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Werner syndrome (WS) is characterized by the premature 
onset of several age-associated pathologies. The protein deficient 
in WS (WRN) is a RecQ-type DNA helicase involved in DNA 
repair, replication, telomere maintenance and transcription. 
However, precisely how WRN deficiency leads to the numerous 
WS pathologies is still unknown. Here we use short-term siRNA-
based inhibition of WRN to test the direct consequences of its 
loss on gene expression. Importantly, this short-term knock 
down of WRN protein level was sufficient to trigger an expres-
sion profile resembling fibroblasts established from old donor 
patients. In addition, this treatment altered sets of genes involved 
in 14 distinct biological pathways. Besides the already known 
impact of WRN on DNA replication, DNA repair, the p21/
p53 pathway, and cell cycle, gene set enrichment analyses of our 
microarray data also uncover significant impact on the MYC, 
E2F, cellular E2A and ETV5 transcription factor pathways as well 
as adipocyte differentiation, HIF1, NFκB and IL-6 pathways. 
Finally, short-term siRNA-based inhibition of mouse Wrn expres-
sion in the pre-adipocyte cell line 3T3-L1 confirmed the impact 
of WRN on adipogenesis. These results are consistent with the 
pro-inflammatory status and lipid abnormalities observed in WS 
patients. This approach thus identified new effectors of WRN 
activity that might contribute to the WS phenotype.

Introduction

Werner syndrome (WS) is a progeroid disorder that displays 
many of the clinical symptoms of normal aging at an early age.1 
Cells from WS patients have an elevated rate of spontaneous 
mutations and karyotypic abnormalities, in addition to aberrant 

recombination, telomere defects, and hypersensitivity to agents 
that induce DNA damage and/or cellular stress. The WRN gene 
product, which is defective in WS, possesses helicase and exonu-
clease activities that are presumably important for preserving 
genome integrity.2 WRN protein physically and functionally 
interacts with a number of enzymes that play pivotal roles in 
DNA replication and repair.3 These replication and recombina-
tion functions appear to also underlie telomere maintenance by 
RecQ helicases.3,4 Despite the advances in understanding how 
RecQ helicases contribute to DNA replication and repair, it is 
still unknown precisely how the absence of functional WRN leads 
to the numerous pathologies characteristic of Werner syndrome, 
some of which might be independent of genome maintenance 
defects (e.g., dyslipidemia and insulin resistance). Defects in 
transcription have also been observed in WS cell lines implicating 
WRN in some aspects of transcriptional control. For instance, 
nuclear extracts from WS lymphoblasts display a reduction in the 
transcription efficiency of a plasmid template bearing an RNA 
polymerase II-specific promoter compared to normal cells. The 
addition of normal cell extract or the addition of purified WRN 
protein can rescue transcription efficiency in this in vitro assay.5 A 
role for WRN in transcription is also suggested by the observation 
that overexpression of WRN results in enhanced p53-dependent 
transcriptional activity.6 Such observations indicate that WRN 
may affect RNA polymerase II transcription directly or indirectly.

The cDNA microarray is a powerful technique to look at the 
expression profile of thousands of genes in a given system. Such a 
technique has been utilized to compare the expression profile of 
primary human WS fibroblast cell lines with those derived from 
young or old normal donors.7 Transcription alterations in WS were 
strikingly similar to those in normal aging cells supporting the use 
of WS as an aging model and implying that the transcription alter-
ations common to WS and normal aging represent general events 
in the aging process. However, one potential caveat is that fibro-
blasts derived from old donors or from WS patients also exhibit 
aneuploidy and chromosomal rearrangements.8,9 Such alterations 
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Raw microarray data were normalized and a list of genes 
showing 1.5-fold difference in all three experiments with a False 
Discovery Rate (FDR) less than 0.1 in the siWRN transfected cells 
compared to siRNA control cells was generated. The cut off value 
of 1.5 was used to include genes that exhibited a subtle change in 
their expression due to a short-term WRN knock down. We found 
660 genes exhibiting differential expression (118 and 542 genes 
were up and downregulated, respectively). The complete list of 
these genes can be found in Supplementary Table S1. To confirm 
the microarray data and the estimated FDR, western blot analyses 
were performed on a random set of 14 different proteins listed 
from the siWRN transfected GM08402 experiment (Suppl. Table 
S1). Western analyses were performed with antibodies against 
CCNB1 (cyclin B1), CDC2 (a cyclin-dependent protein kinase), 
FANCD2 (Fanconi anemia complementation group D2), FANCI 
(Fanconi anemia complementation group I), FANCJ (Fanconi 
anemia complementation group J), FAS (a receptor involved in 
apoptosis signaling), HUWE1 (a ubiquitin-ligase), MRE11A, 
KIF4A (kinesin family member 4A), LMNA (lamin A/C), 
MAPK8 (mitogen-activated protein kinase 8), POLD1 (DNA 
polymerase δ sub-unit 1), SAFB1 (transcription factor), and 
TOP2A (topoisomerase II alpha). Nucleolin and β-actin, which 
are not present in our list of differentially regulated genes, were 

might affect gene expression in a fashion only indirectly related to 
the principal WS or age-related defects. In addition, WRN mutant 
cells may have undergone an adaptation process in vitro. To avoid 
these problems, we used short-term siRNA-based inhibition of 
WRN to test the consequences of WRN protein loss on gene 
expression in normal human diploid fibroblasts. Our findings 
indicate that WRN affects important pathways in lipidogenesis, 
adipocytes differentiation and inflammatory response in addition 
to those affecting DNA damage responses and cell cycle control. 
The results also indicate that a short-term knock down of WRN 
protein (only 48 hours after transfection of a small interference 
RNA against WRN mRNA) was sufficient to induce an expression 
profile resembling that of fibroblasts derived from old individuals.

