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Investigation on the potential involvement of Sall1 in the Investigation on the potential involvement of Sall1 in the maintenance of embryonic stem cell pluripotency and selfmaintenance of embryonic stem cell pluripotency and self-renewal. renewal. | 2006 Mathieu Gineste | Lawrence Stanton Team, Genome Institute of Singapore, Singapore. Maintenance of the pluripotency and self-renewal of embryonic stem cells is currently seen to be dependent on a central regulatory core containing key transcription factors Oct4, Sox2 and Nanog. Transcriptome-wide analysis represents a promising way to further understanding of the downstream regulatory networks involved in this process. Using such an approach, we assessed the involvement of Sall1 in stem cell pluripotency : we compared the expression profiles under Sall1 and Oct4 knock-down conditions by microarray. We showed that Sall1 might be involved in stem cell pluripotency but it does not appear to be a central key regulator. Interestingly this study revealed other potential genes that might be involved in this process and thus may require further analyses.



Introduction Embryonic stem cells (ES cells) are cells derived from the inner cell mass (ICM) of the developing mammalian blastocyst. Beside the opportunity they offer to study early stages of the mammalian development, ES cells show special abilities raising great hopes in a prospect of a regenerative medicine : they are able of indefinite selfrenewing remaining in an undifferentiated state while they maintain the capacity to give rise to any cell type. Oct4, Nanog and Sox2 are thought to be at the centre of the transcriptional regulatory hierarchy that specifies ES cell identity due to their unique expression patterns and their essential roles during early development [Schoeler H.R. et al. (1990), Nichols J. et al. (1998), Niwa H. et al. (2000), Avilion A.A. et al. (2003), Chambers I. et al. (2003), Mitsui, K. et al (2003)]. Oct4 and Nanog belong to the family of the homeodomain transcription factors, which are evolutionarily highly conserved and play key roles in early developmental stages of many organisms [Hombria et al. (2003)]. Thus during the mammalian development, expression level of these two genes appears to be determinant for the cell fate of the ICM : an upregulation of Oct4



quickly lead to differentiation into endoderm lineage [Niwa H. et al. (2000)], whereas a downregulation of Oct4 or Nanog results in differentiation into extraembryonic trophectoderm lineage and endorderm lineage respectively [Nichols J. et al. (1998), Chambers I. et al. (2003), Mitsui, K. et al (2003)]. These genes are known to interact with other transcription factors to modulate gene expression in ES cells. Thus Oct4 heterodimerizes with Sox2 and this interaction appears to be a fundamental mechanism for gene expression during the mammalian development [Boyer L.A. et al. (2005)]. To elucidate the transcriptional network regulated by the Oct4, Nanog and Sox2 central core and defining the “stemness” state, genomewide and transcriptome-wide approaches appear to be meaningful. In this way, ChIP-PET experiment data and expression pattern analysis helped to identify downstream genes potentially involved in ES cell pluripotency [Yuin-Han Loh et al. (2006)]. Thus the presence of numerous binding sites of Oct4, Nanog or Sox2 in their promoter regions and their high expressionlevel in the embryo suggested an interesting role for Sall1 and Dido1[GIS ChIP-PET and expression pattern data] [Fig.1]. Fig.1 | Sall1 and Dido1 are potential downstream targets of the core {Oct4, Nanog, Sox2}. The upper scheme represents the binding sites in Sall1 regulatory regions. The lower scheme represents the binding sites in the Dido1 regulatory regions. Numerous binding sites have been found in both cases. The orange arrow represents the coding region. These data result from GIS ChIPPET analysis.
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Very few is known about these two genes in the context of early mammalian development : Sall1 seems to be involved in kidney development [ Nishinakamura R. et al. (2005) ], whereas Dido1 has been linked with limb development [ David García-Domingo et al. (1999) ]. T



T



T



To estimate the efficiency of the siRNA treatment, we used a lamin siRNA linked to a fluorescent dye as a transfection control. In the same time, we looked at cell morphology in the different conditions [Fig.2].



