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Abstract  

The observation that human transcription factors (TFs) can function when expressed in yeast 

cells, has stimulated the development of various functional assays to investigate i) the role of 

binding site sequences (herein referred to as Response Elements, REs) in transactivation 

specificity, ii) the impact of polymorphic nucleotide variants on transactivation potential, iii) the 

functional consequences of mutations in TFs, and iv) the impact of cofactors or small molecules. 

These approaches have found applications in basic as well as applied research, including the 

identification and the characterization of mutant TF alleles from clinical samples. The ease of 

genome editing of yeast cells and the availability of regulated systems for ectopic protein 

expression enabled the development of quantitative reporter systems, integrated at a chosen 

chromosomal locus in isogenic yeast strains that differ only at the level of a specific RE targeted 

by a TF or for the expression of distinct TF alleles. In many cases, these assays were proven 

predictive of results in higher eukaryotes. The potential to work in small volume formats and the 

availability of yeast strains with modified chemical uptake have enhanced the scalability of these 

approaches. Next to well-established one-, two-, three- hybrid assays, the functional assays with 

non-chimeric human TFs enrich the palette of opportunities for functional characterization. We 

review about twenty-five years of research on human sequence-specific TFs expressed in yeast, 
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with an emphasis on the P53 and NF-B family of proteins, highlighting outcomes, advantages, 

challenges, and limitations of these heterologous assays.  

 

 

Using yeast to study human sequence-specific TFs. Transcription is a process involving 

dynamic, spatial and temporal organization of TFs and cofactors that modulate the recruitment of 

RNA Polymerases on chromatin regions to initiate transcription or to regulate transcription rates 

as part of the responses to specific stimuli [127]. Most of the involved trans-acting factors 

recognize specific cis-acting elements in the form of DNA codes, called REs, consisting of ~6-

10 nucleotide motifs with various degrees of variability at individual positions [94], usually 

summarized by Position Weight Matrices (PWM) or logos [19, 111]. Many studies have drawn a 

correlation between the identity of nucleotides at specific positions within an RE and relative 

binding behaviour of a TF. Various tools are available to predict the closeness of input DNA 

sequences to TFs consensus REs, such as Jaspar (http://jaspar.genereg.net/) and Tomtom 

(http://meme-suite.org/tools/tomtom). However, DNA binding affinity may not accurately 

predict the transcriptional responsiveness of a promoter, especially for TFs that are active as 

dimers or tetramers. High-throughput assays, including ChIP-sequencing, ChIP-exonuclease and 

approaches for the parallel measurement of enhancer reporters, are identifying TF REs and 

establishing complex rules for the correlation between TF occupancy at chromatin sites and 

transcription rates of proximal or distant genes [71, 87, 101, 114, 140]. 

 The yeast S. cerevisiae is a recognized model system for understanding aspects of the 

biology of human proteins using complementation assays, ectopic expression and functional 

assays even for the cases where a clear orthologous yeast gene is absent [38, 53, 109, 132]. As 

summarized here, many human TFs can act as such when ectopically expressed in yeast cells 

where, thanks to the evolutionary conservation of basic components of the transcription 

machinery [57], they can modulate the expression rates of a reporter gene by acting through 

promoters engineered to contain appropriate REs. In fact, basal factors (e.g. TATA-Box binding 

proteins and the largest subunit of RNA Polymerase II) and chromatin modifying complexes 

(e.g. Histone Deacetylases) are well conserved between yeast and human cells [57]. However, 

chimeric constructs, where the full-length cDNA of human TFs (e.g. NKX2-5 or HAND1 [41, 
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102]) was fused to a transactivation domain of the acidic class derived from P53, showed higher 

transactivation potential, with no appreciable changes in transactivation specificity [67]. This 

result is in line with the observation that not all types of mammalian transactivation domain 

interact proficiently with the yeast transcription machinery [57].  