Results

Gene expression analyses in WRN depleted normal human 
fibroblasts. Normal human diploid fibroblasts (GM08402) were 
transfected with a siRNA specific for WRN mRNA (referred 
as siWRN hereafter). Scrambled siRNA was used for control 
transfections. Based on the transfection protocol used with the 
Lipofectamine 2000 reagent, we determined that transfected 
cells reach full confluence 72 hours after transfection. The prolif-
eration of GM08402 fibroblasts in culture is contact inhibited at 
confluence and this would interfere with gene expression and the 
interpretation of the data. To avoid this potential caveat, proteins 
and RNAs were extracted 48 hours after transfection of the siRNA 
molecules, at which point the cells had gone through only one 
population doubling. Transfection efficiency determined with an 
Alexa-488 labeled control siRNA (Qiagen Inc., Mississauga, ON) 
was more than 95%.10 To assess the efficiency of the siWRN-
mediated knock down, WRN protein levels in transfected cells 
was examined by western blotting on total cell extracts. As 
indicated in Figure 1A, the most efficient knock down of WRN 
protein was achieved with HSS111385 siRNA (Invitrogen Inc., 
Burlington, ON) and corresponded approximately to a three-
fold decrease compared to control siRNA transfection. Western 
blot analyses of shorter time points after transfection indicated 
WRN depletions less than 50% of control siRNA (Fig. 1A). 
We thus extracted cytoplasmic RNAs for microarray analyses 48 
hours after transfection. Three independent transfection experi-
ments (control siRNA and siWRN) were performed to extract 
cytoplasmic RNA. To determine the percentage of cycling cells 
48 hours after transfection with control siRNA and HSS111385 
siWRN, FACS analyses were performed. As indicated in Figure 
1B, siWRN transfected cells showed an increase in the number of 
cells in G1, from 71% to 77%, and a decrease in the number of 
cells in S-phase, from 28% to 18%, compared to siRNA control 
transfected fibroblasts. As WRN loss in cells is also associated 
with senescence, we measured the number of cells stained with 
the senescence-associated β-Galactosidase (SA-β-GAL)11 in our 
transfected cells. As indicated in Figure 1C, there was approxi-
mately an 8% increase in the number of SA-β-GAL stained 
siWRN transfected cells compared to control transfected fibro-
blasts (48 hours after transfection). These results are consistent 
with the cell cycle data.

Figure 1. Impact of WRN protein expression on GM08402 diploid fibro-
blasts cell cycle 48 hours after transfection with scrambled siRNA and 
WRN specific siRNA. (A) WRN protein levels were revealed with an anti-
WRN antibody by western blot 48 hours and 24 hours after transfection. 
The β-actin protein was used as control. (B) Percentage of cells in each 
phase of the cell cycle 48 hours after transfection with control siRNA and 
siWRN molecules determined by FACS analysis. Experiments were per-
formed in duplicate. Bars represent the SEM. (C) Percentage of transfected 
cells stained for the senescence associated β-galactosidase. Bars represent 
the SEM. (t-test; p-value = 0.003).
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it was indeed a false positive. Overall, the protein fold changes 
observed in our western blots were in good agreement with the 
predicted fold changes from the microarray data highlighted by 
a significant Pearson correlation of 0.68 (p-value = 0.008).

To confirm that this siWRN induced cellular state was 
maintained even in a cell line, we compared the expression 
levels of several proteins from our list in the WS cell AG03141 
to untransfected GM08402 normal fibroblasts. As indicated 
in Figure 2B, several differences predicted from the siWRN 
experiments were observed, although for CCNB1, lamin A/C 
and POLD1 the differences in expression between AG03141 
and GM08402 were small (less than 50% difference), while the 
other proteins exhibited more than 1.9-fold difference in expres-
sion. Thus, the expression of several proteins were also similarly 
altered in WS cells compared to siWRN transfected GM08402 
fibroblasts. However, we did detect exceptions. MRE11A was 
increased in WS cells but significantly decreased in normal cells 
transfected with siWRN molecules. It is possible that a decrease 
in MRE11A in fibroblasts is potentially incompatible even with 
a slow cellular growth of WS cells in vitro, given the essential 
functions of MRE11 in promoting cell viability,12 and WS 
cells with increased MRE11 expression may have been selected 
during growth in culture. POLD1 showed no significant differ-
ence in expression probably due to culture adaptation. Finally, 
FAS expression was too low to detect a clear difference between 
normal and WS fibroblasts. Thus, there were similarities but 
also differences between WS fibroblasts and cells with a short-
term knock down of WRN.

Gene set enrichment analysis (GSEA). Classification of 
individual genes exhibiting at least a 1.5-fold difference in 
their expression (Suppl. Table S1) into specific gene ontolo-
gies indicated changes in four major classes of genes; those 
genes involved in signal transduction (during proliferation/
differentiation), transcription, structural proteins and cell 
cycle control (Fig. 3A). To obtain an unbiased analysis of the 
genes up or downregulated by siWRN and more details on the 
exact biochemical pathways altered upon WRN depletion, we 
analyzed the complete list of genes using the Gene set enrich-
ment analysis (GSEA) tool. GSEA is a way to assess if the 
expression of a predefined list of genes in a specific pathway 
is significantly modulated (either up or downregulated) under 

particular conditions (i.e., WRN knockdown). Such analysis was 
thus applied directly on the normalized data using the C2 curated 
gene set databases.13 Such databases contain gene sets from known 
pathways, expert-created pathways and also gene sets extracted from 
PubMed publications. The analysis generated a list of 57 signifi-
cant gene sets with a False Discovery Rate (FDR) q-value below 
0.05. Supplementary Table S2 shows in detail the gene enrichment 
sets down or upregulated in siWRN compared to control siRNA 
transfected cells. The complete GSEA reports are provided at 
http://www.crhdq.ulaval.ca/siWRN_GSEA. Overall, the 57 gene 
sets were classified into 14 biological pathways and are summarized 
in the histogram of Figure 3B. Findings included downregulation 
of genes known to be repressed in the p21/p53 pathway14 and in 
cell cycle progression pathways in multiple myeloma, in ductal 

used as controls. As indicated in Figure 2A, all the antibodies tested 
confirmed the upregulation or downregulation of these genes at 
the protein level following siWRN treatment. Interestingly, our 
preliminary microarray calculations indicated that nucleolin had a 
2.6-fold decrease in expression with transfected siWRN molecules 
(data not shown). However, the calculated FDR for nucleolin 
based on the same microarray data was higher than 0.1 indicating 
a possible false positive. The western analysis of Figure 2A did not 
show difference at the protein level between control siRNA and 
siWRN transfection for nucleolin, thus supporting our analytical 
approach. In addition, duplication of quantitative RT-PCRs on 
total RNA extracted from control siRNA and siWRN transfected 
cells indicated no significant difference in nucleolin and β-actin 
mRNA levels between samples (data not shown) indicating that 

