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Abstract: 

We previously discovered a new mode of gene regulation in budding yeast, by which 

mRNA production represses protein expression through a cis-acting transcriptional and 

translational interference mechanism (Chen et al., 2017; Chia et al., 2017). Whether this 

regulatory mechanism is conserved in other eukaryotes was unknown. Here we found 

that a similar mechanism regulates the human oncogene MDM2, which is transcribed 

from two different promoters. Transcription from the distal MDM2 promoter produces a 

poorly translated mRNA isoform, which establishes repressive histone H3K36 

trimethylation marks at the proximal MDM2 promoter. In this manner, production of the 

5’-extended transcript interferes with the expression of the MDM2 transcripts that are 

well translated. Accordingly, downregulation of transcription from the distal promoter up-

regulates MDM2 protein levels. We conclude that this non-canonical mechanism, first 

defined in yeast, is conserved in human cells. We propose that a similar mechanism 

may modulate the expression of other mammalian genes with alternative promoters and 

differentially translated mRNA isoforms.  
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Introduction: 

Recently, we defined a form of gene regulation that challenges the broad assumption 

that mRNA production leads to increased protein production (Chen et al., 2017; Chia et 

al., 2017). We found that in budding yeast meiosis, the amount of protein for the 

conserved kinetochore protein Ndc80 is determined by an unexpected mechanism in 

which mRNA production from a more distal NDC80 promoter inhibits Ndc80 protein 

synthesis through coordination of transcriptional and translational interference: the distal 

promoter-driven transcript cannot be efficiently translated into protein and its 

transcription interferes with the proximal NDC80 promoter activity in cis. In this manner, 

a 5’-extended and poorly translated mRNA isoform represses the production of a 

canonical mRNA isoform and therefore inhibits Ndc80 protein production (Chen et al., 

2017; Chia et al., 2017). 

 

We showed in mechanistic detail that this integrated mode of regulation relies on three 

key features (Chen et al., 2017; Chia et al., 2017). First, a regulated switch between 

alternative promoters for the same gene leads to the usage of different transcription 

start sites (TSSs). Second, due to upstream open reading frame (uORF)-mediated 

translational repression, the distal promoter-generated transcript is inefficiently 

translated. Third, transcription from the distal promoter represses the expression of the 

canonical mRNA isoform through co-transcriptional histone modifications. As a net 

result of all three factors, the activation of the distal promoter for NDC80 results in a 

decrease in protein production from this locus. We termed the distal promoter-

generated and translationally silent transcript “NDC80LUTI” for long undecoded transcript 
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isoform, because, despite containing the entire NDC80 ORF, NDC80LUTI is not 

efficiently translated into protein (Chen et al., 2017; Chia et al., 2017). 

 

The LUTI mRNA-based mechanism is commonly used in meiotic budding yeast cells. 

We identified 379 other genes for which protein levels are regulated over time through 

meiotic differentiation by toggling between transcript isoforms, as a result of a LUTI 

mRNA-based mechanism (Cheng et al., 2018). While these studies were exclusively 

performed using budding yeast, two of the three hallmarks of LUTI mRNA-mediated 

gene repression are common in mammals. First, almost half of human genes show 

evidence of alternative promoter usage, resulting in transcripts that differ in their 5’ 

leader (Wang et al., 2016). Second, transcripts with extended 5’ leaders that contain 

uORFs result, in some cases, in a poorly translated transcript compared to isoforms 

with shorter 5’ leaders (Floor and Doudna, 2016; Law et al., 2005). These features are 

observed in global studies, and they were also independently defined for several genes, 

including TGFβ3, AXIN2, and Mouse double-minute 2 homolog (MDM2), an oncogene 

and repressor of the tumor suppressor p53 (Arrick et al., 1994; Barak et al., 1994; 

Brown et al., 1999; Hughes and Brady, 2005). For example, the MDM2 isoform 

produced from the distal P1 promoter contains a longer 5’ leader than the one produced 

from the proximal P2 promoter (Figure 1B). This P1-driven MDM2 isoform is poorly 

translated due to the presence of two uORFs in its extended 5’ leader (Brown et al., 

1999). Although it is well established that P2 can be activated by p53 (Barak et al., 

1994; Honda et al., 1997; Wu et al., 1993), it is not known whether transcription from the 

P1 promoter regulates P2 activity. Our interpretation of previous studies suggested that 
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the same type of transcript toggling mechanism that we discovered for NDC80 in yeast 

might control the human MDM2 locus. Here, we report evidence that this is indeed the 

case and that LUTI-mediated regulation is conserved from yeast to human. 

