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Genetic compensation by transcriptional modulation of related gene(s) (also known as 

transcriptional adaptation) has been reported in numerous systems
1-3

; however, whether 

and how such a response can be activated in the absence of protein feedback loops is 

unknown.  Here, we develop and analyze several models of transcriptional adaptation in 

zebrafish and mouse that we show are not caused by loss of protein function.  We find that 

the increase in transcript levels is due to enhanced transcription, and observe a correlation 

between the levels of mutant mRNA decay and transcriptional upregulation of related 

genes.  To assess the role of mutant mRNA degradation in triggering transcriptional 

adaptation, we use genetic and pharmacological approaches and find that mRNA 

degradation is indeed required for this process.  Notably, uncapped RNAs, themselves 

subjected to rapid degradation, can also induce transcriptional adaptation.  Next, we 

generate alleles that fail to transcribe the mutated gene and find that they do not show 

transcriptional adaptation, and exhibit more severe phenotypes than those observed in 

alleles displaying mutant mRNA decay.  Transcriptome analysis of these different alleles 

reveals the upregulation of hundreds of genes with enrichment for those showing sequence 

similarity with the mutated gene’s mRNA, suggesting a model whereby mRNA degradation 

products induce the response via sequence similarity.  These results expand the role of the 

mRNA surveillance machinery in buffering against mutations by triggering the 

transcriptional upregulation of related genes.  Besides implications for our understanding 

of disease-causing mutations, our findings will help design mutant alleles with minimal 

transcriptional adaptation-derived compensation. 

Recent advances in reverse genetic tools have greatly enhanced our ability to study gene function 

in a much wider range of organisms.  These studies have reinforced previous observations that 

many engineered mutants do not exhibit an obvious phenotype, reviving interest in the concept of 
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genetic robustness.  Several mechanisms have been proposed to explain genetic robustness, 

including functional redundancy
4
, rewiring of genetic networks

5
, and the acquisition of adaptive 

mutations in the case of rapidly proliferating organisms such as yeast
6
.  In a previous report

1
, we 

proposed genetic compensation as another underlying mechanism, whereby a deleterious 

mutation can lead to the transcriptional upregulation of related genes which can assume the 

function of the mutated gene.  We provided evidence that this upregulation is induced upstream 

of the loss of protein function, implying the existence of an unknown trigger.  In order to 

investigate the molecular machinery underlying genetic compensation, we developed and 

investigated zebrafish and mouse mutants that display transcriptional adaptation, a form of 

genetic compensation that involves the transcriptional upregulation of genes that can potentially 

compensate for the loss of the mutated gene. 

We started by analyzing different zebrafish mutants, namely hbegfa, vcla, hif1ab, vegfaa, egfl7 

and alcama mutants, and found that they transcriptionally upregulate a paralogue or a family 

member (hereafter referred to as ‘adapting genes’), namely hbegfb, vclb, epas1a and epas1b, 

vegfab, emilin3a and alcamb, respectively (Fig. 1a).  Moreover, we found that vcla, hif1ab and 

egfl7 heterozygous animals also display a transcriptional adaptation response, albeit less 

pronounced than that observed in the homozygous mutants (Extended Data Fig. 1a), indicating 

that transcriptional adaptation is a dominant phenomenon.  We also observed upregulation of the 

hbegfa, hif1ab, vegfaa and alcama wild-type (wt) alleles in the respective heterozygous mutants 

(Extended Data Fig. 1b).  Injection of wt hif1ab, vegfaa, egfl7 and alcama mRNA into the 

respective mutants did not dampen the transcriptional adaptation response (Fig. 1b), indicating 

that the response is triggered upstream of the loss of protein function.  These data are consistent 

with our previous observations that embryos injected with a dominant negative version of Vegfaa 

do not exhibit upregulation of vegfab mRNA levels even though they appear similar to vegfaa 
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mutants 
1
.  Similarly, we found that Kindlin-2 mutant mouse kidney fibroblasts (MKFs), Rela and 