Figure 2. Protein expression levels in siWRN transfected and untransfected 
normal and WS fibroblasts. (A) Protein expression levels of 17 genes in nor-
mal human GM08402 diploid fibroblasts transfected with small interference 
RNA specific to WRN mRNA. These genes were selected randomly from 
the set of regulated loci. Scanning analyses of the western blots (from two 
independent experiments) are presented on the right of the blots. Data are 
expressed as the mean ratio of the indicated protein signals over the β-actin 
signal. The fold change in siWRN transfected cells is relative to cells trans-
fected with scrambled siRNA (siControl). The fold change in mRNA expression 
based on the microarray analyses is also indicated. (B) Protein expression 
levels of 16 genes in WS AG03141 fibroblasts compared to normal human 
GM08402 diploid fibroblasts. Data are expressed as the mean ratio of the 
indicated protein signals over the β-actin signal. Asterisks indicate a qualita-
tive estimation of the fold difference due to the low signal to high background 
ratio in some of the samples. All results are examples of blots from the same 
samples. Membranes were stripped and re-probed with the indicated specific 
antibodies.
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hours) was sufficient to induce an expression profile resembling 
that of fibroblasts derived form old individuals.

Motif gene set enrichment analysis for transcription factors in 
WRN depleted fibroblasts. We next performed GSEA directly on 
the normalized data using the C3 motif gene set databases. This 
tool allows the identification of gene sets that contain genes sharing 
a cis-regulatory motif that is conserved across the human, mouse, 
rat and dog genomes.52 The complete GSEA reports for motif sets 
are provided at http://www.crhdq.ulaval.ca/siWRN_GSEA. No 
significant common motif was detected for genes upregulated by 
the siWRN molecules. In contrast, 22 transcription factor binding 
sites shared among genes that were downregulated in siWRN 
transfected cells were identified with an FDR q-value below 0.05 
(Table 1). The highest significant scores were obtained with motifs 
recognized by E2F family members. This finding is consistent with 
the result obtained with the GSEA on the C2 curated gene set 
databases (downregulation of the E2F1, pRB/E2F and cell cycle 
pathways) and the significant downregulation of E2F2 and E2F8 
expression in the microarray data (Suppl. Table S1). The second 
transcription factor binding site identified as shared by many 
promoters was the MYC associated factor X or MAX (Table 1).  
Accordingly, the MYC pathway was downregulated in siWRN 
transfected cells (Suppl. Table S2).

WRN pathway network mapping in WRN depleted fibro-
blasts. The Ingenuity Pathways Analysis (IPA) software is another 
powerful complementary tool to identify and visualize biochemical 
and/or biological networks associated with WRN depletion in 
cells. It allows us to compare co-expression interactions with 
interaction information that was manually curated from the litera-
ture and to annotate these interactions with the closest matching 
biological functions. For this analysis, we focussed on our lists of 

breast carcinoma, in proliferating and maturating B- or T-cells, and 
in fibroblasts responding to serum or to the proliferation induc-
tion of a virus.15-23 The sets also included alteration of the E2F/
Rb associated cell cycle pathway,24,25 the MYC pathway,26-28 the 
estrogen receptor regulation of proliferation in mammary epithe-
lium via the transcription factor MTA3 pathway, and regulation of 
pre-B lymphocyte proliferation via the cellular E2A transcription 
factor pathway.29 Genotoxic response pathways to different drugs 
including cisplatin and the topoisomerase II inhibitor etoposide 
were downregulated as well (including ATR-BRCA1/2 pathway 
in response to DNA damage).30-35 Pathways affecting tumor 
progression in different cancer types including non-BRCA1/2 
breast cancer types were also altered by siWRN.13,36-40 Pathways 
involved in adipocyte differentiation were also downregulated 
significantly.41-43 The siWRN affected the transcription factor 
ETV5 pathway and different aspects of neuro-development.44-46 
There was a significant overlap between sets of genes associated 
with fibroblasts derived from elderly individuals or derived from 
progeria patients47 and short-term WRN depleted fibroblasts. 
Finally, the genes known to be downregulated in the IL-6 response 
pathway and the HIF-1 pathway were also downregulated in 
siWRN transfected cells.48 Two pathways related to inflammatory 
signaling were upregulated, namely the NFκB transcription factor 
activated pathway49 and genes associated with interferon response 
in neutrophils.50 The siWRN also overlapped significantly with a 
set of interferon responding genes downregulated during cytomeg-
alovirus infection51 (Suppl. Table S2). Thus, our findings indicate 
that WRN affects important pathways in lipidogenesis, adipocytes 
differentiation and inflammation in addition to those affecting 
DNA damage responses and cell cycle control. The results also 
indicate that a short-term knock down of WRN protein (only 48 

Figure 3. Classification and gene set enrichment analyses of expression data obtained from microarray experiments with WRN depleted fibroblasts.  
(A) Functional categories of genes exhibiting a 1.5-fold expression change in WRN depleted fibroblasts. The number of genes in each category and 
the percentages are indicated. (B) All significant gene set enrichments from human GM08402 normal diploid fibroblasts transfected with siWRN com-
pared to control scrambled small interference RNA were grouped into biological and functional categories. Major categories with a FDR q-value less 
than 0.05 are presented in the histogram.
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alterations in WS are strikingly similar to those in normal aging 
cells.7 Unfortunately, proper comparison could not be performed 
as the array used in their study and our analysis contained few 
common genes. Only 3,685 genes were present in both Kyng and 
colleagues’ microarray7 and our Agilent microarray (Suppl. Fig. 
S1). Thirty-eight percent of the genes listed in Supplementary 
Table S1 are present in the microarray used by Kyng et al.7 Only 
ten genes exhibited at least a 1.5-fold expression difference in both 
studies (Fig. S1B and C). Nonetheless, the fact that siWRN data 
overlapped significantly with the old versus young study raises the 
possibility that transient loss of WRN induces a cellular state that 
immediately resembles that of aging.