 

Results and discussion: 

A key prediction, if MDM2 is regulated by a LUTI mRNA mechanism, would be an 

inverse relationship between the presence of the two MDM2 transcript isoforms, such 

that reduction in transcription from P1 should lead to increased transcription from P2. If 

instead, the two transcript isoforms vary independently, then no LUTI-based mechanism 

would apply. We first examined the relative abundance of the MDM2 isoforms in human 

Embryonic Stem Cells (hESCs) using reverse transcription coupled with isoform-specific 

quantitative polymerase chain reaction (RT-qPCR) and found expression of both the 

distal P1 promoter-derived transcript and the proximal P2 promoter-derived MDM2 

transcript, hereon referred to as MDM2PROX (Figure 1C). Analysis of MDM2 expression 

in data from a recent global study confirmed this result and further showed that 

MDM2PROX was enriched in polysomes in human embryonic stem cells (hESCs), while 

the P1-derived transcript, hereon referred to as MDM2LUTI (for reasons established 

below), was not [Figure 1D and (Blair et al., 2017)]. This translational signature is 

consistent with published data from several cell lines (Brown et al., 1999; Landers et al., 

1997).  

 

Because we observed LUTI-based regulation to be common during cellular 

differentiation in yeast, as marked by temporally-regulated transcript toggling, we 
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examined samples taken during the process of hESC differentiation for evidence of this 

type of signature for MDM2. We found that, indeed, as neuronal differentiation 

progressed (Blair et al., 2017), a switch in transcript isoform expression from MDM2PROX 

to MDM2LUTI could be seen (Figure 1C). This inverse correlation between MDM2PROX 

and MDM2LUTI expression was most evident between hESCs and neuronal precursors 

(NPCs) (Figure 1C). We also observed an anti-correlation between MDM2PROX and 

MDM2LUTI expression as hESCs differentiated into an endodermal fate, as determined 

by endoderm-specific markers (Figure 1E, Figure 1-figure supplement 1). Furthermore, 

using a siRNA-knockdown-validated antibody, we detected a clear decrease in MDM2 

protein expression as hESCs differentiated into NPCs, which correlated with the timing 

of increased MDM2LUTI expression (compare Figure 1C and Figure 1-figure supplement 

2). This inverse pattern of proximal and distal promoter usage seen during hESC 

differentiation fits a LUTI-like model, and also suggests that production of the distal 

MDM2LUTI transcript might be capable of repressing the production of MDM2 protein 

through interference with transcription from the proximal promoter. 

 

In order to directly test whether MDM2LUTI production causes repression of the P2 

promoter activity, we inhibited transcription from P1 by using CRISPRi (Gilbert et al., 

2013). To this end, we first examined MCF-7 breast cancer cells stably encoding the 

catalytically dead dCas9. Expressing each of four different single guide RNAs (sgRNAs) 

targeting the P1 promoter region led to a modest but significant increase, of up to 2-fold, 

in MDM2PROX transcript levels, which was associated with the reduction of transcription 

from P1 (Figure 2A, Figure 2-figure supplement 1). This result was notable, given that 
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the maximal knockdown of P1 activity was only 40% relative to control cells in these 

lines (Figure 2A). We tried to enhance the P1 transcriptional knockdown by using 

CRISPRi in MCF-7 cells that carry a version of dCas9 fused to the Krüppel-associated 

box (KRAB) transcriptional repression domain (Gilbert et al., 2013). However, targeting 

of dCas9-KRAB to the P1 promoter led to repression of both the P1 and P2 promoters 

(Figure 2–figure supplement 2). This finding is consistent with the long-range effect of 

the KRAB domain up to 1Kb (Gilbert et al., 2014), beyond the 845 bp distance between 

the P1 and P2 regulated transcription start sites. Therefore, we performed all 

subsequent experiments using cell lines that stably expressed dCas9 without the KRAB 

domain, as this first-generation version of CRISPRi allowed us to achieve promoter-

specific repression. 