T



Dido1



Oct4 siRNA treated cells form spread colonies of morphologically differentiated cells. Cell density is lower than in NT treated cells, very likely resulting from the loss of pluripotency and selfrenewing occurring after Oct4 knock-down. Sall1 siRNA treated cells form tight colonies of morphologically mixed cells. Cell density does not seem to be affected, suggesting that differentiation and thus loss of pluripotency and self-renewing of some cells occur late. In both cases, most of the cells are fluorescent on the lamin control, showing that most of the cells were transfected with a siRNA.



To assess the involvement of Sall1 and Dido1 in the maintenance of pluripotency, we compared the expression profile of E14 cells between cells treated for 5 days with a gene targeting siRNA and cells treated for 5 days with a non-targeting siRNA (NT). Beside Sall1 and Dido1 siRNAs, we used an Oct4 siRNA as a positive control for the different steps of the study.



To further check the efficiency of the siRNA treatment, we quantified the expression of some lineage markers by real-time PCR at 3 different time points (day 1, day 3 and day 5 after the first siRNA transfection) [Fig.3]. Oct4, Nanog and CoupTF2 were used as pluripotency markers (CoupTF2 is known to be early and highly expressed in cells engaged in a differentiation process) ; Nestin as an ectodermal marker ;



To get a better insight of the role of Sall1 and Dido1 in ES cell pluripotency, we used a transcriptome-wide approach. First, we downregulated these genes using siRNA transfection. Then, we applied the RNA extracts onto a microarray and established expression profiles. Finally, we tried to identify pathways where these genes could be involved. Results Knocking-down expression



Oct4,



Sall1



and



Fig.2 | Effect of Oct4 and Sall1 knockdowns on cell morphology. NT treated cells form small and tight colonies of undifferentiated cells (bright cells). Some differentiated cells are located at the borders of the colonies (dark cells). Oct4 siRNA treated cells form large and spread colonies of differentiated cells. Few undifferentiated cells are visible. Sall1 siRNA treated cells form small and tight colonies of undifferentiated cells and differentiated cells. | On the lamin control, most of the cells are fluorescent. Cells were observed on day 5 after siRNA treatment.
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Sox17 as an endodermalmarker ; Goosecoïd (Gsc) as a mesendodermal marker. Interestingly the two siRNA treatments do not show equal efficiency. Oct4 siRNA treatment drops Oct4 expression level to 8% relatively to NT treated cells [Fig.3A]. Moreover this treatment involves a loss of pluripotency [Oct4 and Nanog are dropping, while CoupTF2 is hugely increasing] and cell differentiation [Sox17 is highly increasing]. We noticed that Sall1 is downregulated too, confirming previous data from ChIP PET and expression pattern analysis. These data thus suggest that the siRNA treatment protocol is well setup. Sall1 siRNA treatment drops Sall1 expression level to 25% relatively to NT treated cells [Fig.3B]. The increasing expression level of CoupTF2 suggests that the cells are engaged in a differentiation process, but Oct4 and Nanog are slightly dropping, while no differentiation marker is significantly increasing, showing that the cells are not differentiated yet. These data suggest that Sall1 might be involved in the maintenance of pluripotency but, as we do not observe high variations of pluripotency or differentiation marker expression, it does not appear to be a central regulator of this process. Dido1 siRNA treatment was not successful. The expression level of Dido1 was increasing in Dido1 siRNA treated cells for two different replicates (data not shown), likely suggesting a wrong design of the siRNA samples. We thus focused on Sall1 and kept Oct4 as a positive control for the next steps of the study.