Concordance of siWRN-related gene expression changes to 
Wrn mutant mouse studies. We compared our results with data 
generated by comparing mouse embryonic cells with a deletion 
in the helicase domain of the murine Wrn protein to wild type 
mouse embryonic cells.53 For our comparison, we first generated a 
list of mouse orthologous genes (genes present in both the human 
and mouse microarrays) exhibiting at least a 1.5-fold expression 
differences between wild type and Wrn mutant mouse embryonic 
fibroblasts. Although the mouse embryonic cell population estab-
lished from such helicase mutant Wrn mice comes from different 
embryonic tissues compared to human GM08402 cells which were 
derived specifically from skin fibroblasts, 87 orthologous genes 
showed similar changes between human GM08402 fibroblasts 
transfected with siWRN molecules and mouse embryonic cells 
established from Wrn helicase mutant animals (Fig. 6A). Statistical 

genes exhibiting a 1.5-fold difference in their expression (Suppl. 
Table S1). The analysis of the data confirmed the involvement of 
WRN in cell cycle and DNA replication/repair networks (Fig. 4). 
In addition, the IPA confirmed the up and downregulation of sets 
of proteins involved in lipid metabolism. For better visualization, 
the WRN protein-containing network in Figure 4 was merged to 
the lipid metabolic network (Fig. 5A). The IPA also revealed a 
gene set involved in inflammatory responses. The WRN protein-
containing network in Figure 4 was merged to the inflammatory 
responses network for better visualization (Fig. 5B). Interestingly, 
the top five significant networks affected by WRN depletion 
revealed by IPA included DNA replication and cell cycle, cytotoxic 
stress response, DNA recombination and repair, cellular transfor-
mation (cancer) and neurological diseases (data not shown).

Concordance of siWRN-related gene expression changes to 
other global expression studies on aging. We compared our lists of 
genes altered by siWRN with several published lists of genes whose 
expression was altered in young vs. old fibroblasts as well as in 
Gilford-Hutchinson and Werner expression profile studies.7,47 As 
indicated in Supplementary Table S2, the GSEA indicated a signif-
icant overlap between the list of genes downregulated in fibroblasts 
derived from old individuals compared to young individuals46 
and the list of genes downregulated in our siWRN experiments. 
Similarly, there is a significant overlap in the number of down-
regulated genes in the siWRN list and the Gilford-Hutchinson 
microarray data from the same study.46 We then compared 
our data to the landmark study indicating that transcription 

Table 1  Promoter motif set analyses from siWRN transfected GM08402 fibroblasts

Transcription factors		  FDR
1. E2F family members	 (including E2F, E2F1, E2F4, DP-1, DP-2)	 <0.001
2. MAX	 (MYC associated factor X)	 0.003
3. NF-muE1	 (nuclear factor interacting with the immunoglobin enhancer element)	 0.005
4. ARNT	 (aryl hydrocarbon receptor nuclear translocator)	 0.008
5. REBP1	 (sterol regulatory element binding transcription factor 1)	 0.009
6. NF-Y	 (also known as CCAAT-binding factor)	 0.011
7. USF	 (upstream regulatory factor 1)	 0.012
8. YYI	 (Yin and Yang 1 nuclear factor)	 0.014
9. SP1	 (Simian-virus-40 protein 1)	 0.015
10. GATA2	 (GATA binding protein 2)	 0.018
11. GABP	 (GA binding protein transcription factor, beta, sub-unit 2)	 0.020
12. MAZ	 (MYC associated zinc finger protein; purine-binding factor 1)	 0.026
13. PAX4	 (paired box gene 4)	 0.029
14. STAT1	 (signal transducer and activator of transcription 1)	 0.030
15. SOX-9	 (sex determining region Y-box 9)	 0.034
16. ELK1	 (member of ETS oncogene family)	 0.035
17. C-MYB	 (myeloblastosis viral oncogene homolog, avian)	 0.035
18. SRF	 (serum response factor; c-fos serum response element binding factor)	 0.035
19. ZIC3	 (Zic family member 3 heterotaxy 1; odd-paired homolog, Drosophila)	 0.035
20. NRF-1	 (nuclear respiratory factor 1)	 0.036
21. OCT1	 (Pou domain, class 2, transcription factor 1)	 0.038
22. SMAD1	 (mothers against DPP1 homolog 1, Drosophila)	 0.037
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this biological process. Thus, nine biological processes or pathways 
were overlapping with the 14 pathways significantly altered in 
siWRN transfected human cells (compare Figs. 3B and 6B).

Short-term siRNA-based inhibition of mouse Wrn expression 
in the pre-adipocyte cell line 3T3-L1. To confirm the impact of 
WRN protein levels on adipogenesis, we transfected the murine 
pre-adipocyte cell line 3T3-L1 with siRNA against mouse Wrn 
mRNA (referred as siWrn hereafter). The 3T3-L1 cell line forms 
a unique system for the analysis of adipocyte differentiation 
in vitro. Scrambled siRNA was used for control transfections. 
Transfection was performed on confluent cultures 24 hours before 
the induction with appropriate factors in the media. To estimate 
the efficiency of the transfection, whole cell extracts were analyzed 
by western blotting with an antibody against mouse Wrn protein 
after transfection from day zero to day five during the differentia-
tion process. As indicated in Figure 7A, the level of mouse Wrn 

analyses indicated a significant overlap (p-value = 0.0078) between 
the human WRN depleted cells and the Wrn mutant embryonic 
fibroblasts (see Suppl. Fig. S2 for details of the statistical analysis). 
GSEA on cytoplasmic RNA extracted from mutant Wrn helicase 
embryonic cells53 (GEO data sets GSE3359 at http://www.ncbi.
nlm.nih.gov/geo/) were performed to obtain more details on the 
pathways affected in Wrn mutant fibroblasts. Such GSEA indicated 
significant enrichment of downregulated gene sets associated with 
DNA repair30 and cell cycle.15-19 Other sets of genes involved in 
proliferation (cell cycle) were upregulated in embryonic mouse cells. 
Concomitantly, genes associated with transformation of different 
cancer types including multiple myelomas39 were upregulated in 
these mouse cells as well. The IL-6 pathway was upregulated.48 
Finally, genes known to be upregulated and downregulation during 
adipocyte differentiation41 were respectively down and upregulated 
in Wrn mutant mouse embryonic cells indicating inhibition in 