 

We further probed the relationship between P1 and P2 by knockdown of the gene 

encoding p53 (TP53) in MCF-7 cells using CRISPRi. Given that p53 is a well-

characterized transcriptional activator for P2, it was not surprising that TP53 knockdown 

resulted in a significant reduction (43%) of the P2-derived MDM2PROX transcript (Figure 

2B, left panel). However, additional CRISPRi knockdown of MDM2LUTI still resulted in 

the transcriptional activation of P2, as evidenced by the 2- to 3-fold increase in 

MDM2PROX levels in this background compared to the TP53 knockdown alone (Figure 

2B, right panel; Figure 2–figure supplement 3).  The observation that the repression of 

MDM2LUTI leads to an increase in MDM2PROX expression, even in cells with reduced p53 

levels, suggests that transcription from P1 actively represses P2 activity and that relief 
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of this repression alone can lead to increased expression of MDM2PROX independent of 

p53. 

 

To further study the effect of MDM2LUTI synthesis on P2 promoter activity, we performed 

similar experiments in K562, a TP53-/- myeloid leukemia cell line routinely used for 

CRISPRi (Gilbert et al., 2014). Inhibition of MDM2LUTI transcription in these cells 

resulted in a dramatic increase (up to 10-fold) in MDM2PROX expression (Figure 3A). We 

could also achieve a range of MDM2LUTI knockdown efficiencies in this cell line and 

found that the degree of P1 downregulation generally correlated with the degree of P2 

activation, as predicted by the LUTI mRNA-based gene regulatory mechanism (Figure 

3A). Importantly, P1 inhibition and the resulting increase in P2 transcription resulted in 

an increase in MDM2 protein levels (Figure 3B), suggesting a functional importance to 

the transcript toggling that we observe and supporting the notion that P1-driven 

expression of MDM2LUTI results in the downregulation of MDM2 protein levels. 

 

H3K36me3 is a co-transcriptionally laid modification that marks regions of active 

transcription (Bannister et al., 2005; Li et al., 2003; Mikkelsen et al., 2007; Xiao et al., 

2003). In budding yeast, H3K36me3 is associated with a decrease in transcription 

initiation from within sites of active transcription (Carrozza et al., 2005; Keogh et al., 

2005; Kim et al., 2016; Li et al., 2003; Xiao et al., 2003) and it plays a crucial role in the 

downregulation of NDC80 in meiotic prophase as a result of its LUTI mRNA expression 

(Chia et al., 2017). Downregulation of MDM2LUTI expression resulted in more than 3-fold 

decrease in H3K36me3 signal at the P2 promoter (Figure 3C, Figure 3- figure 
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supplement 1), whereas the H3K36me3 signal remained high within the MDM2 gene 

body, likely due to increased MDM2PROX expression under these conditions. These data 

are consistent with a mechanism whereby MDM2LUTI expression represses transcription 

from the P2 promoter through co-transcriptional histone modifications, and provide 

further support for a model in which the two MDM2 promoters are controlled by the 

same mechanism defined for NDC80 in yeast. Based on these findings, we propose 

that LUTI-dependent regulation of gene expression is conserved from yeast to human. 

 

Contrary to traditional gene regulatory models, mRNA and protein abundances show 

poor correlations over developmental programs in genome-scale yeast and vertebrate 

studies (Cheng et al., 2018; Peshkin et al., 2015). In yeast we have recently shown that 

hundreds of such cases can be explained by LUTI mRNA-based regulation, whereby 

developmentally-regulated transcript toggling, driven by timed induction of the 

regulatory transcription factors, is responsible for distal and proximal promoter usage 

and driving final protein output levels (Cheng et al., 2018). The natural toggling between 

MDM2 isoforms during differentiation shown here suggests that broad use of this 

mechanism for developmental modulation of gene expression may be conserved. 

 

In summary, we report here that the LUTI mRNA based mechanism, defined for NDC80 

in yeast, is conserved in humans. Based on the ubiquitous use of alternative promoters 

and uORF translation in humans (Floor and Doudna, 2016; Ingolia et al., 2011; 

Tresenrider and Unal, 2017; Wang et al., 2016), this may be the first of many such 

cases to be identified. Canonical models to explain the prevalence of mammalian 
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alternative promoter usage suggest that one promoter might serve as a “back-up” or 

that the use of two promoters could simply allow activation by different transcription 

factors that are present in different cell types (Davuluri et al., 2008). However, in the 

case of MDM2, we argue that its two promoters are fundamentally different in function. 

The P1 promoter produces a poorly translated MDM2LUTI transcript and the production 

of MDM2LUTI from this promoter interferes with P2 activity in cis, reducing the 

transcription of the well-translated MDM2PROX isoform. Therefore, P1-driven MDM2LUTI 

mRNA production serves to downregulate MDM2 protein expression (Figure 4). 

