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MicroRNAs (miRNAs) are critical post-transcriptional regulators and are derived from hairpin-shaped primary 
transcripts via a series of processing steps. However, how the production of individual miRNAs is regulated remains 
largely unknown. Similarly, loss or overexpression of the key mismatch repair protein MutLα (MLH1-PMS2 het-
erodimer) leads to genome instability and tumorigenesis, but the mechanisms controlling MutLα expression are 
unknown. Here we demonstrate in vitro and in vivo that MLH1 and miR-422a participate in a feedback loop that 
regulates the level of both molecules. Using a defined in-vitro miRNA processing system, we show that MutLα stimu-
lates the conversion of pri-miR-422a to pre-miR-422a, as well as the processing of other miRNAs tested, implicating 
MutLα as a general stimulating factor for miRNA biogenesis. This newly identified MutLα function requires its AT-
Pase and pri-miRNA binding activities. In contrast, miR-422a downregulates MutLα levels by suppressing MLH1 
expression through base pairing with the MLH1 3′-untranslated region. A model depicting this feedback mechanism 
is discussed.
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Introduction

MicroRNAs (miRNAs) are short (~22s nucleotide) 
single-stranded RNAs that function as gene expression 
regulators by binding to and destabilizing or inhibiting 
translation of target mRNAs [1-3]. In mammalian cells, 
primary miRNA transcripts (pri-miRNAs) are initially 
processed in the nucleus into the ~70-nt hairpin RNAs 
termed precursor miRNAs (pre-miRNAs), which are fur-
ther processed in the cytoplasm to yield mature miRNAs 
[1-3]. The processing of pri-miRNAs to pre-miRNAs re-
quires the RNase III Drosha and its partner DGCR8, with 
the former functioning as the catalytic subunit and the 
latter recognizing the RNA substrate [4-7]. Although re-
cent studies have implicated other factors in miRNA bio-
genesis, which include p53 [8], Smad [9, 10] and ATM 
[11], the molecular basis by which miRNA biogenesis is 

regulated is not fully understood.
miRNAs have been shown to regulate diverse cellular 

processes, including the DNA mismatch repair (MMR) 
pathway [12-14], a major genome maintenance sys-
tem. The importance of MMR in genome maintenance 
is demonstrated by the fact that defects in the system 
cause genome instability and susceptibility to human 
cancers [15-19]. The MMR functions that protect and 
maintain the integrity of the genome in mammalian 
cells include correcting DNA biosynthetic errors, sup-
pressing homeologous recombination and mediating 
DNA damage signaling [20-23]. It is well established 
that MMR initiation factors, such as mammalian MutS 
and MutL homolog proteins, are essential in all MMR-
mediated cellular processes. There are at least three 
functional MutL homolog proteins in human cells, which 
are MutLα (MLH1-PMS2), MutLβ (MLH1-PMS1) and 
MutLγ (MLH1-MLH3). Although the roles of MutLβ 
and MutLγ in MMR-associated genome maintenance 
remain to be characterized, the role of MutLα in these 
functions is well established [23]. Because MLH1 is the 
obligating subunit in all these heterodimers, its cellular 
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level is critical to the individual complexes and MMR-
dependent genome-maintenance functions. Whereas no 
or low MLH1 results in genome instability and predis-
position to cancer [16, 17, 19], overexpression of MLH1 
induces apoptosis [24] and/or a mutator phenotype [25, 
26]. Therefore, precise regulation of the cellular level of 
MLH1 is critical for genome stability. Although miRNAs 
likely play an important role in regulating MLH1 expres-
sion [12-14], the mechanism of the regulation reaction is 
unclear. Interestingly, recent studies suggest that MLH1 
may modulate miRNA processing, as MLH1 expression 
determines miRNA expression patterns in colorectal 
tumors [27, 28]. These observations suggest a complex 
regulation relationship between MLH1 and miRNAs.

In this study, we demonstrate that miRNAs and MLH1 
participate in a regulatory feedback loop, in which miR-
NA-422a negatively regulates the expression of MLH1 
protein and the MLH1-PMS2 heterodimer (MutLα) posi-
tively regulates the processing of miR-422a and other 
miRNAs. In-vitro studies reveal that MutLα specifically 
binds to pri-miRNAs, interacts with the Microprocessor 
complex Drosha/DGCR8, and stimulates the Drosha/
DGCR8-catalyzed processing of pri-miRNAs to pre-
miRNAs in a manner dependent on MutLα ATPase and 
pri-miRNA-binding activities. These observations reveal 
a novel MutLα function in regulating miRNA biogenesis 
and a novel feedback mechanism that precisely regulates 
the cellular level of MutLα via miRNA functions.

Results

miR-422a regulates MLH1 expression by interacting with 
the MLH1 3′-UTR

Our previous studies showed that a three-nucleotide 
deletion in the MLH1 3′-UTR is associated with leu-
kemia relapse [12, 29]. Computational analysis using 
MicroInspector [30] identified a putative binding site for 
miR-422a in the MLH1 3′-UTR that is disrupted by the 
3-nucleotide deletion, suggesting a possible role for miR-
422a in regulating expression of MLH1. To explore this 
possibility, HeLa cells were transfected with miR-422a 
precursor (pre-miR-422a) or anti-miR-422a, and the 
MLH1 protein level was quantified. The results showed 
that transfection of pre-miR-422a significantly lowered 
the level of MLH1 (P < 0.001), while transfection of 
anti-miR-422a increased the level of MLH1 (Figure 1A 
and 1B). The level of MLH1 mRNA was affected in a 
similar manner (Figure 1C). These results are consistent 
with the hypothesis that miR-422a negatively regulates 
MLH1 expression in HeLa cells.

