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In mammalian cells, microRNAs regu-
late the expression of target mRNAs 

generally by reducing their stability 
and/or translation, and thereby control 
diverse cellular processes such as senes-
cence. We recently reported the differen-
tial abundance of microRNAs in young 
(early-passage, proliferating) relative to 
senescent (late-passage, non-proliferat-
ing) WI-38 human diploid fibroblasts. 
Here we report that the levels of the 
vast majority of mRNAs were unaltered 
in senescent compared to young WI-38 
cells, while overall mRNA translation 
was potently reduced in senescent cells. 
Downregulation of Dicer or Drosha, two 
major enzymes in microRNA biogenesis, 
lowered microRNA levels, but, unexpect-
edly, it also reduced global translation. 
While a reduction in Dicer levels mark-
edly enhanced cellular senescence, reduc-
tion of Drosha levels did not, suggesting 
that the Drosha/Dicer effects on trans-
lation may be independent of senescence 
and further suggesting that microR-
NAs may directly or indirectly enhance 
mRNA translation in WI-38 cells. 
We discuss possible scenarios through 
which Dicer/Drosha/microRNAs could 
enhance translation.

Introduction

microRNAs are small (~22 nt long), non-
coding RNA molecules that regulate gene 
expression post-transcriptionally.1-3 The 
primary microRNA transcript is processed 
by the RNase III endoribonuclease Drosha 
to generate a ~70 nt hairpin-loop precur-
sor (pre-) microRNA. The pre-microRNA 
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is then exported to the cytoplasm, where 
another RNase III, Dicer, cleaves the 
loop and the mature single-stranded 
microRNA is assembled into the RNA-
induced silencing complexes (RISC). 
This complex can target specific mRNAs, 
resulting either in translational repression 
or decreased mRNA stability.4-6 However, 
in some cases microRNAs can enhance 
mRNA translation; for example, miR-10a 
was found to bind the 5'UTR of ribosomal 
protein mRNAs and enhanced their trans-
lation,7 and some microRNAs were shown 
to switch from translation repression to 
promotion in a cell cycle-dependent man-
ner.8 Several studies have indicated that 
microRNA levels control cell function 
in a number of cell types (e.g., immune 
cells9 and stem cells10), cellular processes 
(e.g., apoptosis11 and senescence12) and  
influence numerous diseases such as can-
cer11,13,14 and neurodegeneration.15

After numerous rounds of division, 
cells can reach a state known as replica-
tive senescence, in which they cease to 
divide but remain metabolically active.16,17 
Several microRNAs have been reported 
to be differentially expressed in senescent 
cells compared to young, proliferating 
cells. For example, microRNAs miR-146a 
and miR-146b are upregulated in senescent 
cells and modulate their inflammatory 
response by reducing the levels of target 
interleukin (IL)-1 receptor-associated 
kinase 1 (IRAK1), which in turn lowers 
IL-6 and IL-8 secretion.18 In addition, we 
recently reported subsets of microRNAs 
upregulated in senescent cells; among 
them miR-519 regulates translation of the 
mRNA encoding RNA-binding protein 
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Figure 1. For figure legend, see page 753.
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Figure 1 (See opposite page). Low translation levels in senescent cells are not due to global changes in mRNA abundance. (A) Young (Y) and senes-
cent (S) WI-38 cells were labeled with L-[35S]methionine and L-[35S]cysteine for 15 min and whole-cell lysates were resolved by SDS-PAGE (12% poly-
acrylamide), transferred onto filters and visualized using a PhosphorImager. (B) Percentages of unchanged, upregulated and downregulated mRNAs 
in S relative to Y cells, as revealed by microarray analysis. (C) Partial list of genes identified by microarray analysis of Y and S cells; after isolation of total 
RNA, mRNAs were identified by Illumina microarray analysis. The threshold considered was ±2 fold. (D) Validation of expressed mRNAs by RT-qPCR 
amplification using gene-specific primer pairs. Transcript abundance was normalized to GAPDH mRNA.