A



Analysing the expression profile by microarray



To identify genes whose expression is affected by the Sall1 knock-down, we applied the RNA samples onto an Illumina microarray. Then we can assess the involvement of Sall1 in the maintenance of pluripotency by comparing with expression profiles obtained with well known genes such as Oct4. We applied RNA samples extracted on day 5 after the first siRNA transfection, meaning samples showing the highest siRNA effect. Then we proceed to microarray data analysis and we generated a list of genes showing a minimum fold change of 2 for the upregulated genes, or a maximum fold change of 0,5 for the downregulated genes for each replicate. We thus obtained two lists for the Oct4 samples and three lists for the Sall1 samples. One interesting way to extract significant data from these gene lists is to overlap them. Contrary to a statistical analysis, this method allows to do comparison between each sample and then to better visualize variability. We first overlapped the lists of genes generated from the two Oct4 knock-down arrays [Fig.4] : we extracted a total amount of 2644 upregulated and downregulated genes. We focused on genes that could be involved in development process according to the Gene Ontology annotations : highly upregulated genes are involved in cell differentiation, such as Gata3, Hand1 and Sox17 ; highly downregulated genes are involved in



B



Fig.3 | Effect of Oct4 and Sall1 knock-downs on different markers. A. Oct4 expression drops to 8% after 5 days of siRNA treatment. | B. Sall1 expression drops to 25% after 5 days of siRNA treatment. | Fold change is calculated relatively to the expression level at day 1 of cells treated with a non-targeting siRNA (NT). Blue bars represent expression level of NT treated cells at day 3 and day 5 (values on day 1 equal 1) ; Orange bars represent expression level of Oct4 siRNA treated cells at day1, day 3 and day5. Red bars represent expression level of Sall1 siRNA treated cells at day1, day 3 and day5. Error bar represent SEM calculated on 2 biological replicates (Oct4) or 3 biological replicates (Sall1).



3



Investigation on the potential involvement of Sall1 in the maintenance of embryonic stem cell pluripotency and self-renewal. | 2006



Fig. 4 | Genes affected by Oct4 knock-down. Only highly upregulated or downregulated genes associated with developmental process have been selected from a total amount of 2644 genes. Upregulated genes are involved in cell differentiation. Downregulated genes are involved in stem cell pluripotency. | The fold change value corresponds to the average of fold change from each array (2 biological replicates). Gene Ontology Molecular Function and Biological Process are displayed.



Fig. 5A | Genes affected by Sall1 knock-down (3 replicates). Only highly upregulated or downregulated genes associated with developmental process have been selected from a total amount of 18 genes. Few relevant genes came from the overlap. | The fold change value corresponds to the average of fold change from each array (3 biological replicates). Gene Ontology Molecular Function and Biological Process are displayed.



stem cell pluripotency, such as Pou5f1 (Oct4), Sox2 and Nanog. It is important to notice that microarray data confirm the preliminary data we obtained from real-time PCR analysis. Only CoupTF2 does not appear in the gene list whereas its expression level is drastically increasing : the reason is that Illumina microarrays do not contain probes for this gene. Interestingly some genes that are usually not considered as important genes in stem cell biology have been extracted from the microarray analysis : Otx2, which is drastically downregulated and Psx1 and Psx2, which are hugely upregulated. These data thus confirm the significance of this microarray protocol.



downregulated genes. Only 3 genes, including Sall1, appear to be involved in development process. Faced with this very small amount of genes, we studied the fold change of each array to detect variability between the three different replicates : we compared values of fold change between the three samples for each gene and calculated how many times one value differed from the two others for each sample. It clearly appeared from it that the first replicate showed a higher variability (13 differences) compared to the two other replicates (7 and 8 differences respectively). Thus we decided not to take the first replicate into account.