To determine if the repression of MLH1 expression is 
miR-422a-specific, the MLH1 protein levels were mea-

sured in HeLa cells transfected with pre-/anti-miR-16-1 
or pre-/anti-miR-30a. The results show that the MLH1 
level is essentially not interfered by either miR-16-1 or 
miR-30a (Figure 1D and 1E). These experiments ruled 
out the potential side effect of miR-422a transfection 
that might affect the MLH1 protein level. However, it 
is worth mentioning that HeLa cells transfected with 
25 pmol of anti-miR-422a had an MLH1 protein level 
that is lower than that in untransfected cells (Figure 1A, 
compare lanes 5 and 6). This reduction in MLH1 expres-
sion is likely caused at the transcriptional level, but not 
at the translational level, as judged by the fact that (1) 
the lower dose anti-miRNA-transfected cells expressed 
almost the lowest level of MLH1 mRNA (Figure 1C), 
and (2) despite that, the cells transfected with 25 pmol of 
anti-miRNA and those transfected with 200 pmol of pre-
miRNA expressed a comparable level of MLH1 mRNA 
(Figure 1C), the former cells exhibited an MLH1 protein 
level almost as twice as that in the latter cells (Figure 
1B). However, how a low level of anti-miR-422a nega-
tively influences the MLH1 transcription remains to be 
investigated.

To determine if miR-422a regulates MLH1 expression 
by binding to a putative miR-422a response element (RE) 
in the +18 to +50 region of the MLH1 3′-UTR, three tan-
dem copies of the putative miR-422a RE (3×miR422aRE) 
were cloned into the pMIR-MLH1 vector to generate 
pMIR-MLH1-3×miR422aRE (Figure 1F). The resulting 
plasmid was co-transfected with pre- or anti-miR-422a 
into MLH1-defective 293T cells [31]. Western blotting 
analysis showed that the level of MLH1 expression in 
293T cells (Figure 1G and 1H) was down- or upregu-
lated in a dose-dependent manner by pre- or anti-miR-
422a, respectively. Comparable effects on ectopic lu-
ciferase expression were also observed when pMIR-Luc-
3×miR422aRE was co-expressed with pre- or anti-miR-
422a in 293T and HEK 293 cells (data not shown). These 
results are consistent with the notion that miR-422a 
represses MLH1 expression by binding to the region of 
+18 to +50 in the MLH1 3′-UTR.

Correlation between expression of MLH1 protein and 
pre-miR-422a

The suppression of MLH1 expression by miR-422a 
prompted us to think that a high level of endogenous 
miR-422a may have contributed to the MMR defect 
in 293T cells, which has previously been attributed to 
hypermethylation of the MLH1 promoter [31]. To test 
this possibility, we performed quantitative RT-PCR to 
determine the levels of pre- and pri-miR-422a in 293T 
cells using RNAs isolated from cytoplasm and nuclei, 
respectively. As shown in Figure 2B, pri-miRNAs appear 
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to predominantly localize in nuclei, while pre-miRNAs 
are mainly present in cytoplasm, indicating translocation 
of pre-miRNAs from the nucleus to cytoplasm upon their 
production [32]. Surprisingly, despite that the level of 
pri-miR-422 in both 293T and 293 cells is comparable, 
the level of pre-miR-422a in MLH1-deficient 293T cells 
is significantly lower than in MLH1-proficient 293 cells 
(Figure 2B). It was noted that the amount of pre-miR-
422a amplified from nuclear RNAs of 293T and 293 
cells was essentially the same (Figure 2B). We believe 
that these products were derived mostly from the pri-
miR-422a template in the nucleus, as the primers for pre-
miR-422a could also amplify the pre-miRNA portion 
of the pri-miRNA (see Figure 2A). Similar results were 
also obtained with MLH1-deficient and MLH1-proficient 
leukemia patient cells, i.e., MLH1-deficient AML0606 
cells express significantly less pre-miR-422a than their 
isogenic MLH1-proficient AML0805 cells (P < 0.01; 
Figure 2C, lanes 3 and 4). These results strongly suggest 
that MLH1 positively regulates miR-422a processing 

from pri-miR-422a to pre-miR422a.
To test this hypothesis, we first knocked down MLH1 

expression by siRNA in HeLa cells. As expected, the 
knockdown led to significant MLH1 reduction at both 
protein (Figure 2D) and mRNA levels (Figure 2E, left 
panel). We then quantified the pre- and pri-miR422a 
levels by qRT-PCR in the MLH1-knockdown cells. The 
results show that the level of pre-miR-422a (Figure 
2E, middle), but not that of pri-miR-422a (Figure 2E, 
right), decreased significantly in the knockdown cells (P 
< 0.01). We further analyzed the levels of pri- and pre-
miR-422a in MLH1-deficient 293T cells transfected with 
a plasmid (pcDNA3.1) carrying either a wild-type (WT) 
MLH1 gene or an MLH1 gene whose translational start 
codon (ATG) was changed to a stop codon (Figure 3A). 
As expected, the ectopic MLH1 expression was only 
observed in 293T cells transfected with WT MLH1 but 
not the mutant MLH1 (Figure 3B). Conversely, level of 
increased pre-miR-422a (Figure 3C, ANOVA, P < 0.001), 
but not pri-miR-422a (Figure 3D), was detected in cells 