Actg1 mutant mouse embryonic fibroblasts (MEFs) and Actb mutant mouse embryonic stem cells 

(mESCs) (hereafter referred to as the knockout (K.O.) alleles) transcriptionally upregulate 

Kindlin-1, Rel, Actg2 and Actg1, respectively (Fig. 1c).  Actb heterozygous mESCs also 

upregulate Actg1 (Extended Data Fig 1b).  Transfection of wt Kindlin-2 and Rela in the 

respective mutant cells also did not dampen the transcriptional adaptation response (Fig. 1d and 

Extended Data Fig. 2).  Altogether, these data strongly indicate that the loss of protein function is 

not the trigger for the transcriptional adaptation response observed in these models. 

To determine whether the increase in mRNA levels was due to increased transcription of the 

adapting genes or increased mRNA stability, we measured pre-mRNA levels of hbegfb and 

emilin3a in hbegfa and egfl7 mutants and found that they were upregulated to a similar extent as 

the mature mRNA (Extended Data Fig. 3a).  Similar findings were obtained for Kindlin-1 and Rel 

pre-mRNA levels in Kindlin-2 and Rela K.O. cells (Extended Data Fig. 3b).  Together, these data 

imply an increase in transcription of the adapting genes.  To investigate the chromatin changes 

accompanying the transcriptional adaptation response, we performed ATAC-seq and found that 

Kindlin-2 K.O. MEFs display increased chromatin accessibility at the Kindlin-1 promoter region 

as well as at a potential enhancer region recently identified by Hi-C analysis
7,8

 (Extended Data 

Fig. 3c).  Similarly, the Rela K.O. MEFs display increased chromatin accessibility at a potential 

Rel enhancer region, also identified by Hi-C analysis
7,8

 (Extended Data Fig. 3d).  

Since the loss of protein function does not appear to be the trigger for the transcriptional 

adaptation response, we investigated two other possible triggers, the DNA lesion and the mutant 

mRNA.  We first reasoned that if the DNA lesion itself was the trigger for the transcriptional 

adaptation response, all mutations should induce it.  However, some hbegfa, vcla, vegfaa and 
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egfl7 mutant alleles do not display transcriptional adaptation (Extended Data Fig. 4a, b, c), 

indicating that the DNA lesion is not the trigger.  While analyzing various mutant alleles, we 

found that two different alleles for hbegfa and vcla behave differently in terms of transcriptional 

adaptation.  While the previously mentioned CRISPR-generated alleles of hbegfa (hereafter 

referred to as hbegfa
Δ7

) and vcla (hereafter referred to as vcla
Δ13

) display transcriptional 

upregulation of hbegfb and vclb, respectively, ENU-induced alleles (hbegfa
sa18135

 and vcla
sa14599

) 

do not display transcriptional adaptation (Fig. 2a).  For both genes, both alleles lead to a 

premature termination codon (PTC) in similar regions of the coding sequence.  To investigate 

these differences further, we examined the degradation of the mutant mRNA in the various 

alleles, and observed that the extent of the transcriptional adaptation response correlated with the 

levels of mutant mRNA decay.  For example, while the hbegfa
Δ7

 allele displays a 50% reduction 

in mutant transcript levels, the hbegfa
sa18135 

allele displays only a 20% decrease; and similarly, 

while the vcla
Δ13

allele displays an 80% reduction in mutant transcript levels, the vcla
sa14599 

allele
 

displays no noticeable decrease (Fig. 2b).  Moreover, we observed that all of the previously 

mentioned zebrafish and mouse models of transcriptional adaptation display mutant mRNA 

decay (Fig. 2c, d).  In contrast, alleles that fail to induce a transcriptional adaptation response do 

not display mutant mRNA decay (Extended Data Fig. 4a, b, c).  To confirm that the observed 

reduction of mutant transcript levels was due to mRNA decay and not decreased transcription of 

the mutated gene, we analyzed the pre-mRNA levels of hbegfa, egfl7 and alcama in hbegfa
Δ7

, 

egfl7 and alcama mutant zebrafish, and found that unlike the mRNA, the pre-mRNA levels 

remained unchanged, or were slightly upregulated, compared to wt (Extended Data Fig. 5a).  