Figure 4. WRN network representation using the Ingenuity Pathways Analysis of WRN depleted human normal fibroblasts. The networks are based on 
the list of genes exhibiting at least a 1.5-fold change in expression. The legend on the right provides a key of the main features of Network Explorer 
including molecule shapes and colors as well as relationship labels and types. Molecules in red are upregulated [has a positive (+) expression value]. 
Molecules in green are downregulated [has a negative (-) expression value]. Molecule in white are not present in our list of genes exhibiting 1.5-fold 
change in expression, but are incorporated into the network through relationships with other molecules.
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Figure 5. Representation of the lipid metabo-
lism network and the inflammatory response 
network merged to the WRN protein-containing 
network using the Ingenuity Pathways Analysis 
software. The networks are based on the list of 
genes exhibiting at least a 1.5-fold change in 
expression 48 hours after siWRN transfection.  
(A) Merged WRN and lipid metabolism net-
works in WRN depleted cells. Molecules in red 
are upregulated [has a positive (+) expression 
value]. Molecules in green are downregulated 
[has a negative (-) expression value]. Molecule 
in white are not present in our list of genes 
exhibiting 1.5-fold change in expression, but are 
incorporated into the network through relation-
ships with other molecules. Colored lines in the 
figures represent overlapping biochemical paths. 
(B) Merged WRN and inflammatory response 
networks in WRN depleted cells.

protein was decreased by approximately 
two- to four-fold from day one to day 
three during the differentiation process. 
The expression of adipogenesis markers like 
the transcription factor C/EBPβ and fatty 
acid synthase (FASN) was also examined 
on the same blots. Expression of C/EBPβ 
increased at the third day of differentiation 
in control transfected cells (Fig. 7A). The 
expression of C/EBPβ was 20–24% lower 
in siWrn transfected cells by the fourth 
and fifth days of differentiation compared 
to control siRNA (Fig. 7B). Similarly the 
expression of FASN was 12–30% lower in 
siWrn transfected cells from day two to four 
during the differentiation process compared 
to 3T3-L1 cells transfected with the control 
siRNA (Fig. 7C). Protein expression of 
fatty acid synthase picked up after five 
days of differentiation, which corresponded 
to the decrease in siWRN, knock down 
effect in 3T3-L1 cells. At the end of the 
differentiation protocol, the differentiation 
of transfected 3T3-L1 adipocytes was esti-
mated with Oil Red O, a standard staining 
procedure for lipidogenesis and thus adipo-
genesis.41,42 As seen in Figure 7D, there was 
a significant 14% decrease in lipid produc-
tion in cells transfected with the siWrn 
compared to cells transfected with the 
control siRNA molecules. Re-transfection 
of 3T3-L1 with siWrn molecules during 
the differentiation period (at day 5 for 
example) caused cells to detach from the 
dishes and die preventing any measure-
ments. Despite such limitations of this 
system, the results indicate that a transient 
knock down of mouse Wrn protein is suffi-
cient to affect lipidogenesis or adipogenesis 
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in vitro. Moreover, the short-term Wrn knock down result with 
the 3T3-L1 is in agreement with the GSEA findings with WRN 
depleted human cells.

Discussion

Telomere defects and the other forms of genome instability 
observed in WS fibroblasts are thought to contribute to the 
premature senescence of these cells. However, it is possible that the 
absence of WRN has important effects on gene expression5,6 that 
might be independent of genome instability and also contribute 
to cell senescence or other aspects of premature aging in WS. To 
avoid accumulation of mutations that could affect transcription 
indirectly, we used siRNA to specifically reduce expression of 
WRN for only 48 hours in culture. Small interference RNAs were 
used in this study instead of shRNAs or strategies using retroviral 
vectors, to specifically target WRN mRNA directly without the 
requirement for cellular RNA synthesis or selection with resistance 
markers that could potentially affect the outcome of the expres-
sion profile. In our experience, transfection efficiency with siRNA 
molecules is more than 90%. Several siWRN molecules were tried 
and the best knock down achievable 48 hours after transfection was 
approximately a three-fold decrease compared to control siRNA. 
We extracted cytoplasmic RNA only after 48 hours to avoid altered 
gene expression due to contact inhibition at confluence (72 hours 
after transfection). Shorter time points were not included in this 
study as WRN depletion was less than 50% of wild type. Although 
with a 48 hours knock down time frame we did not achieve 100% 
WRN protein depletion in human fibroblasts, our list of genes in 
all three biological replicates overlapped significantly with sets of 
genes recovered from old age fibroblasts vs. young age fibroblasts 
and progeria derived fibroblasts vs. normal donor fibroblasts.47 In 
addition, the increase in the senescence associated β-galactosidase in 
WRN depleted cells is consistent with the GSEA. These results thus 
confirmed the conclusion drawn by Bohr and colleagues7 that WRN 
deficient cells exhibit a phenotype resembling cells derived from old 
donors. We did detect differences, however, regarding the expression 
of some proteins by western blots between WS cells derived from 
patients and WRN depleted cells for 48 hours. There are several 
possibilities potentially explaining these differences. One obvious 
possibility is the karyotype and the accumulation of mutations 
suspected to occur in WS cell might interfere with the expression 
of several genes. Another possibility is a cellular adaptation of WS 
cells to culture conditions that could influence gene expression. 
Nevertheless, GSEA analyses did show significant overlap between 
old age fibroblasts and WRN depleted cells in our study.