Figure 1 miR-422a regulates MLH1 expression via interaction with MLH1 3′-UTR. (A-C) Effect of miR-422a on endogenous 
MLH1 expression. Pre-miR-422a or anti-miR-422a was transfected into HeLa cells as indicated, and the endogenous MLH1 
protein (A, B) and mRNA (C) were measured by western blotting or qRT-PCR, respectively. (D, E) Effect of miR-16-1 and 
miR-30a on exogenous MLH1 expression. The experiments were performed similarly as described in (A), but with pre-/
anti-miR-16-1 and pre-/anti-miR-30a, as indicated. (F) Expression construct containing MLH1 and three tandem copies of 
the putative miR-422aRE (3×miR422aRE) in the 3′-UTR (G, H) Effect of miR-422a on exogenous MLH1 expression. pMIR-
MLH1-3×miR-422aRE was co-transfected with pre-miR-422a or anti-miR-422a into MLH1-deficient 293T cells, and MLH1 
protein was determined by western blotting and normalized against the amount of MLH1 protein in cells without miR-422a 
transfection. Data represent three independent experiments (mean ± SD). Statistical significance was determined by one-way 
ANOVA. *Degraded MLH1.
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transfected with WT MLH1. Similar results were also ob-
tained in MLH1-deficient HCT116 cells transfected with 
these plasmids (data not shown). These observations 
indicate that higher ectopic MLH1 expression correlates 
with higher endogenous pre-miR-422a level, supporting 
the notion that MLH1 expression promotes the produc-
tion of pre-miR-422a.

MutLα interacts with pri-miRNA and Microprocessor
The conversion of pri-miRNA to pre-miRNA is cata-

lyzed by the Drosha/DGCR8 complex [1-3], also known 
as Microprocessor. Because MutLα (MLH1-PMS2 het-
erodimer) is the most important and abundant protein 
among MLH1-formed MutL heterodimers [23], MutLα 
was analyzed for its potential role to stimulate pri-miR-
422a processing by Microprocessor. We first tested if 
purified MutLα enhances the interaction between puri-
fied Microprocessor (Figure 4A) and pri-miR-422a, us-
ing electrophoretic mobility shift assays (EMSAs). In the 
absence of MutLα, efficient shift of 32P-labeled pri-miR-

Figure 2 Correlation between levels of MLH1 protein and pre-miR-422a. (A) Schematic diagram of primers used to quantify 
pre-miR-422a and pri-miR-422a. Primers for pri-miR422a amplify a 198-bp fragment, but primers for pre-miR422a-amplify an 
83-bp fragment. (B) Endogenous expression of MLH1 mRNA, pre- and pri-miR422a in 293T and 293 cells. (C) Expression 
of MLH1 mRNA, and pre- and pri-miR422a in an AML patient before and after relapse. (D) MLH1 knockdown in HeLa cells 
by anti-MLH1-siRNA. (E) Effect of MLH1 knockdown on expression of pre- and pri-miR-422a in HeLa cells. The levels of pre- 
and pri-miR-422a were determined by qRT-PCR using RNAs isolated from cytoplasm and nuclei as templates, respectively. 
PCR products from β-actin mRNA were used as internal controls. Data represent three independent experiments (mean ± 
SD). Statistical significance was determined by either Student’s t-test (C) or one-way ANOVA (E). MLH1 protein was deter-
mined by western blotting.
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422a required a DGCR8 concentration of 1.5 µM (Figure 
4B, lane 3). However, addition of 0.15 µM MutLα to the 
reaction reduced the required DGCR8 concentration for 
pri-miRNA binding to 0.5 µM (Figure 4B, lane 7), sug-
gesting that MutLα enhances DGCR8 interaction with 
pri-miR-422a. Interestingly, a band that is different from 
the DGCR8-pri-miR-422a complexes appeared in the 
reaction containing MutLα, but no DGCR8 (Figure 4B, 
lane 5), indicating binding of the pri-miRNA by MutLα. 
Additionally, when DGCR8 concentration increased, 
more slowly migrated complexes were evident (see ar-
rows in Figure 4B, lanes 7-9), suggesting that MutLα 
induces supershifts, which could be due to MutLα inter-
actions with the pri-miRNA and/or DGCR8-pri-miRNA 
complex. Similar results were also observed when 
MutLα was added to the Drosha-pri-miR-422a complex 
(Figure 4C). Taken together, these observations suggest 
that MutLα interacts with both pri-miR-422a and the Mi-
croprocessor proteins.

EMSAs were performed to determine direct binding of 
MutLα to pri-miR-422a. As shown in Figure 4D, MutLα 
indeed specifically shifted 32P-labeled pri-miR-422a even 

in the presence of excess, unlabeled competitor tRNA. 
Pri-miR-422a-binding reactions were also carried out 
with several MMR-deficient MutLα mutants, MutLαEA 
(MLH1E34A-PMS2E41A) [33, 34], MutLαF99L (MLH1F99L-
PMS2) [29] and MutLαE705K (MLH1-PMS2E705K) [35]. 
While MutLαEA (Figure 4D, lanes 6-7) and MutLαF99L 
(Figure 4D, lanes 8-9) bound pri-miR-422a as efficiently 
as the WT MutLα, MutLαE705K failed to interact with 
pri-miR-422a (Figure 4D, lanes 10-11). These results 
demonstrate that MutLα has significant in-vitro affinity 
for pri-miR-422a, which may play an important role in 
regulating miRNA processing.