Similar findings were observed in Kindlin-2 and Rela K.O. cells (Extended Data Fig. 5b).  Thus, 

mutants that exhibit transcriptional adaptation show reduced mutant mRNA levels due to mRNA 

decay. 
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Mutant transcripts with a PTC are usually degraded through the nonsense-mediated decay 

(NMD) pathway.  Upf1 is one of the key proteins that help detect PTCs and trigger the NMD 

pathway
9
.  To investigate the role of the mRNA surveillance machinery in triggering 

transcriptional adaptation to mutations, we genetically inactivated the NMD pathway in hbegfa
Δ7

, 

vegfaa and vcla
Δ13

 zebrafish mutants.  Inactivating upf1 in these mutants led to decreased levels 

of mutant mRNA decay and also to the loss of transcriptional adaptation (Fig. 2e and Extended 

Data Fig. 6a).  Similar findings were obtained when knocking down UPF1 and EXOSC4 (a 

component of the exosome complex required for 3’ to 5’ degradation of defective transcripts) in 

Rela K.O. MEFs, or when knocking down SMG6 (another key protein of the mRNA surveillance 

machinery) in Actb K.O. mESCs (Extended Data Fig. 6b, c), and also when pharmacologically 

inhibiting NMD in hbegfa
Δ7

 zebrafish mutants (Extended Data Fig. 6d).   

We next asked whether inducing mRNA decay in wt zebrafish or mouse cells by using uncapped 

mRNAs, which are known to be rapidly degraded by 5’ to 3’ exonucleases
10

, would induce a 

transcriptional adaptation response.  Indeed, we found that injection of uncapped hif1ab or vegfaa 

mRNAs into wt embryos induced a transcriptional adaptation response (Fig. 2f and Extended 

Data Fig. 6e) as well as an increase in endogenous hif1ab and vegfaa gene expression (data not 

shown).  Similarly, transfection of uncapped Actb into wt mESCs led to Actg1 upregulation 

(Extended Data Fig. 6f).  Notably, injection of uncapped hif1ab or vegfaa mRNAs with an 

upstream sequence which makes them resistant to 5’ to 3’ exonuclease-mediated decay
11

 did not 

induce a transcriptional adaptation response (data not shown).  Taken together, these data indicate 

that mRNA degradation is sufficient to induce a transcriptional adaptation response. 

Next, we reasoned that if the process of mutant mRNA degradation is the trigger for the 

transcriptional adaptation response, alleles that fail to transcribe the mutated gene should not 
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display this response.  To this end, we used CRISPR/Cas9 technology to generate such alleles 

(hereafter referred to as RNA-less alleles) through deletion of the promoter region or the entire 

gene locus (for compact genes).  Indeed, RNA-less alleles of hbegfa, vegfaa and alcama failed to 

upregulate hbegfb, vegfab and alcamb (Fig. 3a).  Similarly, in mouse cells, RNA-less alleles of 

Rela, Actg1 and Actb failed to exhibit a transcriptional adaptation response (Fig. 3b). We also 

attempted to generate a promoter-less allele for Kindlin-2 in MKFs; however, the obtained clones 

exhibited proliferation defects that prevented their expansion.  As an alternative, we used 

CRISPR interference (CRISPRi) and found that reducing transcription of the mutant Kindlin-2 

gene in Kindlin-2 K.O. cells led to a decrease in Kindlin-1 transcriptional upregulation (Extended 

Data Fig. 6g).  RELA and REL are NF-κB transcription factors that play an essential role in 

preventing tumor necrosis factor α (TNFα) mediated apoptosis
12

.  We observed that the 

promoter-less Rela MEFs were more sensitive to TNFα-induced apoptosis than the Rela K.O. 