The overlap with Hutchinson-Gilford progeria syndrome 
(HGPS) is interesting as siWRN decreased the expression levels of 

Figure 6. Comparison of microarray data between GM08402 diploid 
fibroblasts transfected with small interference RNA specific to WRN and 
mouse embryonic cells established from Wrn helicase mutant animals. 
(A) List of genes similarly changed between siWRN transfected human 
fibroblasts and Wrn helicase mutant embryonic cells. (B) Gene set enrich-
ments from Wrn helicase mutant embryonic cells compared to wild type 
cells (GEO data sets GSE3359 at http://www.ncbi.nlm.nih.gov/geo/) 
grouped into biological and functional categories. Major categories with 
a FDR q-value less than 0.05 are presented in the histogram.
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correlation of 0.68 (p-value = 
0.008). Our data points to sets 
of genes that potentially would 
have an impact on certain aspect 
of WS or aging in general. For 
example, much attention has 
been focused on the roles of 
WRN in DNA repair and cell 
cycle checkpoints.3 Consistent 
with these roles, we observed 
changes in the expression of 
genes involved in DNA replica-
tion and DNA repair (Suppl. 
Table S2). In addition, several 
important pathways related 
to cell cycle were detected by 
gene set enrichment analysis 
(GSEA) in siWRN transfected 
cells. These include the p53/p21 
pathway as well as targets of the 
E2F, MTA3, cellular E2A, and 
the MYC transcription factor 
pathways during cell cycle. The 
interaction of WRN with p53 
and its impact on p21 expression 
and attenuation of apoptosis 
is well described in the litera-
ture.6,56,57 It has been established 
that MYC stimulates the tran-
scription of WRN.58 We did not 
see changes in MYC expression 
in our depleted WRN fibroblasts 
based on our microarray data. 
However, the MYC response 
pathway is downregulated in 
siWRN transfected cells based 
on GSEA. Overexpression of 
MYC was previously found 
to induce cellular senescence 
in WRN depleted cells,58 and 
therefore the downregulation 
of the MYC response pathway 
might reflect a compensatory 
response to the loss of WRN 

that enables continued cell growth. Moreover, we observed changes 
in the expression of the MYC binding protein (MYCBP) and 
HUWE1, an ubiquitin-ligase which affects the transcriptional 
activity of MYC.59 Overall, these results indicate an obvious 
impact on cell proliferation consistent with the decrease in the 
number of cells in S phase observed after our transfection with 
siWRN molecules. Furthermore, the GSEA showed a decrease in 
genes involved in DNA replication (Suppl. Table S2). The GSEA 
also indicated downregulation of genes involved in progression 
of several tumor types (Suppl. Table S2). Noticeably, recent data 
with siWRN transfected tumor cells revealed that the inhibition 

lamin A (LMNA), the gene responsible of the pathology observed 
in this syndrome (at least in a subset of LMNA mutations).54 
Although HGPS is caused by a dominant mutation in LMNA, 
decreased Lamin A/C protein levels as seen in our WRN depleted 
fibroblasts should affect the nuclear envelop of cells. Accordingly, 
WS fibroblasts are known to exhibit abnormal overall nuclear 
morphology.55

We do not expect that all the 660 genes exhibiting a decrease 
at the mRNA level will translate into decreased protein levels, 
even though based on the 14 randomly picked genes, our 
western blots confirmed the microarray data with a Pearson 

Figure 7. Mouse Wrn, C/EBPβ and fatty acid synthase protein levels in 3T3-L1 pre-adipocytes at different time 
points after adipogenesis induction. (A) Example of western blots showing Wrn, C/EBPβ and fatty acid synthase 
(FASN) protein levels. The β-actin protein present in the lysates was used as control. Time zero corresponds to 
the addition of the differentiation factors in the culture media. Cells were transfected with the indicated siRNA 
molecules 24 hours before the addition of the differentiation cocktail. The experiments were repeated twice.  
(B) Scanning analyses of the western blots expressed as the ratio of C/EBPβ signal to β-actin signal in transfected 
cells. Bars represent the SEM. (C) Scanning analyses of the western blots expressed as the ratio of fatty acid syn-
thase (FAS) signal to β-actin signal in transfected cells. Bars represent the SEM. (D) Lipid amount in cells detected 
by Oil Red O staining in control (siCTL) and siWrn transfected cells at the eighth day of differentiation. Oil red O  
(maker of adipogenesis) released from transfected cells was measured with a spectrophotometer at 510 nm. 
Experiments were performed twice, each time in triplicate. Bars represents the SEM. (p-value was calculated 
with an unpaired t-test).



www.landesbioscience.com Cell Cycle 2089

Effect of short-term depletion of WRN protein

involved in inflammation.67 This is consistent with the presence of 
high plasma levels of inflammatory cytokines like IL-6 in WS indi-
viduals. With regard to NFκB, this transcription factor determines 
cell response to a wide variety of stresses including inflammation 
and was recently shown to be one of the most strongly age-
associated markers.68 The RNA levels of NFκB did not fluctuate 
in siWRN transfected cells. However, it is known that the NFκB 
pathway can be modulated through NFκB phosphorylation. Our 
results are consistent with recent results obtained on mice bearing 
a deletion of the Wrn helicase domain. We observed an increase in 
NFκB phosphorylation and activation in such Wrn mutant mice 
compared to wild type animals (manuscript submitted), indicating 
upregulation of NFκB pathways may be a conserved feature of the 
WS phenotype.

Finally, emphasize that we do not yet know the mechanisms by 
which decreased levels of WRN affect transcription. It is conceiv-
able that WRN might associate with chromatin and affect the 
activity of classical transcription factors, or that it might affect 
chromatin structure directly by unwinding DNA secondary struc-
tures or by regulating DNA supercoiling through its interaction 
with topoisomerase I.10,69 Additional studies will be required to 
investigate these possibilities. Nonetheless, our findings provide 
novel avenues of research in the field of WS.

