and hence the level of 
miRNAs in cells.  Studies are currently underway 
to test this hypothesis.  In summary, we have 
uncovered some important biochemical proper-
ties of APE1.  APE1 cleaves RNA without the 
presence of divalent metal ions.  APE1 is able to 
cleave any RNA when presented in vitro and it 
only cleaves in the single-stranded regions or 
weakly paired regions.  It prefers to cleave 3΄ of 
pyrimidines at UA, UG, and CA sites.  In addition, 
although weakly, APE1 can cleave at UC, CU, AC, 
and AU sites. 
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