MEFs (Fig. 3c).  Moreover, mESCs with an Actb full locus deletion displayed less protrusive 

activity and more severe growth defects than Actb K.O. cells did (Fig. 3d, e).  We also generated 

an RNA-less allele for egfl7 and observed that the mutant embryos display pronounced vascular 

defects (Fig. 3f).  Therefore, generation of RNA-less alleles can uncover phenotypes masked by 

transcriptional adaptation-derived compensation in mutant alleles that display mRNA decay. 

Following mRNA decay, intermediates can be detected in the nucleus
13

, and small RNAs can 

modulate gene expression in a homology-mediated base-pairing fashion
14-17

.  We thus reasoned 

that if mRNA decay intermediates act in a similar fashion to induce transcriptional adaptation, we 

should observe the upregulation of genes that exhibit sequence similarity with the mutated gene’s 

mRNA.  Transcriptome analysis of Kindlin-2, Actg1 and Actb K.O. cells revealed the 

upregulation of hundreds of genes in K.O. cells compared to wt, with no signs of a stress-induced 

response (Extended Data Fig. 7).  Notably, we observed that at least 50% of protein-coding genes 
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exhibiting sequence similarity with the mutated gene’s mRNA (hereafter referred to as ‘similar’ 

genes) were significantly upregulated, compared to a maximum of 21% when looking at a 

random set of protein-coding genes (Fig. 4a and Extended Data Fig. 8).  In addition, 7 out of the 

12 upregulated ‘similar’ genes in Actg1 K.O. cells were not upregulated in Actg1 RNA-less cells, 

and 4 out of the 6 upregulated ‘similar’ genes in Actb K.O. cells were not upregulated in Actb 

RNA-less cells (Extended Data Fig. 8).  We then tested whether sequence similarity was 

sufficient to induce transcriptional adaptation.  Mouse Actb and zebrafish actb1 mRNAs exhibit a 

high degree of sequence similarity, and injection of uncapped mouse Actb mRNA into zebrafish 

embryos led to the upregulation of zebrafish actb1 (Fig. 4b).  On the other hand, injection of 

uncapped transcripts corresponding to the antisense strands of hif1ab and vegfaa mRNAs did not 

induce a transcriptional adaptation response (Fig. 4c), unlike what was observed with the sense 

strands (Fig. 2f).  Moreover, injection of an uncapped synthetic transcript containing only 

sequences of hif1ab mRNA similar to the epas1a genomic locus was sufficient to induce a 

transcriptional adaptation response (Fig. 4d, Extended Data Fig. 9).  Altogether these data suggest 

that transcriptional adaptation is induced in a sequence-similarity specific manner, possibly 

through mRNA decay intermediates (Fig. 4e). 

Despite being a widely observed phenomenon
3
, transcriptional adaptation to mutations and its 

underlying molecular mechanisms remain poorly understood.  Here we show that the mRNA 

surveillance machinery is important not only to prevent the translation of defective transcripts but 

also to buffer against mutations by triggering the transcriptional upregulation of related genes, 

including the wt allele of the mutated gene in the heterozygous state.  In the past decade, it has 

become evident that the control of mRNA stability plays an important role in gene expression
18-

21
.  Previous studies have reported genetic and physical interactions of several mRNA decay 

factors with various proteins involved in gene expression, including RNA polymerase II and 
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chromatin remodelers
22

.  Indeed, mRNA decay factors can translocate to the nucleus and promote 

gene expression in a manner dependent on their ability to degrade mRNA
22

.  Accordingly, we 

found that inactivating key mRNA decay factors leads to the loss of transcriptional adaptation 

(Fig. 2e and Extended Data Fig. 6b).  Although mRNA decay intermediates were reported to be 

present in the nucleus
13

, their biological relevance remains unclear.  A previous study reported 

that transfection of short fragments of the Cdk9 or Sox9 mRNA can lead to an increase in 

expression of these genes
15

.  Mechanistically, these RNA fragments were found to downregulate 

antisense transcripts produced from these loci and which normally act as negative regulators of 

Cdk9 and Sox9 expression.  Interestingly, we found that transfection of uncapped Cdk9 or Sox9 

RNA leads to a clear upregulation of these genes (Extended Data Fig. 10a).  Moreover, 

knockdown of a BDNF antisense transcript was reported to lead to the upregulation of the sense 

transcript, a response that involved a decrease in the negative histone mark H3K27me3
23

.  