 

MDM2 protein levels are elevated in a variety of cancers (reviewed in (Rayburn et al., 

2005) and this elevation has been attributed in some cases to an increase in translation 

of the pool of MDM2 transcripts, based on increased transcription from the P2 (Brown et 

al., 1999; Capoulade et al., 1998; Landers et al., 1997). Much research has focused on 

identifying alternate transcription factors that can activate P2—as it is clear that 

transcription can occur from this promoter in the absence of p53—and several have 

been found (Phelps et al., 2003; Zhang et al., 2012), but relatively little is known about 

P1 regulation. Our study argues that MDM2 expression levels can be modulated by 

changes in activation of P1 alone, suggesting a promising new general area for the 

development of gene regulatory tools that modulate P1 activity, and the activity of other 

yet-to-be-identified LUTI mRNA promoters, as a means to fine tune gene expression. 
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Figure legends 
 
Figure 1. P1 and P2-driven MDM2 transcript isoform toggling can be seen during 

human embryonic stem cell differentiation. 

.CC-BY 4.0 International licensepeer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not. http://dx.doi.org/10.1101/264721doi: bioRxiv preprint first posted online Feb. 13, 2018; 

http://dx.doi.org/10.1101/264721
http://creativecommons.org/licenses/by/4.0/


	 15 

Model for LUTI mRNA expression-mediated gene repression. Top panel: LUTI mRNA 

production causes an increase in the co-transcriptional H3K36me3 marks at the 

proximal gene promoter and transcriptional repression of the canonical mRNA isoform. 

Because LUTI mRNA is not well translated due to uORFs in its extended 5’ leader and 

because the well-translated canonical mRNA is repressed, the net effect of LUTI mRNA 

production is the downregulation of protein synthesis from the LUTI target gene locus. 

Bottom panel: In the absence of LUTI expression, transcription from the canonical gene 

promoter occurs, leading to protein production. B. Illustration of the MDM2 gene 

structure. MDM2 is transcribed from two different transcription start sites (TSS1 and 

TSS2) regulated by two different promoters (P1 and P2). Transcription from the distal 

TSS1 produces a 5’-extended, uORF-containing transcript, which is poorly translated. 

Hereafter, the P1 promoter-driven transcript isoform is referred to as MDM2LUTI, while 

the P2-driven isoform, transcribed from the proximal TSS2 is referred to as MDM2PROX. 

The arrows describe the location of the isoform-specific primers used for the RT-qPCR 

analyses in this figure and all the subsequent figures (blue arrows: MDM2LUTI specific 

primers; yellow arrows: MDM2PROX specific primers). C. TBE polyacrylamide gel 

electrophoresis and RT-qPCR data showing the relative expression of MDM2LUTI and 

MDM2PROX transcripts in human embryonic stem cells (hESCs), neural progenitor cells 

(NPCs), Day 14 and Day 50 neurons (D14 and D50). Data were normalized relative to 

MDM2LUTI or MDM2PROX transcript abundance in hESCs. Error bars refer to the range 

measured for two biological replicates. D. Translation status of MDM2LUTI and 

MDM2PROX. Data from (Blair et al., 2017) were re-analyzed for the portion of the 

isoform-specific junction reads corresponding to the MDM2LUTI or MDM2PROX found in 
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monosomes, low polysome fractions, and high polysome fractions. Relative abundance 

is calculated by dividing the number of isoform-specific junction reads for a given 

fraction by the total number of isoform-specific junction reads across all fractions for 

each transcript isoform. E.  TBE polyacrylamide gel electrophoresis and RT-qPCR data 

showing the changes in the expression of MDM2PROX and MDM2LUTI in hESCs 

differentiating into endoderm. D1-D4 refers to days after transfer of the hESCs to 

endoderm differentiation medium. Data were normalized relative to MDM2LUTI or 

MDM2PROX transcript abundance in hESCs. 

 

Figure 2. Downregulation of MDM2LUTI leads to an increase in the expression of 

MDM2PROX in MCF-7 cells, independent of p53 expression. 