Co-immunoprecipitation experiments were per-
formed to determine MutLα interactions with Drosha 
and DGCR8 in HeLa extracts. The result revealed that 
an MLH1 antibody could pull down not only MLH1, but 
also Drosha and DGCR8 (Figure 4E, lane 4). This pull-
down was not due to the binding of the individual pro-
teins to endogenous pri-miRNAs, as RNase A-treated co-
immunoprecipitation gave the same outcome (compare 
lanes 4 and 5). Similarly, the MLH1 antibody could pull 
down Drosha and DGCR8, as well as PMS2, when all 

Figure 3 Expression of ectopic MLH1 protein increases the level of pre-miR-422a in 293T cells. (A) Plasmid pcDNA3.1 con-
structs carrying WT MLH1 cDNA and a mutant MLH1 gene whose ATG start codon was changed to a TAA stop codon by 
site-directed mutagenesis. (B) MLH1 expression in MLH1-deficient 293T cells transfected with pcDNA3.1 alone, pcDNA3.1 
carrying WT or mutant MLH1, as indicated. Ectopic MLH1 protein was detected by western blotting, with β-actin serving as an 
internal loading control. (C, D) qPCR quantification of pre-miR-422a (C) and pri-miR-422a (D) in 293T cells transfected with 
the indicated plasmids. Data shown are from three independent experiments (mean ± SD). Statistical significance was deter-
mined by one-way ANOVA. *Degraded MLH1.
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purified proteins were used in the co-immunoprecipita-
tion experiment (Figure 4F). These results suggest that 
MutLα may form a complex with Microprocessor.

MutLα stimulates pri-miRNA processing in vitro and in 
vivo

Based on the fact that MutLα interacts with both the 
substrate and enzymes of miRNA processing, we hypoth-
esize that the ability for MLH1 to facilitate miR-422a 
production in cells is likely due to direct participation of 
MutLα in miRNA biogenesis. This hypothesis was first 
tested using an in-vitro assay. For this purpose, we estab-
lished conditions that support miRNA processing in vitro, 
and demonstrated that Drosha and DGCR8 efficiently 
convert 32P-labeled pri-miRNAs to pre-miRNAs (Figure 
5). To our knowledge, a successful in-vitro reconstitu-
tion of miRNA processing using purified proteins has not 
been reported. In this reconstituted miRNA-processing 
assay, we incubated 32P-labeled pri-miRNA with recom-
binant Drosha and DGCR8 proteins in the presence or 
absence of MutLα. As shown in Figure 5A, addition of 
purified MutLα into the reconstituted reactions stimu-
lated conversion of pri-miR-422a to pre-miR-422a by 
Drosha and DGCR8 (compare lanes 1-6 with lanes 8-12). 

Quantification of these data reveals an increase of ap-
proximately 20%-25% in pre-miR-422a in reactions con-
taining MutLα (Figure 5B). Similar results were obtained 
in the processing reactions with pri-miR-30a (Figure 5C) 
and pri-miR-16-1 (Figure 5D) in the presence of MutLα.

To determine the MutLα effect on miRNA process-
ing in vivo, we transfected a plasmid carrying either a 
pri-miRNA gene (pri-miR-422a or pri-miR-16-1) or a 
scrambled sequence into MLH1-deficient HCT116 cells 
with or without MLH1 expression, and the conversion to 
pre-miRNA and mature miRNA from the exogenous pri-
miRNA was detected by northern blotting analysis using 
a DNA oligomer complementary to the mature miRNA 
as a probe. It was found that enhanced production of pre-
miRNA and mature miRNA was observed in HCT116 
cells transfected with MLH1 for both miR-422a (Figure 
5E) and miR-16-1 (Figure 5F). Taken together, our re-
sults shown here suggest that MutLα stimulates Drosha/
DGCR8-mediated processing of pri-miRNA to pre-
miRNA in vitro and in vivo.

MutLα ATPase and pri-miRNA binding activities are re-
quired for stimulation of miRNA processing

MutLα has an intrinsic ATPase activity that is required 

Figure 4 MutLα interacts with Microprocessor and pri-miR-422a. (A) Purified recombinant proteins used in this study. (B, C) 
Effect of MutLα on pri-miR-422a interactions with DGCR8 (B) and Drosha (C). (D) Binding of pri-miR-422a by wild-type (WT) 
and mutant MutLα proteins. (E, F) Co-immunoprecipitation (Co-IP) of MLH1 and Microprocessor in HeLa whole-cell extracts 
(E) and purified proteins (F). Co-IP reactions were performed using an MLH1 antibody and individual proteins were detected 
using their corresponding antibodies, as indicated. NMS, non-immune mouse serum; HC, IgG heavy chain.
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for its function in MMR [33, 34]. We therefore examined 
whether ATP hydrolysis by MutLα is essential for its 
ability to promote pri-miRNA processing. As shown in 
Figure 6A, MutLα stimulates pri-miRNA processing in 
the presence of ATP (compare lanes 4 and 5 with lane 2). 
However, the stimulation was not observed when ATP 
was replaced with a non-hydrolyzable ATP analog, AMP-
PNP, in the reaction (Figure 6A, lanes 6 and 7). Instead, 
an uncharacterized slow-migrating RNA species accu-
mulated in the presence of AMP-PNP (Figure 6A, as-
terisk). These observations indicate that ATP hydrolysis 
by MutLα is essential for its ability to stimulate miRNA 
processing.