Notably, we observed that transfection of uncapped BDNF sense transcript leads to a 

downregulation of the antisense transcript and a concomitant upregulation of the sense one 

(Extended Data Fig. 10b).  These data indicate that acting on antisense transcripts is one possible 

mechanism through which mRNA decay intermediates can induce transcriptional adaptation in a 

sequence specific manner, a response that might also involve the modulation of histone marks. 

Our study also provides clear guidelines towards generating mutant alleles that minimize 

compensation via transcriptional adaptation.  We show that alleles that fail to transcribe the 

mutated gene do not exhibit transcriptional adaptation and can display phenotypes not observed 

in other mutant alleles (Fig. 3c-f).  Consistent with our observations, a previous zebrafish study 

reported that mutant alleles for mt2 with a lower degree of mutant mRNA decay display more 

severe phenotypes than alleles displaying a higher degree of mRNA decay
24

.  For a number of 

human genetic diseases, several studies have reported that missense or in-frame indels, which are 
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less likely to lead to mutant mRNA degradation, are more common in affected individuals than 

nonsense mutations or out-of-frame indels, which are more likely to lead to mutant mRNA 

degradation
25-30

.  Interestingly, a study on Marfan syndrome patients reported that when 

compared to individuals with FBN1 missense mutations, the mildest form of the disease was 

observed in an individual displaying very low mutant FBN1 transcript levels due to an out-of-

frame indel leading to a PTC in the FBN1 coding sequence
31

.  Similar results were observed in 

individuals with heterozygous nonsense mutations in the HBB gene; individuals who displayed 

decay of the mutant HBB transcripts were asymptomatic while individuals displaying no decay 

developed beta thalassemia-intermedia
32

.  While the current dogma in the field is that missense 

mutations tend to be more common in some diseases as they may lead to constitutively active or 

dominant negative proteins, we propose that nonsense mutations might be less common in 

affected individuals as they might lead to mRNA decay-triggered compensatory upregulation of 

related genes and therefore not cause significant symptoms.  Detailed transcriptomic analyses of 

relevant individuals will help test this hypothesis.  Other studies have reported the upregulation of 

the wt allele in heterozygous conditions due to loss of negative feedback loops
33,34

.  We found 

that transcriptional adaptation can also lead to the upregulation of the wt allele in heterozygous 

fish (Extended Data Fig. 1b), thus providing a possible explanation for haplosufficiency.  

Moreover, recent studies have reported homozygous loss-of-function mutations in several genes 

in healthy individuals (including genes such as EGFL7 and RELA studied here)
35,36

.  It will be 

interesting to investigate whether degradation of the mutant transcripts is associated with a 

transcriptional adaptation response that protects these individuals.  Such analyses may help us 

understand why some mutations cause disease while others do not.  They may also help identify 

new modifier genes whose expression levels could be further modulated for therapeutic purposes. 
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Methods 

Information on materials and methods can be found in the supplementary information. 
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Figure legends 

Figure 1.  Transcriptional adaptation models in zebrafish and mouse 

a, qPCR analysis of hbegfb, vclb, epas1a and epas1b, vegfab, emilin3a and alcamb mRNA levels 

in hbegfa, vcla, hif1ab, vegfaa, egfl7 and alcama wt and mutant zebrafish.  b, qPCR analysis of 

epas1a and epas1b, vegfab, emilin3a and alcamb mRNA levels at 24 hours post fertilization (hpf) 

in hif1ab, vegfaa, egfl7 and alcama mutant embryos injected with eGFP mRNA (control) or wt 

mRNA.  c, qPCR analysis of Kindlin-1, Rel, Actg2 and Actg1 mRNA levels in Kindlin-2, Rela, 

Actg1 and Actb wt and knockout cells.  d, qPCR analysis of Kindlin-1 and Rel mRNA levels in 

Kindlin-2 and Rela knockout cells transfected with empty vectors (control) or plasmids encoding 

wt KINDLIN-2 or RELA.  a-d, Data points represent different biological replicates.  Wt or 

control expression set at 1 for each assay.  Error bars, s.d.  Two-tailed student’s t-test was used to 

assess P values.  **P ≤ 0.01, ***P ≤ 0.001, **** P ≤ 0.0001. 