A. RT-qPCR data displaying the changes of MDM2LUTI and MDM2PROX mRNA 

expression in MCF-7-dCas9 stable cells. The transcription of MDM2LUTI was inhibited by 

CRISPRi using four different sgRNAs (#1-4). Data were normalized to GAPDH, and the 

fold change relative to the expression of MDM2LUTI and MDM2PROX in the cells 

transfected with an empty vector was calculated. Data points represent the mean of at 

least 3 independent biological replicates. Error bars represent standard error of the 

mean (SEM). Two-tailed Student’s t-test was used to calculate the P-values in this 

figure and all of the subsequent figures. B. RT-qPCR data showing the change in the 

expression level of TP53, MDM2LUTI and MDM2PROX in MCF-7-dCas9 cells after 

CRISPRi-mediated TP53 knockdown (left) or CRISPRi-mediated p53- and MDM2LUTI-

double knockdown (right, sgRNA #1 through #4), relative to the cells transfected with an 

.CC-BY 4.0 International licensepeer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not. http://dx.doi.org/10.1101/264721doi: bioRxiv preprint first posted online Feb. 13, 2018; 

http://dx.doi.org/10.1101/264721
http://creativecommons.org/licenses/by/4.0/


	 17 

empty vector. Data were normalized to GAPDH. Data points represent the mean of four 

biological replicates. Error bars represent SEM.  

 

Figure 3.  Downregulation of MDM2LUTI reduces repression-associated histone 

marks at the P2 promoter and up-regulates MDM2 protein expression.  

A. RT-qPCR data displaying the changes in MDM2LUTI and MDM2PROX expression levels 

in a stable K562-dCas9 cell line in which the transcription of MDM2LUTI had been 

inhibited by CRISPRi using four different sgRNAs (#5, #6, #1, and #7). Data were 

normalized to GAPDH, and the fold change relative to cells transfected with the empty 

vector was calculated. Data points represent the mean of at least 3 independent 

biological replicates. Error bars represent SEM. B. Top panel: Western Blot for MDM2 

protein in the K562-dCas9 cells treated with empty vector (EV) or two different sgRNAs 

(#6 and #5) to inhibit MDM2LUTI expression. β-actin was measured as a loading control. 

The ratio of MDM2 and β-actin in each sample was taken and then normalized to the 

EV value. Rep I, biological replicate 1; rep II, biological replicate 2. Bottom panel: 

Matched mRNA samples were analyzed for relative expression of MDM2LUTI and 

MDM2PROX. Data were normalized to GAPDH and the fold change relative to cells 

transfected with the empty vector was calculated C. Chromatin immunoprecipitation 

(ChIP) data displaying H3K36 trimethylation (H3K36me3) enrichment around the 

proximal TSS (TSS2) in K562-dCas9 cells after CRISPRi-mediated inhibition of 

MDM2LUTI expression. Location of the four different primer pairs (A, B, C, and D) are 

shown in the schematic above the graph. Data points represent the mean of 4 

independent biological replicates. Error bars represent SEM. n.s. = not significant 
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Figure 4. Model of the LUTI mRNA based mechanism of the MDM2 gene.  

The MDM2 gene has two promoters, P1 and P2. MDM2PROX is regulated by P2 whereas 

MDM2LUTI is regulated by P1. In comparison to MDM2PROX, MDM2LUTI is poorly 

translated because of the existence of two upstream open reading frames (uORFs) in 

its extended 5’-leader. Top panel: When P1 promoter is active (“ON”), MDM2LUTI 

transcription establishes H3K36 trimethylation at the downstream P2 promoter and 

causes repression of P2 (“OFF”). As a result, MDM2LUTI becomes the predominant 

transcript product from the MDM2 locus. Bottom panel: When P1 promoter is “OFF”, 

transcriptional repression of the downstream P2 promoter is relieved, culminating in the 

expression of MDM2PROX. MDM2PROX is efficiently translated, resulting in higher MDM2 

protein levels. 

 

 
 
 
 
 
 
 
 
 

Supplemental figure legends: 

Figure 1 – Figure Supplement 1. Validation of endodermal differentiation of 

human embryonic stem cells. RT-qPCR data showing the changes in expression of 

hESC- specific genes (NANOG, SOX2, and OCT4) and endoderm-specific genes 
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(SOX17 and CXCR4) during endodermal differentiation (Endo D1 through D4). Values 

normalized to the expression in hESCs. 

 

Figure 1 – Figure Supplement 2. Changes in MDM2 protein levels during neuronal 

differentiation of human embryonic stem cells. Left panel: Western Blot for MDM2 

protein in the K562-dCas9 cells treated with siMDM2 or a non-targeting siRNA to 

validate the specificity of the anti-MDM2 (SMP14) antibody. β-actin was used as a 

loading control. Right panel: Western blot for the neuronal differentiation samples 

analyzed in Figure 1C. * represents a lower, cross-reacting band of unknown origin in 

hESCs. 