Inducible, repressible or constitutive promoters allow to express human TFs in yeast 

[145] [5] [86] (Supplementary Table 1). In particular, the use of the inducible GAL1 promoter 

(that can be finely tuned in its transcription rates by changing the amount of galactose in the 

media) represented a critical development for studying P53 and NF-κB family proteins [43]; at 

the same time basal expression of the TF from the GAL1 promoter can be achieved using 

raffinose as a carbon source. Furthermore, the bidirectional GAL1,10 promoter can also be 

exploited to co-express two TFs from the same construct [113].  

Different reporter systems have been developed in the yeast S. cerevisiae to evaluate 

transcriptional responses (especially P53 family-dependent) including qualitative and 

quantitative assays (Supplementary Table 2). Qualitative or semi-quantitative reporter systems 

were based on the URA3, HIS3 or ADE2 reporter genes [11, 27, 61, 116, 133]. The TF-dependent 

expression of these reporter genes confers uracil, histidine and adenine prototrophy. 

Furthermore, the URA3 reporter allows a counter-selection, i.e. the selection for cells not 

expressing functional URA3: in fact, in the presence of 5-fluoro-orotic acid (5FOA), cells 

expressing functional URA3 will convert this molecule into a toxic compound and will not 

survive. The ADE2 reporter system has the advantage that, besides the nutritional selection, a 

colorimetric phenotype can be used to discriminate yeast cells containing a wild-type (i.e. 

functional) or a mutant (i.e. not functional) TF. In fact, on plates containing low concentrations 

of adenine (2.5-5 mg/L) cells that transcribe the ADE2 gene grow as normal size, white colonies 

while those not expressing the reporter gene (or expressing it at low level) generate small red (or 

pink) colonies due to the accumulation of a coloured intermediate in the biosynthetic pathway of 

adenine. The ADE2 reporter has been also exploited to select for REs resulting in white colonies 

on plates containing low adenine amount or even allowing for growth on plates lacking adenine 

entirely. This context allowed the selection of high activity P53 REs, at low P53 protein levels 

where a typical P53 RE would not result in transactivation [40, 52]. The semi-quantitative color-

based ADE2 reporter gene has been replaced with the quantitative Firefly Photinus pyralis [43] 

or the Renilla reniformis luciferase genes (LUC) [113]. The production of fluorescent proteins 
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such as EGFP (Enhanced Green Fluorescent Protein) or DsRed (Discosoma sp. red fluorescent 

protein) has been also used for quantitatively monitoring the transcriptional regulation by all 

possible amino acid substitutions (caused by a point mutation) throughout P53 protein [55].  

A particularly versatile approach in the yeast S. cerevisiae is Delitto Perfetto that consists 

in an oligonucleotide targeting approach employed to rapidly target desired REs upstream of a 

minimal promoter to control the expression of the reporter gene [43, 136]. The experiment takes 

5-6 days to complete and the targeting of the chosen locus is achieved using single strand 

oligonucleotides or in vitro extended partially complementary oligonucleotides, or also PCR 

products. The linear molecules must contain at least 30 nucleotides of homology on both ends for 

the chosen chromosomal region [129]. The homology sequences must correspond to sequences 

flanking the site of integration of a double marker cassette (ICORE), containing the genes 

KlURA3 (counter-selectable by 5FOA) and kanMX4 (reporter providing resistance to Geneticin, 

G418), previously integrated at the same locus. Such integration is achieved by a PCR approach, 

using primers that contain tails of homology (50 nucleotides long) for the chosen region. The 

ICORE cassette can be amplified from the plasmids developed by Dr. Storici (see reference 

[130], for details of different versions of the cassette). The cassette also contains the cDNA for 

the homing endonuclease I-SceI under an inducible promoter (GAL1,10) and the unique target 

site for this enzyme. Hence, prior to transformation of yeast with the targeting sequence, I-SceI 

expression is induced by galactose resulting in a single double strand break at the site of ICORE 

integration that greatly enhances the frequency of targeting events, which are selected on plates 

containing 5FOA (1g/L). Colonies growing on 5FOA plates are replica plated both on rich 