Materials and Methods

Cells. The normal human fibroblast primary cell strain 
(GM08402 passages 8–15) and the human Werner syndrome 
fibroblast primary cell strains (AG03141 passage 12) were obtained 
from the Coriell Cell Repositories (Camden, NJ) and were main-
tained in DMEM with 50 μg/mL streptomycin and 10% fetal 
bovine serum. Mouse 3T3-L1 cells were purchased from the 
American Type Culture Collection. They were grown in DMEM 
medium (4,500 mg/L glucose) supplemented with 10% FBS. 
Two days after reaching confluence, cells were first incubated with 
adipogenesis induction media (basal media containing 250 μM 
IBMX, 250 nM dexamethazone, and 5 μg/mL insulin) for 48 
hours after which they were maintained in media containing only 
insulin (5 μg/mL) for four additional days. Lastly, fresh media 
without insulin, IBMX and dexamethazone was added to the 
differentiating cells for a final 48 hours.

Transfection of small interference RNAs and plasmids. Stealth 
small interference RNAs specific for WRN mRNA were purchased 
from Invitrogen Inc., (Burlington, ON). The sequences are (coding 
strand) 5'-UUA ACC AGA CUG UUA AGG CUC CAG G-3' 
(HSS111385); 5'-UUU CGA ACU AGG CAG AAG AAA CUU 
C-3' (HSS111386); and 5'-AUU AUA ACA AUG CUC UUU 
GGU GCC C-3'. (HSS111387) for WRN mRNA. The siRNA 
HSS111385 gave the best knock down of WRN protein levels and 
was used for the microarray experiments. Cells were transfected 
with siRNAs using Lipofectamine 2000 reagent (Invitrogen Inc., 
Burlington, ON) according to the manufacturer’s instructions to 
knock down WRN protein levels. Transfected cells were incubated 
at 37°C for 48 h. Transfection efficiency was determined with 
an Alexa-488 labeled control siRNA (Qiagen Inc., Mississauga, 
ON). The knock down efficiency was confirmed by western blot 

of WRN expression strongly impairs growth of several cancer cell 
lines in mouse xenograft models.60

In addition to cell cycle pathway defects, siWRN transfected 
cells exhibited impairment of a response pathway common to 
several genotoxins including cisplatin, doxorubicin, 5-fluorou-
racyl, methyl methanesulfonate, mitomycin C, taxol, hydroxyurea 
and etoposide.30,31 Although WRN mutant cells respond differ-
ently to these agents, the defect in DNA damage response 
predicted from our observations, even in the absence of treatment, 
is consistent with the results obtained by Kyng and colleagues.61 
We also observed a significant overlap between a set of siWRN 
downregulated genes and the ATR-BRCA1 pathway (Suppl. Table 
S2). Accordingly, there is evidence for collaboration between 
BRCA1 and WRN during cellular responses to DNA inter-strand 
cross-links.62 One possibility is that a BRCA1/WRN complex may 
also affect the regulation of a specific set of genes at the transcrip-
tional level.

Interestingly, the GSEA indicated alterations in genes involved 
in brain development (Suppl. Table S2). Furthermore, the IPA 
also revealed neurological diseases as one of the protein networks 
affected by a 48 hours knock down of WRN protein. Although 
neurodegenerative disease is not a major phenotype associated with 
WS, there are a number of studies reporting neurological patholo-
gies associated with several WS patients.63-65 Thus, the GSEA and 
the Ingenuity Pathway analysis (IPA) are two independent tools for 
data integration and visualization that provided converging results. 
They complemented each other and delivered a more detailed view 
of the biologial network affected by a WRN knock down.

The siWRN transfected cells displayed apparent impairment of 
adipocyte differentiation pathways. Importantly, the impact of the 
mouse WRN homologue (knock down of Wrn mRNA) on lipido-
genesis was confirmed in mouse 3T3-L1 pre-adipocytes (Fig. 7).  
Although the knock down of mouse Wrn was not 100% effi-
cient, our experimental setting was sufficient to show an effect on  
C/EBPβ and fatty acid synthase expression, and lipid accumulation 
in 3T3-L1 cells during differentiation. The overall effect on lipid 
accumulation was only approximately 16% less than the control. 
Nevertheless, our results points to a role for WRN in adipocyte 
differentiation and is consistent with the loss of subcutaneous fat 
observed in WS patients.66 However, it is noteworthy that WS 
patients often have high levels of visceral fat, indicating that loss of 
WRN does not prevent adipogenesis in all cell types. Our results 
also point to the limit of working with adipocytes in vitro in the 
absence, for example, of adipokines normally secreted into the 
circulation by the liver to maintain lipid homeostasis. Interestingly, 
the GSEA indicated that several genes involved in cell cycle during 
adipocyte differentiation were downregulated. This indicates that 
not only differentiation of adipocytes may be affected in vivo, but 
possibly proliferation as well.

Also of interest, siWRN transfected cells also exhibited changes 
in HIF-1, IL-6 and NFκB response pathways that overall indicate 
a pro-inflammatory pattern. These findings support the concept of 
“inflamm-aging” put forward by Davis and Kipling as an important 
aspect of the WS phenotype.67 Recent data on fibroblasts derived 
from WS patients have shown activated molecular pathways 
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of genes and interactions. The focus genes were sorted based 
on highest to lowest connectivity within the GMN, and then 
networks of approximately 35 genes were grown starting with 
the most connected focus gene. IPA creates networks based on 
the principle that highly connected gene networks are most 
biologically meaningful. It assigns a p-value for a network of size n 
and an input focus gene list of size f by calculating the probability 
of finding f or more focus genes in a randomly selected set of n 
genes from the GMN. The IPA interaction database is manually 
curated by scientists and updated quarterly.

