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Supplementary Figure 1
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Fig. 1: Two-dimensionally cultured HM-1 stem cells show spontaneous attachment-induced 
differentiation into stromal-like cells with the same morphology as upon withdrawal of LIF

Originally, HM-1 stem cells are being cultured two-dimensionally on cell culture dishes with or without 
gelatine coating [1,2]. Stem cells grow to form clusters with sharp borders as an optical reference of 
plurypotency (Fig. 1a and 1b, green arrows); however, even with the recommended dosage of LIF (leu-
kemia inhibiting factor; keeps the stem cells in an undifferentiated state), some border cells show stro-
mal phenotype indicating an unavoidable dish attachment-induced differentiation (Fig. 1a, red arrow). 
The tendency to differentiate into a stromal phenotype is very variable depending on the cell batch used 
and is also time-dependent with longer culturing time promoting more differentiation, an effect that can 
also be observed with the reduction of the LIF dosage (Fig. 1b).  With total withdrawal of LIF, all HM-1 
cells differentiate into this phenotype and loose their pluripotency (Fig. 1c). To overcome this problem 
of attachment-induced differentiation, the industry offers nanocoated stem cell culture plates that avoid 
attachment, but in our setting we found another solution and developed a 3D culture model consisting 
of simple bacterial dishes where HM-1 stem cells do not attach to the bottom and form spontaneously 
free floating clusters (FFC) without visible signs of differentiation (Fig. 1d). This culture system yielded 
in reproducible gene expression readout and forms the basis for the experiments shown here. 

Edge length of small squares within the large grid: 125 μm. 
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Supplementary Figure 2
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Fig. 2: Priming method and reverse transcriptase concentration is decisive for linear reverse 
transcription

Gene expression in stem cells has been shown to have a certain instability [3,4] and to be influenced 
by culture conditions [5] which has led to reproduceability problems of experimental results in the 
stem cell community [6]. This problem is pronounced by the finding that even minute changes in gene 
expression can decide the developmental fate. Niwa et al. [7] for example could show that a relative 
expression level change of only 50% of the transcription factor Oct-3/4 decides whether the stem cell 
remains pluripotent (relative Oct-3/4 expression level 1), if it differentiates towards trophoectoderm 
(relative Oct-3/4 expression level 0.5) or if it differentiates towards primitive endoderm and mesoderm 
(relative Oct-3/4 expression level 1.5). This narrow decisive range not only imposes a challenge to the 
culture conditions in the experimental setup but also to the detection limits of real-time PCR. 

In many cases, analysing stem cells in early differentiation steps implies working with very few cells 
and therefore sparse RNA. Consequently, RNA input variations for reverse transcription are potentially 
bigger than when having abundant cells. Additionally, stem cells with a fast growth rate can also have 
a high yield in differentiation experiments, leading to a large RNA harvest range from a few nanograms 
from a few starting cells to micrograms from differentiated tissue. Consequently, in order to assure the 
highest possible accuracy, one of the most important aspects to control is the internal standard, which 
in stem cells might be subject to variation in differentiation experiments. 
We studied the reliability of the internal standard in our real-time PCR system and found a significant 
flaw possibly affecting many researchers. 

In the delta-delta ct method, most used in real-time PCR, the found raw gene expression signal needs 
to be normalized against a housekeeping gene as internal standard for the correction of input varia-
tions. The correctness of the result is completely dependent on the invariability of the internal standard, 
which in stem cell studies is not always granted as stem cells change their phenotype during differenti-
ation [8–11]. It has been shown that 18s ribosomal RNA is one of the most consistent internal standards 
[12–16]. However, to use 18s as internal standard, the priming for the cDNA production needs to be 
done with oligomers, i.e. hexamers instead of the more accurate oligo-dT’s [17–19] and we found he-
xamers to be a source of significant flaws due to non-linear reverse transcription being dependent on 
the amount of RNA used and of the amount of reverse transcriptase. One elegant method to overcome 
this problem is the use of oligo-dT priming together with the use of an 18s-specific primer, combining 
the advantage of the stability of 18s as internal standard and the specificity of oligo-dT priming, termed 
Coapplication reverse transcription (Co-RT) [20]. We could show that in our system of embryonic stem 
cells, after titration of the reverse transcriptase, this methodology allows reliable normalization over a 
broad RNA input range and that in the tested differentiation conditions of embryonic and adult stem 
cells 18s remains stable. In our experience, coapplication reverse transcription can be used as a relia-
ble priming system for the study of stem cells allowing the use of 18s as a stable internal standard also 
in differentiating conditions and avoiding possible significant flaws with the use of hexamer priming. 