We then overlapped the lists of genes generated from the three Sall1 knock-down arrays [Fig.5A] : we extracted a total amount of 18 upregulated and



We overlapped the lists of genes generated from the two Sall1 knock-down remaining replicates [Fig.5B]. Again we focused on genes that could
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Fig. 5B | Genes affected by Sall1 knock-down (2 replicates). Only highly upregulated or downregulated genes associated with developmental process have been selected from a total amount of 151 genes. | The fold change value corresponds to the average of fold change from each array (2 biological replicates). Gene Ontology Molecular Function and Biological Process are displayed.



be involved in development process according to the Gene Ontology annotations : upregulated genes belong to signalling pathways that may lead to cell differentiation when they are highly mobilized, such as Bmp8a or Wnt7a ; downregulated genes do not contain central regulators of stem cell pluripotency but may intervene in this process as downstream effectors. One way to test this hypothesis is to compare the gene lists generated from the Oct4 and Sall1 knock-downs. We analyzed each replicate separately regrouping Oct4 and Sall1 samples where transfection has been done in the same time [Fig.6]: the first replicate of Oct4 knock-down (Oct4-R1) versus the second replicate of Sall1 knock-down (Sall1R2) and the second replicate of Oct4 knock-down (Oct4-R2) versus the third replicate of Sall1 knock-down (Sall1-R3). Some upregulated genes can be found in both overlaps, strongly suggesting that these genes are downstream effectors of Oct4 and Sall1 : some of them are involved in cell differentiation, such as Bmp8a and Wnt7a ; others still have an unclear function within stem cell pluripotency, such as Psx1, Wisp1 or Ring1. Some genes cannot be found in both overlaps, such as Sall1 which is supposed to be downregulated in all replicates : this may result from both biological and technical variability. Most of the upregulated ones are involved in cell differentiation too, such as Sox17, Gsc or Cdx2 ; whereas the



downregulated ones, although they are involved in developmental process, still have an unclear function within stem cell pluripotency, such as Pax8, Hesx1 or Otx2. The fact that Oct4 and Sall1 regulate common downstream targets suggests that Sall1 may be involved in pluripotency gene networks but not as drastically as Oct4 can be. It is also important to notice that the fold changes are very variable between the Oct4 knock-down samples and the Sall1 ones : expression level appears to be less affected in the Sall1 knock-down samples. This can be explained because of the lower efficiency of the Sall1 knock-down or because of a lower involvement of Sall1 in pluripotency gene networks. As a last step, we wanted to analyze the pathways in which our interest genes were involved in order to uncover which cellular processes were the most affected. In this view, we used Ingenuity Pathway Analysis. However, due to biased Ingenuity data bases, few relevant data could be gathered from these analyses. Discussion The aim of this study was to assess the involvement in the maintenance of pluripotency of two genes known to be downstream genes of the central core {Oct4, Sox2, Nanog}. Using a transcriptome-wide approach, we showed that, on one hand Oct4 and Sall1 share common
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Fig. 6 | Genes commonly affected by Oct4 and Sall1 knock-downs (2 replicates). A. Gene list from Oct4-R1 vs Sall1R2 | Only highly upregulated or downregulated genes associated with developmental process have been selected from a total amount of 383 genes. | B. Gene list from Oct4-R2 vs Sall1-R3 | Only highly upregulated or downregulated genes associated with developmental process have been selected from a total amount of 419 genes. | The fold change value corresponds to the average of fold change from each array. The yellow genes correspond to genes affected in both overlaps. Gene Ontology Molecular Function and Biological Process are displayed.



downstream targets belonging to signalling pathways involved in cell differentiation, and on the other hand Sall1 controls genes known to be associated with developmental process but whose functions remain unclear in the context of stem cell pluripotency. All together, these data suggest that Sall1 may be involved in stem cell pluripotency but it does not occupy such a central place that characterizes Oct4, Sox2 or Nanog. This nuanced conclusion about the role of Sall1 comes from variability observed between the expression profiles of the different replicates. This variability may result from the efficiency of the Sall1 knock-down. After five days of siRNA