HuR and suppresses tumorigenesis.19-21 
Other microRNAs including members of 
the let-7 family, miR-15b, miR-24, miR-
25 and miR-141 decreased during replica-
tive senescence.19,22,23

Global protein translation is known 
to be reduced in senescent cells.24 While 
studying this effect, we discovered that the 
mRNA profiles of senescent cells are vastly 
similar to those of early-passage cells. Since 
translation rates can be controlled by post-
transcriptional mechanisms, we examined 
the microRNAs recently reported in ref. 19 
and enzymes that mediate microRNA 
biogenesis in young and senescent WI-38 
cells. Although we detected differential 
expression of microRNAs in senescent 
cells when compared to young cells (both 
up and downregulation), to our surprise 
the key enzymes of microRNA biogenesis 
pathway, Dicer and Drosha, were potently 
downregulated in senescent cells. Small 
interfering (si)RNA-mediated down-
regulation of Dicer or Drosha in young 
WI-38 cells reduced mature microRNA 
levels but, unexpectedly, it also reduced 
global translation, prompting us to envi-
sion possible scenarios by which the 
Drosha→Dicer→microRNA pathway can 
enhance global translation.

Results

Young and senescent fibroblasts have 
similar mRNA expression patterns, but 
translation is markedly lower in senes-
cent fibroblasts. It is well established that 
aging and senescence is associated with 
lower rates of mRNA translation.24-28 We 
confirmed this finding in young (Y) and 
senescent (S) WI-38 human diploid fibro-
blasts (HDF) that had been incubated in 
the presence of 35S-labeled methionine 
and cysteine (Materials and Methods). As 
anticipated, senescent cells showed lower 
levels of translation than did Y WI-38 
cells (Fig. 1A). In parallel, we examined 
the transcriptome of Y and S HDFs by 
microarray analysis. Three Y cell groups 

[population doublings (PDL) 24, 28 and 
34 and three S cells (PDLs 47, 50 and 54) 
were tested. Very few changes in the levels 
of mRNAs were observed when compar-
ing S and Y cells (Fig. 1B). Of all detected 
transcripts (12,304 total), only 1% were 
altered (twofold higher or lower) in S rela-
tive to Y cells: 0.57% (60 mRNAs) were 
downregulated in S cells and 0.43% 
upregulated (47 mRNAs) in S cells, 
while 98.9% did not change (Fig. 1B). 
Figure 1C lists a subset of upregulated and 
downregulated mRNAs (shaded areas), as 
well as some unchanged mRNAs. The 
complete microarray results are available 
from the authors. S cells showed higher lev-
els of ankyrin repeat domain (ANKRD1) 
and endothelin 1 (EDN1) mRNAs, but 
lower levels of alcohol dehydrogenase 1A 
(ADH1A) and growth arrest-specific 1 
(GAS1) mRNAs. Other transcripts, such 
as HuR, p53, PTMA, NCL, VHL and 
SIRT1 mRNAs, did not show significant 
changes (Fig. 1C). Several of these genes 
were further studied by reverse transcrip-
tion (RT) followed by real-time quantita-
tive (q)PCR (Fig. 1D). These data indicate 
that although mRNA translation is lower 
in S cells, the large majority of mRNAs 
showed similar abundance.

Dicer and Drosha are downregulated 
in senescent cells. Our recent analysis 
of microRNA profiles in Y and S WI-38 
fibroblasts19 prompted us to hypothesize 
that the difference in translation between 
Y and S cells could be due to microRNA- 
mediated post-transcriptional repres-
sion. Since Mudhasani and colleagues 
had previously reported that ablation of 
Dicer leads to premature senescence in 
embryonic fibroblasts and in develop-
ing and adult mouse tissues,29 we began 
by examining the expression pattern of 
Dicer and Drosha in Y and S HDFs. As 
shown in Figure 2A Dicer and Drosha 
were downregulated in S HDFs; the levels 
of HuR (included as positive control) were 
lower in S cells, as reported in references 
24 and  30 (Fig. 2A). MicroRNAs like 

let-7b, miR-10a and miR-15b (Fig. 2B) 
were also lower in S cells, as previously  
reported.19