Western blots. All transfected and untransfected cells were 
lysed in RIPA buffer [50 mM Tris-HCl (pH 7.5), 150 mM 
NaCl, 1% NP-40, 0.1% SDS, 0.5% sodium deoxycholate] for 
SDS-PAGE analyses. Proteins from SDS-PAGE were transferred 
onto Amersham Hybond-P membranes (GE Healthcare Limited, 
Piscataway, NJ). Membranes were blocked two hours at room 
temperature in PBS containing 5% milk/0.1% Tween, washed in 
PBS-Tween (0.1%), and incubated overnight with the primary 
antibodies in PBS containing 5% milk overnight at 4°C. Blots 
were washed the next day in PBS-Tween and incubated two hours 
at room temperature with horseradish peroxidase-conjugated 
secondary antibody in PBS containing 5% milk. Blots were washed 
with PBS-Tween and proteins were revealed with chemilumines-
cence reagents (ECL Plus; GE Healthcare Limited, Piscataway, 
NJ). The human WRN protein was detected with an anti-WRN 
polyclonal antibody from US Biologicals (Swampscott, MA). The 
polyclonal antibody against mouse Wrn protein (H-300) was 
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The 
other antibodies used in this report are the anti-cyclin B1 mono-
clonal antibody (Cell Signaling Technology, Inc., Danvers, MA), 
the anti-Topoisomerase IIa monoclonal antibody and the anti-
CDC2 monoclonal antibody (US Biologicals, Swampscott, MA), 
the anti-SAFB monoclonal antibody and the anti-FAS monoclonal 
antibody (Upstate Biotechnology, Lake Placid, NY), the anti-
MAPK8 rabbit polyclonal antibody (AbCam, Cambridge, MA), 
the anti-β-actin monoclonal antibody (Sigma-Aldrich, St. Louis, 
MI), the anti-DNA polymerase delta-1 monoclonal antibody (BD 
Biosciences, Palo Alto, CA), the rabbit polyclonal antibody against 
FANCD2 and the mouse monoclonal antibody against FANCJ 
(Novus Biologicals, Littleton, CO), the rabbit polyclonal antibody 
against FANCI and the rabbit polyclonal antibody against KIF4A 
(Bethyl Laboratories, Montgomery, TX), the mouse monoclonal 
antibody against MRE11A (GeneTex, San Antonio, TX) and 
the anti-lamin A/C rabbit polyclonal antibody (Cell Signaling 
Technology, Boston, MA). The anti-Huwe1 rabbit polyclonal 
antibody was a kind gift from Dr. S.S. Wing (McGill University, 
Montreal, Canada).

3T3-L1 adipogenesis assay. Differentiated mouse 3T3-L1 
cells were fixed in formaldehyde for one hour and stained with 
0.2% Oil Red O in 60% isopropanol for 30 min. Fixed cells were 
washed with water and incubated with fresh isopropanol. Released 
Oil red O was measured at 510 nm on a spectrophotometer. The 
Stealth small interference RNA specific for mouse Wrn mRNA 
(MSS212619: 5'-CCU CUG UUG GGA GUC AUC AAA 
CAU U-3') were purchased from Invitrogen Inc., (Burlington, 

analyses. Mouse 3T3-L1 cells were transfected with a Stealth small 
interference RNAs specific for mouse Wrn (MSS212619 coding 
strand; 5'-CCU CUG UUG GGA GUC AUC AAA CAU U-3') 
using Lipofectamine 2000 reagent on confluent cultures 24 hours 
before the induction of adipocyte differentiation with appropriate 
factors.

FACS analyses. The normal fibroblast primary cell strain 
(GM08402) were transfected using the Lipofectamine 2000 
reagent (Invitrogen Inc., Burlington, ON). Forty-eight hours later, 
cells were fixed in 50% ethanol overnight at 4°C. Cells were then 
washed in PBS and incubated for 30 min at 37°C in a buffer 
containing propidium iodide and RNAses. Cell cycle analyses were 
performed on a Beckman-Coulter Epics Elite ESP (Cambridge, 
MA) flow activated cell sorter. Data were analyzed with the 
MultiCycle software (Phoenix Flow System, San Diego, CA).

Senescence associated β-galactosidase staining. Senescence-
associated β-galactosidase (SA-β-Gal) was used as a marker of 
senescence, and cells were stained for this marker as described.70 
The percentage of blue SA-β-Gal positive cells was determined by 
counting, in 4 different fields, at least 200 cells (inverted micro-
scope Nikon TMS).

Microarray analysis. RNAs from the control, siWRN trans-
fected cells were extracted according to Sambrook et al.71 and 
labeled with Cyanin-3 or -5 labeled CTP (PerkinElmer, Boston, 
MA). Labeled cRNAs were purified using the RNeasy Mini kit 
(Qiagen, Mississauga, ON) and were hybridized onto human 
Agilent 60-mer Oligo Microarrays (44,000 genes/microarray) in 
triplicates using the in situ Hybridization Plus kit (Agilent, Palo 
Alto, CA) following the manufacturer’s instructions. Arrays were 
scanned using a dual-laser DNA microarray scanner. To generate 
a list of selected genes, microarray data extracted from images by 
the Feature Extraction software 6.1 (Agilent, Palo Alto, CA) were 
analyzed using GeneSpring software. Briefly, the background signal 
was subtracted and data were normalized using Lowess normaliza-
tion to correct for artifacts caused by inconsistencies of the relative 
fluorescence intensity between some red and green dyes. This was 
followed by filtering on an expression level greater than 1.5-fold 
in all three independent transfection experiments. The p-values 
coming from an unpaired t-test were adjusted using the Benjamini-
Hochberg method, across all genes and all comparisons, to control 
the expected false discovery rate (FDR) at less than 10%.72

Gene set enrichment analysis. Gene set enrichment analysis 
(GSEA) was applied using default parameters on a fold change 
sorted list of genes on the C2 curated gene sets database.13 Such 
databases contain gene sets from known pathways, expert-created 
pathways and also gene sets extracted from PubMed publica-
tions. Gene enrichments were considered significant with a False 
Discovery Rate (FDR) q-value below 0.05.

Ingenuity pathways analysis. Ingenuity Pathways Analysis 
(IPA) software (http://www.ingenuity.com) allowed us to compare 
co-expression interactions with interaction information that was 
manually curated from the literature and to annotate these 
interactions with the closest matching biological functions. The 
user-input or “focus” gene list was compared to the “Global 
Molecular Network” (GMN) database consisting of thousands 
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ON). 3T3-L1 cells were transfected with this siRNA using the 
Lipofectamine 2000 reagent (Invitrogen Inc., Burlington, ON).
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