This idea was further examined using MMR-deficient 
MutLα proteins MutLαEA, MutLαF99L and MutLαE705K 

[29, 34, 35]. Our results show that MutLαEA and 
MutLαF99L are proficient, but MutLαE705K is deficient 
in pri-miRNA binding (Figure 4D). In addition, MutLαEA 
hydrolyzes ATP, but generates different products than 
the WT MutLα (Figure 6B, compare lanes 1 and 2 with 
lanes 3 and 4), while MutLαF99L (Figure 6B, lanes 5, 
6) and MutLαE705K (Figure 6B, lanes 7, 8) exhibit 
nearly normal ATPase activity. Figure 6C shows recon-
stituted miRNA processing reactions in the presence or 
absence of these MutLα mutants. MutLαF99L stimulates 
the reaction as efficiently as WT MutLα (Figure 6C, 
compare lanes 2-3 with 9-10). However, MutLαEA and 
MutLαE705K have lost the ability to stimulate this reac-
tion; instead, two novel species accumulate, one migrat-
ing immediately below the substrate and the other below 

Figure 5 MutLα promotes pri-miR-422a processing. (A, B) In-vitro reconstitution of miRNA processing. Reconstitution of 
miRNA processing was performed in reactions containing pri-miR-422a, Drosha and DGCR8 in the presence or absence of 
MutLα, as indicated. Three independent experiments were performed. Data were quantified, presented as mean ± SD, and 
plotted in (B). (C, D) Stimulation of Drosha/DGCR8-mediated processing of pre-miR-30a and pre-miR-16-1 by MutLα, re-
spectively. (E, F) MutLα stimulates the processing of miR-422a and miR-16-1 in vivo, respectively. HCT116 cells with or with-
out MLH1 expression were transfected with plasmids carrying the indicated pri-miRNAs, and RNAs were isolated 48 h after 
transfection and analyzed for conversion of the exogenous pri-miRNAs to their corresponding pre- and mature miRNAs using 
northern blotting analysis as described [49]. U6 snRNA was used as a loading control. M, a 23-oligonucleotide size marker; 
Lα, MutLα; Vctr, vector alone.
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the normal reaction product (Figure 6C, asterisks). These 
species, similar to those generated in reactions containing 
AMP-PNP (Figure 6A, lanes 6 and 7), may be nonspe-
cific reaction products produced by aborted processing 
reactions [36]. These observations suggest that MutLα 
must retain both pri-miRNA binding and normal ATPase 
activities in order to stimulate miRNA processing by Mi-
croprocessor.

MutLα compensates for the loss of basal segments of pri-
miRNA

Previous studies indicate that the single-stranded RNA 
segments at the 3′- and 5′-termini of pri-miRNA, also 
known as basal segments, are essential for pri-miRNA 
processing by Drosha and DGCR8 [36, 37]. Our studies 
confirm that the Drosha-DGCR8 Microprocessor con-
verted pri-miR-16-1 to pre-miR-16-1 with high efficien-
cy (Figure 6D, lanes 1-2), but the same substrate lack-
ing basal segments (i.e., pri-miR-16-1∆BS) was poorly 
processed by the Microprocessor complex, as judged 
by the fact that a very small amount pre-miR-16-1 and 
several other fast-migrating RNA species (likely nonspe-
cific reaction products) were produced (Figure 6D, lane 
6). However, MutLα caused a dose-dependent increase 
in the specific product and decrease in the non-specific 

reaction products (Figure 6D, lanes 7-9). These findings 
suggest that pri-miRNA basal segments are essential for 
miRNA processing by Drosha/DGCR8 in the absence of 
MutLα, but are not required when MutLα is present. In 
other words, MutLα restores normal reaction efficiency 
and specificity when the pri-miRNA substrate lacks basal 
segments. EMSA assays confirmed that MutLα binds ef-
ficiently to pri-miR-16-1∆BS (data not shown). We also 
examined the effect of MutLα on the processing of pri-
miRNAs with a nicked terminal loop, as whether or not 
the terminal loop is required for efficient processing of 
pri-miRNAs is rather controversial [36-39]. However, 
our results reveal that in the purified system, Micro-
processor by itself can efficiently process pri-miR-16-1 
containing a nicked terminal loop, although MutLα can 
stimulate the reaction (data not shown). Collectively, we 
demonstrate that MutLα promotes a Microprocessor-me-
diated processing of miR-422a, as well as several other 
miRNAs tested, including those lacking basal segments.

Discussion

In this study, we made the following interesting ob-
servations: (1) discovery of a novel MutLα function in 
stimulating miRNA processing; (2) identification of a 

Figure 6 Processing enhancement by MutLα requires integrity of the MutLα ATPase and pri-miRNA binding activity. (A) Ef-
fect of ATP on miRNA processing stimulation by MutLα. In-vitro processing of pri-miR-422a was carried out in the presence 
of 2 mM ATP or AMP-PNP, as indicated. pri-miR-422a and the resulting pre-miR-422a and 3′-, 5′-products are indicated with 
arrows. (B) ATPase assay of wild-type (WT) and mutant MutLα proteins. The indicated proteins were incubated with 330 mM 
(γ-32P)-ATP in reactions containing 50 mM Hepes⋅KOH, pH7.6 and 10 mM MgCl2, and the hydrolysis products were analyzed 
in a 20% polyacrylamide gel. (C) In-vitro processing of pri-miR-422a using WT MutLα, MutLαEA (EA), MutLαF99L (F99L) or 
MutLαE705K (E705K). (D) In-vitro processing of WT pri-miR-16-1 and flanking basal segment deleted pri-miR-16-1∆BS (∆BS). 
*Non-specific reaction products.
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regulatory feedback between miR-422a and MLH1; (3) 
reconstitution of the miRNA processing reaction in a de-
fined system.