Dicer downregulation lowers global 
translation and induces senescence. 
According to the established model of 
microRNA biosynthesis and function, 
Dicer or Drosha downregulation would 
be expected to decrease microRNA lev-
els, which in turn would be predicted 
to increase translation. However, S cells 
showed lower levels of Dicer and Drosha 
and also decreased translation. This 
prompted us to investigate the effect 
of Dicer or Drosha downregulation on 
global translation in Y HDFs. Dicer pro-
tein levels were significantly reduced in 
Dicer siRNA-transfected cells compared 
to control transfected cells (Fig. 2C). 
Dicer downregulation led to the lower-
ing of several microRNAs (let-7b, miR-
10a and miR-15b) as tested by RT-qPCR 
(Fig. 2D). Importantly, Dicer knockdown 
also led to a global reduction in transla-
tion, as determined by using a nascent 
translation assay (Fig.  2E). A reduction 
in Dicer also triggered a senescent pheno-
type as determined by assessing increased 
β-galactosidase activity (Fig.  2F) and by 
monitoring changes in gene expression, 
which were consistent with an increase 
in senescence (Fig. 2G). For example, 
ADH1A and GAS1 mRNAs were down-
regulated, while ANKRD1 and EDN1 
mRNAs were upregulated in Dicer-
deficient cells (Fig. 2G) following similar 
patterns as those seen in Y/S cells (com-
pare with Fig. 1D). These results indicate 
that the increased senescence triggered by 
Dicer downregulation was accompanied 
by a lowering of mRNA translation, sug-
gesting that microRNAs enhance transla-
tion in this paradigm.

Drosha downregulation lowers 
global translation but does not induce 
senescence. To further investigate if the 
effects of Dicer on translation are car-
ried out by microRNAs, we examined 
the role of Drosha, another major enzyme 
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or translation. Our results showed that 
Dicer or Drosha downregulation in 
WI-38 cells significantly reduced whole-
cell translation, as monitored by 35S label-
ing of nascent protein. These data suggest 
that Dicer/Drosha-dependent microR-
NAs promote global translation.

MicroRNAs and senescence. Our 
lab reported subsets of microRNAs that 
were differentially expressed in young and 
senescent fibroblasts19,31 and several other 
studies have described changes in indi-
vidual microRNAs during cellular senes-
cence.32,33 For example, four microRNAs 
(miR-15b, miR-24, miR-25 and miR-141) 
shown to jointly regulate MKK4 expres-
sion are downregulated in senescent 
cells.22 By contrast, many other microR-
NAs are upregulated with senescence. On 
the other hand, while Dicer and Drosha 
are downregulated in senescent cells 
(Fig.  2A), many microRNAs are instead 
upregulated.19 miR-146a and miR-146b, 
which downregulate the senescence-asso-
ciated inflammatory mediators IL-6 and 
IL-8, are elevated in senescent HCA2 
fibroblasts;18 miR-519, which represses 
translation of RNA-binding protein HuR, 
is upregulated in senescent cells;19,21 and 
miR-34a, a microRNA upregulated in 
senescent umbilical cord vein endothe-
lial cells, reduces SIRT1 expression.34,35 
The increased or maintained expression 
of these microRNAs might be due to the 
presence of other enzymes that process 
these microRNAs even in the absence of 
or reduced abundance of Dicer or Drosha. 
Or perhaps the residual Drosha and/ or 
Dicer can selectively process certain 
microRNAs, maintaining or even enhanc-
ing their expression. Although relatively 
few microRNAs appear to increase in lev-
els during senescence, it is widely believed 
that a single microRNA is capable of tar-
geting multiple mRNAs that could be 
involved in different pathways driving the 
cell fate into senescence.

in microRNA biogenesis. As mentioned 
above, Drosha is downregulated in S cells 
(Fig. 2A). Drosha downregulation in 
Y cells using Drosha-directed siRNA 
(Fig.  3A) resulted in lower levels of sev-
eral microRNAs (let-7b, miR-10a and 
miR-15b) as shown in Figure 3B. Cells 
with reduced Drosha also showed a sup-
pression of global translation, as measured 
by 35S labeling (Fig. 3C). However, unlike 
the effect of Dicer downregulation, silenc-
ing Drosha did not induce senescence as 
determined by β-galactosidase staining 
(Fig. 3D). Likewise, RT-qPCR analysis 
revealed that Drosha deficiency did not 
recapitulate the changes in senescence-
specific mRNAs seen in S cells or Dicer-
silenced cells (Fig. 3E). Taken together, 
these findings indicate that Dicer may 
influence senescence via mechanisms other 
than by inhibiting microRNA biosynthe-
sis and further suggest that microRNAs 
promote global protein translation.