YPDA and on YPDA containing G418 (0.4mg/L) to identify those that are also sensitive to the 

antibiotic, hence candidates of a targeting event. The integration of the desired RE is confirmed 

by colony PCR and Sanger sequencing. The process is highly efficient, with more than 1000 

replacement events obtained with a single transformation. Through this technique, a plethora of 

isogenic yeast strains differing only in at least one nucleotide in a RE placed in the promoter 

region of the appropriate reporter gene were constructed and utilized. The combination of 

tuneable promoters for TF allele expression and of the isogenic reporter strains led to the 

development of a matrix of results where the only variables are the amount of TF protein and the 

nature of its cognate target RE in a completely isogenic system [99]. By focusing on wild-type 

TFs families, the results delineate the molecular rules (e.g. DNA code) that determine their 
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ability to transactivate the reporter gene. A parallel approach with mutant TFs allows the 

characterization whether a mutant TF has lost completely its transactivation ability or whether it 

can still have residual activity on specific REs, a result which can be pharmacologically relevant.  

Moreover, while the basic set-up of the yeast experimental system focuses on aspects of 

cis-regulation, including the impact of TF mutations and RE sequence variants, attempts have 

been made to adapt yeast-based transcription assay to evaluate the impact of protein cofactors 

and for testing small molecules targeting human TFs (Figure 1) [4, 113]. 

 

Determining how nucleotide sequences variations of REs govern the transactivation 

potential of P53 or NF-кB TFs family 

A. P53 

The mammalian P53 is a tetrameric (dimer of dimers) TF. Each P53 dimer recognizes an RE of 

10 nucleotides (RRRCWWGYYY, R=A or G; W=A or T; Y=C or T) [23]. Two such half-site 

motifs comprise a full site P53 RE. The half-sites can be either adjacent or spaced apart by up to 

13 or even ~20 nucleotides without large changes in DNA binding affinity measured in vitro 

with naked DNA [76, 78]. However, results from functional assays in various systems, 

competitive DNA binding assays in solution, and P53 occupancy studies in chromatin 

consistently showed higher affinity and transactivation for REs that do not have spacer between 

the two decameric motifs [15, 123]. In terms of location in the genome, P53 REs are generally 

embedded in the promoter or proximal enhancer regions of established P53 target genes [23], but 

there are many examples of REs in intronic regions, distal enhancers, super-enhancers [108], and 

in repetitive elements [149]. It has been proposed that besides mediating transcriptional 

regulation, P53 REs may serve as chromatin accessibility factors contributing to P53-mediated 

genome stability [106]. Since the full consensus P53 RE motif is very degenerate 

(RRRCWWGYYY)2, it follows that individual REs can differ in sequence by one to several 

nucleotides, potentially impacting on DNA binding affinity. In addition, well-established P53 

REs often contain up to three non-consensus bases -herein defined as mismatches- that can 

further contribute to differences in DNA binding affinity. Hundreds of P53 target genes have 

been identified in the human genome [76, 78], and indeed virtually all P53 REs are non-identical 

in sequence; moreover, it appears there has been significant evolutionary divergence among P53 
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REs from different species [36, 49]. Hence, it has been hypothesized that the specific nature of 

the P53 RE can directly impact on transactivation specificity to the point that specific types of 

REs would have been selected for, in the promoters of P53 target genes involved in different 

biological responses, for example cell cycle arrest or apoptosis [2, 143].  

 The analysis in yeast of many variants of the P53 RE at a constant genomic location 

enabled the deconstruction of the P53 RE and established the impact of nucleotide variants, 

spacer and organization of RE half sites on transactivation capacity (Figure 2, A1) (Table 1). 

Recently, all the information on sequence features of P53 REs and resulting transactivation 

potentials measured in yeast were coded in a pattern search algorithm (p53 Retriever) that maps, 

and then ranks, canonical P53 full sites, as well as non-canonical REs, according to their 

predicted transactivation potentials [135].  