We initially observed a positive correlation between 
miR-422a processing and MLH1 expression (Figures 
2 and 3), and later showed that the correlation is due to 
direct stimulation of the miRNA processing by MutLα 
(Figure 5). Since MutLα interacts with pri-miRNAs and 
the Microprocessor complex (Figure 4), and also pro-
motes the processing of several other miRNAs tested 
(Figure 5), we believe that the newly identified MutLα 
activity in miRNA biogenesis likely applies to many 
other miRNAs, if not all. This idea is consistent with the 
fact that MLH1 dictates many miRNA expression pat-
terns in colorectal tumors [27, 28].

The mechanism by which MutLα stimulates miRNA 
processing is not clear. Nonetheless, the data shown in 
this study indicate that the stimulation reaction requires 
MutLα ATPase activity and two novel activities identi-
fied in this study (Figure 6), i.e., pri-miRNA binding and 
interactions with Drosha and DGCR8. Because ATP hy-
drolysis by MutL leads to conformational changes of the 

protein, which modulate interactions between MutL and 
other MMR components [40, 41], it is possible that ATP 
hydrolysis by MutLα during the pri-miRNA processing 
reaction promotes a required conformational change of 
MutLα and/or its binding partners in the context of this 
reaction. This possibility is consistent with the observa-
tion that MutLαEA, which is defective in normal ATPase 
activity (Figure 6B), does not stimulate, but inhibits, 
miRNA processing (Figure 6C). Similarly, the MutLα 
mutant that lacks pri-miRNA-binding activity also fails 
to stimulate miRNA processing (see MutLαE705K in 
Figure 6C). The most important aspect of the MutLα-
mediated stimulation of miRNA processing may be the 
interaction between MutLα and Microprocessor, which 
may allow MutLα to independently enhance the affinity 
of Drosha and/or DGCR8 for its pri-miRNA substrate 
(Figure 4B and 4C). However, the mechanism underly-
ing these interactions remains to be investigated.

It is worth mentioning that MutLα has recently been 
shown to possess a latent endonuclease activity, but the 
E705K substitution in the PMS2 subunit of MutLα abol-
ishes the endonuclease activity [35]. Therefore, it is pos-
sible that the observed stimulation of miRNA processing 
by MutLα may be attributed to the protein endonuclease 
activity. However, based on the fact that miRNA pro-
cessing requires site-specific cleavages and that MutLα 
is a non-specific nuclease, whose activation requires 
replication factor C and proliferating cellular nuclear 
antigen [35], which were not present in our reactions, we 
believe that the MutLα endonuclease activity is unlikely 
involved in stimulating miRNA processing.

A second way by which MutLα enhances pre-miRNA 
production is to ensure the conversion of pri-miRNAs 
that lack basal segments to pre-miRNAs. Previous stud-
ies have shown that miRNA basal segments are required 
for Drosha/DGCR8-mediated processing of pri-miRNA 
to pre-miRNA [36]. We demonstrate here that the pres-
ence of MutLα in the miRNA processing reaction is 
sufficient to compensate for the loss of miRNA basal 
segments. However, further studies are required to un-
derstand the molecular basis of this reaction.

While MutLα (MLH1-PMS2) facilitates miRNA 
processing, we also show that expression of MLH1 is 
regulated by at least miR-422a. MutLα is known to be 
involved in all known genome-maintenance functions of 
the MMR system, including correction of DNA biosyn-
thetic errors, suppression of homeologous recombination 
and DNA damage signaling [20-23, 42]. In addition, 
MLH1 plays a role in DNA interstand crosslink repair [43] 
and spermatogenesis [44, 45]. Interestingly, overexpres-
sion of MLH1 does not enhance genome stability, but 
promotes hypermutability [25, 26]. Because MLH1 is a 

Figure 7 Model for reciprocal feedback regulation between 
MLH1 and miR-422a. MLH1 dimerizes with PMS2 to form MutLα 
in the cytoplasm, and the MutLα heterodimer then translocates 
into the nucleus to participate in genome maintenance via the 
MMR system. When MutLα reaches to a level that is toxic to 
cells, it begins to stimulate the conversion of pri-miR-422a into 
pre-miR-422a, leading to increasing production of pre-miR-422a 
and subsequently mature miR-422a. The resulting high level of 
mature miR-422a interacts with MLH1 mRNA by pairing with a 
putative miR-422a interaction sequence in the MLH1 3′-UTR, 
which inhibits MLH1 translation.
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critical component of multiple protein complexes and has 
multiple important cellular functions, the cellular level 
of MLH1 is likely to be subject to tight regulation. The 
reciprocal feedback regulation between MLH1 and miR-
422a may represent one of the mechanisms by which 
cells regulate MLH1 expression. A model describing this 
feedback regulation is depicted in Figure 7.