Discussion

Over the past few years, microRNAs 
have emerged as pivotal regulators of gene 
expression in mammalian cells. Many 
reports have indicated that microRNAs 
are capable of suppressing the translation 
of target mRNAs. Other reports have 
shown that microRNAs can induce the 
decay of target mRNAs. Additionally, 
there are examples of microRNAs reduc-
ing both the stability and the translation 
of target mRNAs.5 Furthermore, other 
studies have shown that microRNAs can 
work in the opposite direction, enhancing 
translation.7,8 The net effect of an indi-
vidual microRNA upon a specific target 
mRNA may in fact depend on the cell 
type, the specific metabolic state of the cell 
and the intrinsic stability of the mRNA. 
However, few studies to-date have exam-
ined the overall effect of microRNAs on 
cellular processes such as mRNA stability 

Figure 2 (See opposite page). Dicer downregulation suppresses translation and induces senescence. (A) Levels of Dicer, Drosha, HuR and loading 
control β-actin in Y and S WI-38 cells, as assessed by western blot analysis. (B) The levels of let-7b, miR-10a and miR-15b were quantified in Y and S cells 
by RT-qPCR analysis and normalized to the levels of U1. (C) Two days after siRNA transfection, western blot analysis was performed to monitor the lev-
els of Dicer and β-actin. (D) Forty-eight hours after siRNA transfections, the levels of let-7b, miR-10a and miR-15b were quantified by RT-qPCR analysis, 
normalized to the levels of U1, and plotted relative to the microRNA levels measured in the Ctrl siRNA transfection group. (E) Forty-eight hours after 
siRNA transfections, cells were labeled with L-[35S]methionine and L-[35S]cysteine for 15 min and whole-cell lysates were resolved by SDS-PAGE (12% 
polyacrylamide), transferred onto filters and visualized using a PhosphorImager. (F) Three days after transfection with the siRNAs indicated, the activ-
ity of senescence-associated-β-galactosidase was assessed in cultured cells. (G) Forty-eight hours after siRNA transfection, the levels of the indicated 
mRNAs were measured by RT-qPCR and normalized to the levels of GAPDH mRNA.

MicroRNAs and translation. As men-
tioned above, microRNAs can suppress 
the translation of individual mRNAs. 
The absence of Dicer or Drosha usually 
results in microRNA downregulation, 
thus one would expect more translation 
of target mRNAs when one of these com-
ponents of microRNA biogenesis is down-
regulated. In contrast, silencing either 
Dicer or Dosha instead caused reduced 
global translation in WI-38 cells. How 
might microRNAs enhance translation? 
A number of scenarios can be envisioned 
to explain this paradoxical phenomenon, 
although experimental support is not 
available in all instances. One possibility is 
that Drosha or Dicer silencing lowers the 
production of microRNAs that negatively 
regulate the expression of general trans-
lation suppressor proteins (e.g., microR-
NAs directed to 4E-BP and TIAR Fig. 
4i), as this would have a net overall effect 
of promoting translation. In some cases, 
microRNAs such as miR-10a can stimu-
late the translation of mRNAs encoding 
ribosomal proteins,7 which favors ribo-
some biogenesis and overall protein trans-
lation (Fig. 4ii). Additional mechanisms 
might include the ability of some microR-
NAs of switching from repressing to acti-
vating the translation of target mRNAs 
in a cell cycle-dependent manner;8,36 if a 
subset of the positively regulated mRNAs 
encodes translation enhancers, this would 
result in a net increase in overall protein 
biosynthesis (Fig. 4iii). If one or several of 
these pathways are in operation, one can 
explain how microRNAs are required to 
maintain a high level of translation in the 
cell. Conversely, we can understand how 
downregulating Drosha or Dicer causes 
the striking decreases in global translation 
shown in Figures 2E and 3C.