 

 

Figure 2.  Mutant mRNA decay induces transcriptional adaptation 

a, qPCR analysis of hbegfb and vclb mRNA levels in the indicated hbegfa and vcla mutant 

alleles.  b, qPCR analysis of hbegfa and vcla mRNA levels in the indicated hbegfa and vcla 

mutant alleles.  c, qPCR analysis of hif1ab, vegfaa, egfl7 and alcama mRNA levels in hif1ab, 

vegfaa, egfl7 and alcama wt and mutant zebrafish.  d, qPCR analysis of Kindlin-2, Rela, Actg1 

and Actb mRNA levels in Kindlin-2, Rela, Actg1 and Actb wt and knockout cells.  e, qPCR 

analysis of hbegfa, hbegfb and vegfaa, vegfab mRNA levels in upf1;hbegfa or upf1;vegfaa double 

mutant zebrafish compared to the indicated controls.  f, qPCR analysis of epas1a and vegfab 

mRNA levels in 6 hpf wt embryos injected with uncapped hif1ab and vegfaa mRNA.    a-f, Data 

points represent different biological replicates. Wt or control expression set at 1 for each assay.  

Error bars, s.d.  Two-tailed student’s t-test was used to assess P values.  *P ≤ 0.05, **P ≤ 0.01, 

***P ≤ 0.001, **** P ≤ 0.0001, ns: not significant. 

 

Figure 3.  Alleles that fail to transcribe the mutated gene do not display transcriptional 

adaptation and exhibit stronger phenotypes 

a, qPCR analysis of hbegfa, hbegfb, vegfaa, vegfab, alcama and alcamb mRNA levels in 

zebrafish lacking the full hbegfa locus or the vegfaa or alcama promoter compared to wt siblings.  

b, qPCR analysis of Rela, Rel, Actb, Actg1, Actg1 and Actg2 mRNA levels in MEFs and mESCs 

lacking the Rela promoter or the full locus of Actg1 or Actb compared to wt cells.  c, Cytotoxicity 

assay 24 hours following treatment of wt, Rela K.O. and Rela promoter-less MEFs with 25 ng/ml 

mouse TNFα.  Percentages were normalized relative to DMSO-treated cells.  d, Confocal 

micrographs of wt, Actb K.O. and Actb full locus deletion mESCs.  Actin filaments are depicted 

in white and nuclei in red.  e, Actin filament protrusion length (in arbitrary units) in wt, Actb K.O. 

and Actb full locus deletion mESCs.  f, Confocal micrographs of 48 hpf Tg(fli1a:eGFP) wt and 

egfl7 full locus deletion -/- sibling embryos in lateral views.  Higher magnifications of dashed 
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boxes are shown in f’.  Scale bars: e: 20 µm, f: 500 µm.  a, b, Wt or control expression set at 1 

for each assay.  a-c, e, Data points represent different biological replicates.  Error bars, s.d.  Two-

tailed student’s t-test was used to assess P values.  *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, **** P 

≤ 0.0001, ns: not significant. 