We came to analyze this problem due to data inconsistencies with reverse transcription upon different 
RNA loading. We then performed a systematic dilution analysis (Figure 2) and found that the reverse 

Real-time PCR of reverse transcription RNA dilution series. Loading was performed with 12.5-50-
200-800 ng RNA, each step representing a quadruplication of the RNA amount. Upon linear reverse 
transcription this would correspond to 2 cycle threshold (CT) values. CT steps are shown with vertical 
lines in original plots for best visualisation. Priming of reverse transcription was done with either he-
xamer or Co-RT priming and 200 U (manufacturer recommendation) or 50 U of Superscript III reverse 
transcriptase, respectively. Depending on these variables, real CT distances differ dramatically. Only 
Co-RT priming with 50 U reverse transcriptase was linear for a broad RNA range. Comparing origi-
nal data with R squared calculation shows that only a very high correlation of more than 0.99 can be 
accepted. Results are representative of three biological replicates. Of each biological replicate, tech-
nical duplicates for the real-time PCR were used to minimise pipetting error. R squared calculation: 
nonlinear regression. X axis is logarithmic (Log2), Y axis is linear.
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transcription does not happen in a linear manner with standard protocols. We examined RNA input 
amounts of 12.5, 50, 200 and 800 nanograms which in standard real-time PCR plots need to have a di-
stance of 2 cycle threshold (ct) values, corresponding to a quadruplication of the RNA input amount. In 
addition to the R squared analysis, original plots are being shown to highlight the importance of a very 
high coefficient of determination. Ct values are plotted with vertical lines where the distance between 
two lines equals 1 ct value or doubling of the RNA amount. 

Figure 2A shows a realtime PCR with standard protocol reverse transcription with 200 units of reverse 
transcriptase according to manufacturer guidelines. The top lane shows hexamer priming for Oct-3/4, 
a classical “stemness” marker and 18s. Oct-3/4 shows 3 ct values difference between 12.5 and 50 na-
nograms RNA loading instead of 2 ct values. This indicates a non-linear priming for low RNA amounts. 
For 18s, the priming is not linear at all with at least 3 ct values difference instead of 2 and additionally 
reproducibly irregular priming for low RNA amounts. R squared for 200 units hexamer priming for Oct-
3/4 and 18s was 0.974 and 0.961, respectively, clearly being a misleadingly high determination coeffi-
cient compared to original data plots. Trying to solve this problem using Co-RT (lower band), we found 
a clearly more regular priming for Oct-3/4, but still an inacceptably high variation of 18s with up to 5 
ct values distance instead of 2. This would misleadingly imply that 50 ng multiplicated with 32 would 
yield in 200 ng instead of 1600 ng. R squared in this context (200 units, Co-RT) was realistic for Oct-
3/4 with 0.993, but again misleadingly high with 0.985 for 18s, because R squared calculation relies on 
the distribution pattern of data points and the enormous consequences of 5 CT values difference are 
statistically not represented at all. 

Upon titration of the reverse transcriptase down to 50 units (Figure 2B) with hexamer priming (top lane) 
we found a reaction inhibition for higher RNA amounts with no difference between 200 and 800 ng for 
both Oct-3/4 and 18s with linear priming from 12.5 to 200 ng for Oct-3/4 but not for 18s with 3 ct’s di-
stance between 12.5 and 50 and 1 ct distance between 50 and 200 ng. R squared for Oct 3/4 and 18s 
was 0.906 and 0.774, respectively.
Using Co-RT with 50 units of reverse transcriptase, we found a totally linear range for Oct-3/4 reflec-
ting the real RNA input for reverse transcription and an acceptably linear range for 18s with roughly 
half a ct value “stretching” upon loading the extremes of 12.5 or 800 ng, respectively. R squared (50 
units, Co-RT) for Oct-3/4 was 0.994 and 0.998, respectively. These results indicate the importance of 
precise RNA measuring and loading for reverse transcription. If out of experimental needs varying RNA 
amounts need to be reverse transcribed and compared, this data shows the absolute necessity of per-
forming such dilution series in order to assure comparability of results. Statistical calculation of fidelity 
like R squared is of only limited value and only almost perfect determination coefficients higher than 
0.99 can be accepted because of the enormous leverage power of wrong normalisation.