Possible microRNA-independent role 
of Dicer/Drosha. Although the primary 
known function of Drosha and Dicer is 
in the biogenesis of microRNAs and other 
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or Dicer siRNA (Santa Cruz) using 
Lipofectamine-2000 (Invitrogen) accord-
ing to the manufacturer’s protocol. WI-38 
cells were stained with senescence associ-
ated β-galactosidase (Cell Signaling) fol-
lowing the manufacturer’s protocol.

RNA isolation, microarrays, 
RT-qPCR and microRNA measure-
ments. Total RNA was isolated directly 
from cells using Trizol (Invitrogen). RNA 
was used to probe Illumina microarrays 
(the complete array results are available 
from the authors). RNAs isolated from 

Materials and Methods

Cell culture, transfections and 
β-galactosidase staining. Early-passage, 
proliferating (young, Y) and late-passage 
(senescent, S) WI-38 human diploid 
fibroblasts (HDFs, from Coriell Cell 
Repositories) were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM, 
Invitrogen) supplemented with 10% fetal 
bovine serum and 0.1 mM non-essential 
amino acids (Invitrogen). Cells were trans-
fected either with control siRNA (Qiagen) 

small ncRNAs (e.g., siRNAs and xiR-
NAs),37 they may have other functions 
that are yet to be described, perhaps act-
ing directly upon mRNAs. Future stud-
ies will be needed to reveal how these 
and other processes may affect global 
translation in fibroblasts. Additional work 
will be required to elucidate if reducing 
Drosha/Dicer levels also lowers transla-
tion in transformed cells and whether 
such influence can be exploited in dis-
eases such as cancer, where translation is  
aberrant.

Figure 3 (See opposite page). Drosha downregulation suppresses translation but does not increase senescence. (A) The levels of Drosha and β-actin 
were assessed by western blot analysis two days after transfection with the indicated siRNAs. (B) Forty-eight hours after transfecting the indicated 
siRNAs, the levels of let-7b, miR-10a and miR-15b were quantified by RT-qPCR analysis, normalized to the levels of 18S rRNA and plotted relative to the 
microRNA levels measured in the Ctrl siRNA transfection group. (C) Forty-eight hours after siRNA transfection, cells were incubated with L-[35S]me-
thionine and L-[35S]cysteine for 15 min and whole-cell lysates were resolved by SDS-PAGE (12% polyacrylamide), transferred onto filters and visualized 
using a PhosphorImager. (D) Three days after transfection with the siRNAs indicated, the senescence-associated-β-galactosidase activity was assessed 
in cultured cells.  (E) Forty-eight hours after transfection of siRNAs, the levels of the indicated mRNAs were measured by RT-qPCR and normalized to 
the levels of GAPDH mRNA.

Figure 4. Schematic depicting possible scenarios whereby the Drosha→Dicer→microRNA might promote global translation. Plausible mechanisms 
include the microRNA-mediated (i) repression of translation inhibitors, (ii) increase in ribosome biosynthesis and (iii) increase and/or activation of 
translation enhancers. Additional microRNA-independent effects (iv) could involve the direct activation of translation via Dicer- and/or Drosha- 
controlled mechanisms.
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Western blotting. Whole-cell lysates 
were prepared with RIPA buffer [10 mM 
Tris-HCl (pH 7.4), 150 mM NaCl, 1% 
NP-40, 1 mM EDTA, 0.1% SDS and 1 
mM dithiothreitol]. Proteins were resolved 
by SDS-polyacrylamide gel electrophore-
sis and transferred to polyvinylidene diflu-
oride (PVDF) membranes (Invitrogen). 
After incubation with primary antibod-
ies recognizing Dicer, Drosha or HuR 
(Santa Cruz) and β-actin (Abcam), mem-
branes were incubated with the appropri-
ate secondary antibodies and signals were 
detected by ECL Plus (Amersham).

Analysis of newly translated proteins. 
WI-38 cells were incubated with methio-
nine- and cysteine-free medium for 1 hr 
and then with L-[35S]methionine and 
L-[35S]cysteine (EasyTagTM EXPRESS, 
NEN/Perkin Elmer) for 15 min. Cells 
were lysed in RIPA buffer and equal pro-
tein amounts were resolved by SDS-PAGE, 
transferred onto PVDF filters and visual-
ized with a PhosphorImager (Molecular 
Dynamics).
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