 

Figure – 2 Figure Supplement 1. Information about the location of the single guide 

RNAs (sgRNAs) used for the MDM2 locus in this study. Binding sites of the sgRNAs 

(red lines) used for the CRISPRi-mediated knockdown of MDM2LUTI within the MDM2 

gene.  

 

Figure 2 – Figure Supplement 2. Both MDM2PROX and MDM2LUTI levels are reduced 

upon CRISPRi targeting of MDM2LUTI transcription start site in MCF-7-dCas9-

KRAB cell lines. RT-qPCR data showing the changes in MDM2PROX and MDM2LUTI 

expression upon CRISPRi-mediated knockdown of MDM2LUTI in MCF-7-dCas9 (solid 

bars) and MCF-7-dCas9-KRAB cell lines (checkered bars), using two different sgRNAs 

(#1 and #3). Data were normalized to GAPDH and the fold change relative to cells 

transfected with the empty vector was calculated.  

.CC-BY 4.0 International licensepeer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not. http://dx.doi.org/10.1101/264721doi: bioRxiv preprint first posted online Feb. 13, 2018; 

http://dx.doi.org/10.1101/264721
http://creativecommons.org/licenses/by/4.0/


	 20 

 

Figure 2 – Figure Supplement 3.  MDM2PROX can be upregulated upon MDM2LUTI 

downregulation, even under conditions with low p53 levels. RT-qPCR data 

showing the expression of MDM2PROX and MDM2LUTI in the MCF-7-dCas9 cells treated 

with different sgRNAs (#1-4) targeting MDM2LUTI in the presence (+) or absence (-) of a 

sgRNA targeting TP53. Data were normalized to GAPDH and the fold change relative to 

cells transfected with the empty vector was calculated. Data points represent the mean 

of at least 3 independent biological replicates. Error bars represent SEM.  

 

Figure 3 – Figure Supplement 1.  Quality assessment for the H3K36me3 ChIP. 

qPCR analysis of chromatin immunoprecipitation performed with IgG or anti-

H3K36me3. Same primers sets were used as in Figure 3C. Note that the H3K36me3 

data are the same as shown in Figure 3C. Data points represent the mean of 4 

independent biological replicates. Error bars represent SEM. 
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Table 1. Primers used in this study 
 

Target gene 
 

Primer 
 

5’-3’ sequence 

   

MDM2prox MDM2PROX forward GTGGCGATTGGAGGGTAGAC 

 MDM2PROX reverse TTGTGCACCAACAGACTTTA 

MDM2LUTI MDM2LUTI forward AAACTGGGGAGTCTTGAGGG 

 MDM2LUTI reverse CAGACATGTTGGTATTGCACAT 

GAPDH GAPDH forward AATCCCATCACCATCTTCCA 

 GAPDH reverse TGGACTCCACGACGTACTCA 

NANOG NANOG forward CCAACATCCTGAACCTCAGCTAC 
 

NANOG reverse GCCTTCTGCGTCACACCATT 

SOX2 SOX2 forward CACACTGCCCCTCTCACACAT 
 

SOX2 reverse CATTTCCCTCGTTTTTCTTTGAA 

OCT4 OCT4 forward TCGAGAACCGAGTGAGAGGC 
 

OCT4 reverse CACACTCGGACCACATCCTTC 
CXCR4 

CXCR4 forward AGTGAGGCAGATGACAGATA 
 

CXCR4 reverse ACAATACCAGGCAGGATAAG 
SOX17 

SOX17 forward GCCGAGTTGAGCAAGATG 
 

SOX17 reverse GGCCGGTACTTGTAGTTG 

MDM2 (ChIP) MDM2 A forward GAGTGGAATGATCCCCGAGG 

 MDM2 A reverse GGTTTTCGCGCTTGGAGTC 

 MDM2 B forward CAGACACGTTCCGAAACTGC 

 MDM2 B reverse 
reverse 

CCAATCGCCACTGAACACAG 
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 MDM2 C forward CACAGATTCCAGCTTCGGAAC 

 MDM2 C reverse GCCATGCTACAATTGAGGTATACG 

 MDM2 D forward TGGCCAGTATATTATGACTAAACGA 

 MDM2 D reverse CACGCCAAACAAATCTCCTA 
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