This effect happens most probably due to irregular priming efficiencies of the mRNA to cDNA conver-
sion which depends not only on the enzyme used, but also on the method of reverse transcription. 
The problem of loading amount misrepresentation upon reverse transcription is known in the literature 
[17] with random priming being most irregular upon serial dilution of the template and gene-specific 
priming probably being the most precise one. The drawback with gene-specific priming is that only the 
specifically reverse transcribed genes can be analysed in the PCR. Oligo-dT priming is known to be 
superior to random priming [17] in this respect and hasn’t got the limitation of gene-specific priming, but 
is known to be almost equally precise. Therefore, coapplication reverse transcription seems to over-
come these drawbacks combining 18s-availability without the need for hexamer priming with the more 
precise oligo-dT-priming. Additionally, the shown quantification irregularities upon reverse transcription 
seem to be controlled by using this technology when the enzyme is elaborately titrated.

One related phenomenon described in the literature is the “Monte Carlo Effect”, where low copy number 
cDNA is irregularly primed during real-time PCR and consecutively the real cDNA amount in the final 
PCR product is strongly misrepresented [21,22]. We cannot completely separate our observation from 
the Monte-Carlo effect, but by using validated commercially available primers with amplification effi-
ciencies close to 100% and analysing abundant genes in the respective cell population, we think that 
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our observations can be mostly accounted to the reverse transcription step. This is supported by two 
other groups having made similar observations like us with reduction of reverse transcriptase leading 
to better amplification [23,24]. They suggest that RT inhibition of the PCR is mediated through direct 
interaction with the specific primer-template combination (DNA and RNA). 

With exact quantification being so vital for stem cell studies it is recommendable to test the own expe-
rimental setup for these possible flaw sources. 
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Supplementary Figure 3
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Fig. 3: 18s is a highly reliable internal standard also in differentiating conditions

In order to test the reliability of 18s as internal standard in stem cells also in differentiating conditions 
(Fig. 3), we performed differentiation experiments of HM-1 mouse embryonic stem cells and of human 
mesenchymal stem cells (MSC’s). Experiments were performed using standard differentiation proto-
cols and real-time PCR using Co-RT. HM-1 ES cells were differentiated towards the neuronal lineage 
according to published protocols [25]. Differentiation is documented by the upregulation of tropomyosin 
and class III beta tubulin as well as morphology (Fig. 3A). 18s raw mean ct value was 9.76 +/- 0.08 
(95% CI; SD 0.14; total range 9.52 - 10.01 ct values).
MSC’s were exposed to adipogenic and osteogenic differentiation. Successful differentiation was docu-
mented by morphological changes, upregulation of PPAR-y and LipLipase for adipogenic (Fig. 3B) and 
Cbfa1 and Osteocalcin for osteogenic differentiation (Fig. 3C). 18s raw mean ct value was 9.03 +/- 0.07 
(95% CI; SD 0.16; total range 8.81 - 9.31 ct values). 
In both mouse and human stem cells, all the raw 18s ct values were within a total experimental vari-
ance of maximally 0.5. A difference of 0.5 ct values equals an cDNA expression change of 50%. This 
includes all experimental handling, pipetting and measuring errors. This error is so small that it lies 
within the detection limits of real time PCR [9,26]. 

Standard differentiation assays with HM-1 mouse embryonic stem cells (A) and human mesenchymal 
stem cells (B and C) to control the reliability of 18s as internal standard in differentiating conditions. 
Performed differentiation is confirmed with cell morphology and induction of mRNA expression levels 
of lineage-specific markers. 
Error bars: SD. Original data for 18s normalization of undifferentiated and differentiated cells is shown 
on the same plot. Representative pictures show undifferentiated and differentiated cells. Grid: 125 
µm. 
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