 

Figure 4.  Upregulation of genes exhibiting sequence similarity 

a, RNA-seq analysis showing percentage of significantly upregulated protein-coding genes (Log2 

Fold Change K.O. > wt and P ≤ 0.05) for genes exhibiting sequence similarity with Kindlin-2, 

Actg1 and Actb and for genes not exhibiting sequence similarity.  b, qPCR analysis of actb1 

mRNA levels in 6 hpf wt embryos injected with uncapped mouse Actb mRNA.  c, qPCR analysis 

of epas1a and vegfab mRNA levels in 6 hpf wt embryos injected with uncapped complementary 

transcripts of hif1ab and vegfaa mRNA.  d, qPCR analysis of epas1a mRNA levels in 6 hpf wt 

embryos injected with uncapped RNA composed solely of the hif1ab sequences similar to 

epas1a.  e, Current model of transcriptional adaptation to mutations.  Red dot in mutated gene 

refers to a mutation.  PTC: Premature termination codon; TC: Termination codon; DFs: 

Degradation factors; RBPs: RNA binding proteins.  b-d, Control expression set at 1.  Data points 

represent different biological replicates.  Error bars, s.d.  Two-tailed student’s t-test was used to 

assess P values.  *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, **** P ≤ 0.0001. 
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El-Brolosy et al. Supplementary Figure 6
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El-Brolosy et al. Extended Figure 8

Gene L2F K2 K.O./wt Pval
Fermt1 8,055307305 5,19E-43 1,94E-41
Dchs2 3,501304705 4,92E-11 3,99E-10
Paqr5 1,679449433 2,46E-13 2,41E-12
Mlxipl 0,618877214 0,409259 0,573342
Pcnx 0,502076808 8,12E-06 3,76E-05
Nkain1 0,39205614 0,043898 0,097439
Vapb 0,386807243 2,47E-06 1,22E-05
Strbp 0,273294934 0,000195 0,000738
Prkar2b 0,271409666 0,006358 0,017971
Pou2f1 0,191075348 0,041339 0,092619
Depdc1b 0,097436998 0,581669 0,726092
Fermt3 0,035722034 0,948806 0,970063
Mfsd11 -0,085901914 0,621497 0,757444
Trim24 -0,255516547 0,00941 0,025447
Atm -0,516886899 3,84E-13 3,70E-12
Slc25a13 -0,678800185 1,40E-06 7,14E-06
Abhd18 -0,82015185 0,024339 0,05872
Eda -1,503214668 0,167483 0,294635

Gene L2F Actb K.O./wt
Acta2 7,948538835 5,34E-151 7,98E-147
Actg2 2,961946198 0,020429 1
Acta1 2,556443324 0,001842 0,036378
Actc1 2,284580096 0,017007 1
Rasl2-9 1,353877161 0,350521 1
Actg1 0,982444337 3,78E-11 7,63E-09
Pde10a 0,552114557 0,432741 0,833262
Fbxl17 0,524667754 0,032681 0,244749
Gm17087 0,158304112 0,936537 0,989226
Lrrc58 0,028544142 0,851949 0,974102

Gene L2F Actg1 K.O./wt Padj
Actg2 5,86 0 0
Ptp4a3 3,91 0,00000246 1,40E-05
Hcn1 3,47 1,84E-09 1,45E-08
Adamts12 2,14 4,91E-46 2,53E-44
Sec24d 0,81 4,36E-20 7,67E-19
Acta2 0,76 6,48E-45 3,22E-43
Hcfc2 0,72 2,91E-08 2,05E-07
Ubap1l 0,45 0,573535144 0,743877533
Pde10a 0,44 0,000216157 0,000933738
Nol11 0,43 9,8E-11 8,69E-10
Actr1b 0,29 0,000631774 0,002508725
Atf7 0,29 0,002212762 0,007853264
Actb 0,19 0,000162494 0,00071632
Znrf2 0,13 0,270233353 0,458179229
Lrrc58 -0,15 0,019456235 0,054271242
Fmnl2 -0,2 0,008174843 0,025396546
Cdk12 -0,24 0,000463124 0,001889135
Actr1a -0,28 0,000780469 0,003040052
Fbxl17 -0,49 0,00000017 0,000284708
Grpel2 -0,58 0,0000601 0,45255246
Acta1 -1,91 1,01E-25 2,36E-24
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hif1ab mRNA (ENSDART00000018500)

epas1a genomic locus + 2kb upstream of TSS (ENSDARG00000008697)
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