In this model, MLH1 and miR-422a reciprocally 
regulate each other’s cellular level. This relationship has 
several implications: First, a high level of MLH1 stimu-
lates miR-422a processing. MLH1 dimerizes with PMS2 
in the cytoplasm to form MutLα, and the MutLα het-
erodimer then translocates into the nucleus [46], where 
it participates in genome maintenance via the MMR sys-
tem. However, as the concentration of MutLα increases, 
it stimulates conversion of pri-miR-422a into pre-miR-
422a, leading to increased level of pre-miR-422a. Pre-
miR-422a is transported into the cytoplasm and further 
processed into mature miR-422a. Second, as the concen-
tration of mature miR-422a increases, it inhibits MLH1 
expression. This inhibition is through pairing of the 
mature miRNA with the putative miR-422a-binding se-
quence in the MLH1 3′-UTR, suppressing MLH1 transla-
tion (this study). We believe that this mechanism is criti-
cal for precise regulation of the cellular level of MLH1. 
An important feature of this model is that high or low 
thresholds of MLH1 concentration trigger a cellular re-
sponse. When MLH1 protein falls below a critical level, 
all MLH1 molecules are recruited into genome-mainte-
nance activities, and MLH1 is not available to stimulate 
Drosha/DGCR8-mediated miRNA processing reactions. 
Thus, the rate of pri-miR-422a processing decreases, 
leading to a reduced level of mature miR-422a. In con-
trast, when the MLH1 concentration increases above the 
level required for genome-maintenance, it becomes toxic 
and cell viability declines [24-26]. In this situation, ex-
cess MutLα stimulates processing of pri-miR-422a, and 
the resulting mature miR-422a suppresses MLH1 transla-
tion, thus preventing toxic effects of MLH1 overexpres-
sion. However, whether or not other miRNAs participate 
in a similar feedback regulation with MLH1 awaits fur-
ther investigations.

Materials and Methods

DNA constructs
A synthetic DNA oligonucleotide was prepared using the DNA 

sequence of the putative miR-422aRE located between +18 and 
+50 of the MLH1 3′-UTR. Three tandem copies of this olignocle-
otide (3×miR422aRE) were subcloned into the HindIII and SpeI 
sites of pMIR-REPORT Luciferase (Ambion, Inc), to produce 
pMIR-Luc-3×miR422aRE. pMIR-MLH1-3×miR422aRE was 
constructed from pMIR-Luc-3×miR422aRE by replacing the Lu-

ciferase gene with the MLH1 cDNA.
The MLH1 cDNA, with or without the MLH1 3′-UTR or 

3×miR422aRE, was subcloned into pcDNA3.1/His ABC (Invitro-
gen Corp.). The stop codon TAA was substituted for the ATG start 
codon, as indicated in Figure 3B, using QuikChange Site-Directed 
Mutagenesis Kit (Stratagene). Cloning strategies for all reporter 
and MLH1 expression constructs used in this study are shown in 
Figures 1D, 3A and 3B. Primers used to detect pri- and pre-miR-
422a are shown in Figure 2A, and their specific sequences are pro-
vided in Supplementary information, Tables S1-S4. The sequences 
of all plasmids were confirmed by DNA sequencing.

Cell culture and transfection
HeLa, HEK293, 293T and HCT116 cells were cultured in me-

dia recommended by ATCC supplemented with 10% fetal bovine 
serum. Transfections were carried out using 25-200 pmol of the 
indicated pre-miR-422a or anti-miR-422a, with or without 2 µg 
plasmid DNA, as indicated, and FuGENE® HD Transfection Re-
agent (Roche Diagnostics GmbH, Germany). The medium was 
switched 48 h after transfection. Total RNA and cellular protein 
was isolated from transfected cells. Alternatively, luciferase activ-
ity was measured in transfected cells.

Total RNA extraction, RT-PCR and qRT-PCR
Unless mentioned otherwise, total RNAs were used to deter-

mine mRNA levels of MLH1 and β-actin (internal control), and 
RNAs isolated from cytoplasm and nuclei were employed to 
determine the levels of pre- and pri-miRNAs, respectively, using 
Qiagen RNeasy Mini Kit (Qiagen). RNAs (1 µg) were treated 
with RQ1 DNase (Promega Corp.) and used for first-strand 
cDNA synthesis in a 100-µl reaction containing TaqMan Reverse 
Transcription Reagents (Applied Biosystems). cDNA from each 
sample was diluted 1:10 in qRT-PCR buffer. qRT-PCR reactions 
were performed using a 7300 Real-Time PCR System (Applied 
Biosystems), with SYBR® Green PCR Master Mix (2×) Kit (Ap-
plied Biosystems). All reactions were carried out in quadruplicate 
with reference dye normalization, and the median Ct value was 
used for statistical analysis. qRT-PCR was carried out in triplicate. 
All values were normalized to β-actin. Primer sequences used for 
quantitative PCR studies are listed in Supplementary information, 
Tables S1-S4.

RNA interference
Human MLH1 siRNA duplex was from Santa Cruz Biotechnol-

ogy, Inc. HeLa cells were transfected with 100 pmol MLH1 siRNA 
duplex in six-well plates with FuGENE® HD Transfection Reagent 
(Roche Diagnostics GmbH, Germany). After 48 h, cells were har-
vested and processed for RNA quantification by RT- and/or qRT-
PCR or protein quantification by western blotting.

Protein expression and purification
Drosha cDNA was subcloned into pFastBac-1 (Invitrogen) 

with an MBP-tag at N-terminus, and a tandem Flag- and 6× His-
tag at C-terminus. The resulting expression construct, pFB-MBP-
Drosha-FH, was used to overexpress MBP-Drosha in High Five™ 
insect cells. Drosha was purified from the insect cells through 
affinity column chromatography, initially with a nickel HisTrap™ 
HP column (GE Healthcare) and later with an Amylose Resin col-
umn (New England Biolabs, Inc.), followed by dialysis against the 
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PBE100 Buffer (25 mM HEPES-NaOH, pH 7.8, 100 mM NaCl, 
1 mM DTT, 0.1 mM EDTA and 10% glycerol) for 4 h at 4 °C. 
Aliquots of MBP-Drosha were added 1 mg/ml BSA, and frozen in 
liquid nitrogen and stored at −80 °C for use.