treatment, Sall1 mRNA level dropped to 25% compared to the control, whereas Oct4 mRNA level dropped to 8% : Sall1 mRNA might be less sensitive to the mRNA cleavage RISC complex. Thus Sall1 expression might not be strongly enough downregulated to induce a specific cell response to Sall1 knock-down. One easy way to improve the efficiency of the knock-down of such gene is to extend the siRNA treatment to seven or nine days, involving to retransfect the cells one or two more times. But it would be important to keep in mind that extending the treatment could increase cell differentiation due to transfection and culture conditions whose effect may interfere with the direct effect of the
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gene knock-down. Beside Sall1 mRNA level, another important parameter to take into account is the SALL1 protein level and its turn-over. Indeed even if the mRNA level is going down, the effect on the protein level might be delayed, depending both on its initial level and on its turn-over. We were not able to assess the effect of the siRNA treatment on the quantity of SALL1 proteins due to the absence of antibodies targeting these proteins preventing us from any Western-Blot or Immunostaining analysis. Another source of variability could be a technical one. Although they allow investigating on a transcriptome-wide range, microarray analyses appear to be less sensitive and less reproductive than usual ways to quantify mRNA expression levels like real-time PCR. For example it was very surprising that Sall1 did not appear in the list of genes commonly affected by Oct4 and Sall1 knock-downs [Fig.6A], whereas real-time PCR analysis clearly show that Sall1 is downregulated in both cases. Some interesting genes could be missed over two steps : first when the 0.95% confident gene list is generated, some genes that have been wrongly exposed on the microarray could be eliminated ; second when the fold change filter (above 2 or below 0.5) is applied, some genes that have been wrongly quantified could be eliminated. This considered with the fact that Sall1 expression might not be strongly enough downregulated let us suspect that some relevant genes could have been omitted after microarray experiments. One obvious way to get through technical variability and to obtain data with robust biological sense is to repeat such transcriptomewide approaches. Finally a last point making unclear to state the involvement of Sall1 in stem cell pluripotency is the potential existence of a function redundancy with an homologous gene Sall4, whose implication in this process tends to be confirmed [GIS data not shown]. One way to tackle this issue is to set up a double knock-down of both Sall1 and Sall4 and to compare its expression profile with a Sall4-only knock-down. Further analyses



potentially promising genes in stem cell biology. Both Oct4 and Sall1 knock-downs revealed affected genes known to be usually involved in developmental process but not specially in stem cell biology : Psx1, Psx2, Pax8 and Otx2 are the most drastically affected genes. All of these genes appear to be homeodomain genes and as such might be involved in the early stages of mammalian embryonic development. Further targeted analyses of these promising genes in the context of stem pluripotency and self-renewing would be really interesting and could help our understanding of mammalian embryonic development. Another way of investigation may result from the known interactors of the SALL1 protein : SALL1 has been shown to bind histone deacetylase complexes HDAC1 and HDAC2 and acts on the chromatin as a global transcriptional repressor [McLeskey Kiefer S. et al. (2002)]. Instead of focusing on the specific function of the genes affected by Sall1 knock-down, it could be relevant to focus on the position of these genes among the genome. Doing so we would be able to visualize which parts of the genome are globally repressed by SALL1 and so we would better understand how this protein acts and finally in what extent it is involved in stem cell pluripotency. Conclusive remarks Genome-wide and transcriptome-wide analyses represent laudable attempts to understand the complexity of biology. Although they are improving every year, these techniques do have their own limits : sensitivity, reproductivity and incomplete data bases tend to bias our interpretation of the results we collect from them. That’s why they appear to be indissociable on one hand, from statistical analysis and on the other hand, from routine molecular biology experiments. If we are still far from the ultimate goal of modelling the cell, these large scale approaches at least help us to grasp the variability of life.



Beyond the involvement of Sall1 in stem cell pluripotency, our study attracted our attention on
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Experimental Procedures



Quantification was performed using a SDS2.2 Software (Applied Biosystems). All quantification data have been normalized using actin-b (Actb) as a calibrator for each sample.



Stem cell culture



E14 mouse ES cells were cultured under feederfree conditions and maintained in Dulbecco’s modified Eagle medium (DMEM; GIBCO), supplemented with 15% heat-inactivated fetal bovine serum (FBS; GIBCO), 0.055 mM bmercaptoethanol (GIBCO), 2 mM L-glutamine, 0.1 mM MEM nonessential amino acid (GIBCO) and 1,000 units/ml of LIF (Chemicon). siRNA transfection



E14 cells were transfected in suspension in 12well plates and retransfected every two days (day 0, day 2 and day 4). They were harvested every two days (day 1, day 3 and day 5) and kept in TRIzol Reagent (Invitrogen) for further RNA extraction. 100nM of each siRNA pool (Dharmacon siGENOME) has been used with 3µg of Dharmafect 2 reagent (DF2, Dharmacon siGENOME) in each well. We used siRNA pools for the following genes : Sall1, Dido1 and Oct4. We used a lamin siRNA pool linked to a fluorescent Cy3-dye as a control for siRNA transfection efficiency. At least two replicates from different batches of cells were generated for each condition. RNA extraction, Reverse Quantitative real-time PCR



transcription



and



RNA was extracted using TRIzol Reagent (Invitrogen) and purified with the RNAeasy Mini Kit (Qiagen). RNAs were stored at -80°C. Reverse transcription was performed using the HighCapacity cDNA Archive Kit (Applied Biosystems). cDNAs were stored at -80°C. Quantitative real-time PCR analyses were performed using an ABI PRISM 7900 Sequence Detection System (Applied Biosystems) on 96 well-plates, a TaqMan Universal PCR Master Mix and Assays-on-Demand Gene Expression Assay Mixes (Probes, Applied Biosystems). We used probes for the following genes : Actb, Sall1, Dido1, Oct4, Nanog, Sox2, CoupTF2, Nestin, Sox17 and Gsc. The sequences of the primers are available upon request to Applied Biosystems.



Microarray analysis



cRNA conversion was performed using the Illumina TotalPrep RNA Amplification Kit (Ambion). Microarray analyses were performed on Illumina Mouse 8-Sample Expression BeadChip (Illumina). cRNA were hybridized on the chip following the Hybridize 8-Sample BeadChip protocol (Illumina). Each sample is probed by a separate array that contains wellannotated RefSeq (NCBI) probe sequences. Each array carries 700,000 beads to quantify around 24,000 genes (around 30 beads for one gene). Each bead carries hundred thousand copies of gene specific 50-mer oligo probes. The chip was scanned using BeadStudio1.5 (Illumina). A Detection Level number, representing the percentage of hybridized probes, is attributed to each gene. Only genes with a Detection Level number above 0.95 are selected for analysis (Confidence Gene List). We generated one gene list from scatter plots for each condition : for example, to quantify genes upregulated and downregulated after Sall1 siRNA treatment, NT condition absolute fluorescence values are plotted on the X axis, while Sall1 condition absolute fluorescence values are plotted on the Y axis. One gene is represented by one dot : if the dot is above the first bisector, the corresponding gene is upregulated ; if not, the corresponding gene is downregulated. Then a gene list is generated with fold change values. Microarray data were analyzed using GeneSpring GX (Agilent Technologies). A filter on fold change values is applied to each gene list : only above 2fold upregulated or below 0.5-fold downregulated genes are selected (Significance Gene List). Then these gene lists can be overlapped between different replicates or different conditions. Pathway analysis



Pathway analyses were performed using online trial version of Ingenuity Pathway Analysis
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(Ingenuity). Significance gene lists were uploaded and analyzed on a remote server. However, due to biased Ingenuity data bases, few relevant data could be gathered from these analyses. References Avilion A.A. et al. | Multipotent cell lineages in early mouse development depend on SOX2 function. Genes Development, 2003 (17, 126–140). Boyer L.A. et al. | Core Transcriptional Regulatory Circuitry in Human Embryonic Stem Cells. Cell, 2005 (122, 1-10). Chambers I. et al. | Functional expression cloning of Nanog, a pluripotency sustaining factor in embryonic stem cells. Cell, 2003 (113, 643–655).
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