Similarly, DGCR8 cDNA was cloned into the EcoRI and 
HindIII sites of pFastBac-HTc (Invitrogen), and the recombinant 
protein containing an N-terminal tandem 6× His- and a Flag-tag 
C-terminus was expressed in High Five™ insect cells and purified 
using a HisTrap™ HP nickel column (GE Healthcare). The peak 
fractions containing DGCR8 were dialyzed against the PBE100 
buffer for 4 h at 4 °C, and further purified using an ANTI-FLAG 
M2 affinity gel (Sigma-Aldrich). Briefly, the dialyzed DGCR8 was 
incubated with the affinity gel at 4 °C overnight, washed with five-
resin volumes of the PBE100 buffer, and eluted with 3× FLAG 
peptide (0.3 mg/ml in PBE100). Aliquots of purified DGCR8 were 
adjusted to 1 mg/ml BSA, frozen in liquid nitrogen and stored at 
−80 °C for future use.

Constructs of expression of MutLα and MutLαEA were gifts 
from Michael Liskay (Oregon Health Sciences University), and 
constructs for MutLαF99L and MutLαE705K were generated us-
ing the QuikChange® Site-Directed Mutagenesis Kit (Stratagene). 
All MutL heterodimers were expressed in pFastBac Dual vector 
and purified as described [34, 47]. The purity of all recombinant 
proteins was assessed by SDS-PAGE and protein concentrations 
were determined by Bradford assay.

Preparation of miRNA processing substrates
pri-miR-422a, pri-miR-145, pri-miR-30a, pri-miR-16-1, pri-

miR16-sTL1 and pri-miR-16-1∆BS were designed, generated and 
purified as described previously [36]. PCR products contained 
the T7-promoter sequence and two tandem G’s right before pri-
miRNA sequences, and were amplified from a normal human 
whole-blood genomic DNA sample. The T7-primer sequences are 
available upon request. The T7-G2-pri-miRNA PCR products were 
used directly as templates for in-vitro transcription of pri-miRNA 
substrates with MEGAshortscript™ Kit (Ambion, Inc.). The pri-
miRNA transcripts were radiolabeled internally by incubating with 
[α-32P]-ATP in the transcription reactions according to the manu-
facturer’s instruction.

Electrophoretic mobility shift assay
EMSA was performed in 20-µl reactions containing buffer 

PBE100, Drosha, DGCR8, 1.0 U SUPERase•In™ RNase Inhibi-
tor (Ambion, Inc.), and 200 pmol 32P-labeled pri-miR-422a in the 
presence or absence of MutLα or MutLα mutants, as indicated. 
Unlabeled tRNAs (10× excess) were included as non-specific 
competitor. Reactions were incubated for 20 min on ice, followed 
by 5 min at room temperature. Reaction products were loaded onto 
4% non-denaturing polyacrylamide gels in 0.5× TBE. Gels were 
run at 150 V for 3 h at 4 °C, and then quantified by phosphorimag-
ing using a KODAK Molecular Imager System.

Immunoprecipitation analysis
Co-immunoprecipitation of Drosha, DGCR8 and MutLα was 

conducted by incubating either HeLa whole-cell extracts (500 µg) 
or purified proteins (100 nM Drosha, 200 nM DGCR8 and 100 
nM MutLα) with an MLH1 antibody (BD Pharmingen, 554073) 
under the conditions for in-vitro pri-miRNA processing (see be-
low). MBP or BSA was used as negative controls for the purified 

system. Immunoprecipitates were analyzed by 8% SDS-PAGE 
and simultaneously immunoblotted with rabbit antibodies against 
DGCR8 (ProteinTech Group, Inc), Drosha (Bethyl Laboratories, 
Inc) and MBP (ProteinTech Group, Inc).

Reconstitution of pri-miRNA processing
The conditions for in-vitro pri-miRNA processing were essen-

tially the same as described [6, 48], except that purified proteins 
were used in this study. Unless indicated otherwise, pri-miRNA 
processing assays were performed in 30-µl reactions, containing 
100 nM Drosha, 200 nM DGCR8, 100 nM MutLα (or mutant vari-
ants indicated), 6.4 mM MgCl2, 2 mM ATP, 1.0 U SUPERase•In 
RNase Inhibitor and 200 pmol 32P-labeled pri-miRNA substrate 
in buffer PBE100. BSA was included in reactions lacking MutLα, 
and MBP was included in reactions lacking Drosha. The reaction 
mixture was incubated at 37 °C for 90 min (or as indicated) and 
terminated by phenol extraction. The RNA products were analyzed 
by 12.5% denaturing PAGE in 0.5× TBE. Gels were run at 350 V 
until bromophenol blue reached the bottom of the gel (about 2 h). 
Radiolabeled species were visualized by autoradiography and/or 
PhosphorImager, and quantified using KODAK Molecular Imager 
Systems (KODAK MI) version 5.0 (EASTMAN KODAK).

Statistical analysis
The data shown in this study presented an average of at least 

three independent experiments, each performed in triplicate. 
All statistical assays, Student’s t-test and one-way ANOVA with 
Tukey’s multiple comparison, were performed using GraphPad 
Prism 5.0 (GraphPad Software, Inc.). Data were considered sta-
tistically significant if P-values were less than 0.05 or 0.001, as 
indicated.
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