Taken together, all the studies on P53 REs establish P53 as a highly pleiotropic “master 

regulator” in virtue of its capacity to alter the expression of a plethora of downstream genes, 

potentially leading to the activation of different response pathways and cellular outcomes, and 

the RE sequence as a first regulatory layer in achieving transactivation specificity.  

 Definitely, the approach in yeast has limitations in modelling the accessibility of REs and 

their interactions with other nearby cis-elements, which can be also important factors in 

establishing P53-dependent transactivation at target genomic sites. For example, P53 half-sites 

can synergize with other binding sites such as Estrogen Receptor (ER) half-sites in human cells, 

while in yeast only additive effects were observed [14, 77].  

 

The concept of mutant P53s functional heterogeneity emerged in its full-blown complexity 

from extensive studies performed in yeast 

 

In human cancers TP53 gene is mainly altered by single amino-acid substitutions affecting 

preferentially six major hotspot residues within the DNA-binding domain (DBD) of the P53 

protein (R175, G245, R248, R249, R273 and R282), even though more than 1800 different 

amino-acid changes have been reported, some of which have been observed infrequently in 

tumors [65]. Mutant P53s have been classified as DNA contact or structural mutants, based on 

the effect of the amino-acid substitution on the interaction with DNA (e.g. p.R273H) or on the 

protein structure itself (e.g. p.R175H) [13, 58, 59]. From the functional point of view, single 
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amino-acid substitutions appeared to differentially affect P53 functions, having the potential to 

generate a wide range of phenotypic diversity, which could impact on important clinical features, 

such as tumor aggressiveness, chemo-resistance and metastatic potential [85, 93, 141].  

The concept of mutant P53s heterogeneity (Table 2) emerged in its full-blown complexity 

through a great amount of experimental data on the functional impact of TP53 missense 

mutations, generated in the last 15 years, and now freely available in mutation databases 

(p53.free.fr/; p53.iarc.fr/) [65]. Specifically, the TP53MUTLOAD (MUTant Loss Of Activity 

Database) dataset is dedicated to a detailed analysis of the properties of each mutant P53, 

comprising transactivation, cell growth properties, change of conformation, localization and gain 

of functions properties. Moreover, functional assays have been performed by many laboratories, 

in yeast as well as in human cells using reporters to measure different properties of mutant P53s 

including: i) transactivation potential; ii) temperature sensitivity; iii) dominant negative effect 

over the wild-type protein; iv) functional modulation of other members of the P53 family (P73 

and P63), usually reported as interference, and v) interactions with other TFs [11, 14, 55, 77, 79, 

80, 104, 117] (Figure 2, B1). 

The original assays exploited a growth marker, such as HIS3 or the growth and colour, in 

case of the ADE2 gene, whose transcription is placed under wild-type P53 control by an 

engineered promoter [12, 45, 109, 120-122]. For example, lack of ADE2 expression resulting 

from the expression of loss-of-function human P53 cDNA allele would lead to small red yeast 

colonies on plates containing low adenine amounts. Conversely, P53-dependent ADE2 

expression results in yeast cells becoming proficient for adenine biosynthesis and giving rise to 

large white colonies. This rapid colour assay is combined with a gap repair approach so that each 

transformant colony growing on the selective media has captured and constitutively expresses a 

single P53 cDNA allele, obtained from RT-PCR of human RNA samples, including cancer 

biopsies, hence the FASAY acronym (Functional Analysis of Separated Alleles in Yeast). The 

basic protocol of FASAY has been refined over the years. For example, in case of low quality 

RNA, the PCR amplification of the P53 cDNA is difficult, causing a dramatic drop in the quality 

of the results. To overcome this inconvenient, a split version of the gap repair assay was 

introduced. The entire P53 cDNA is amplified as two overlapping fragment that are evaluated 

separately. Since shorter cDNA amplicons are needed, this upgraded version of the assay is more 

efficient with low quality RNA [146]. A second improvement consisted in the introduction of 
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different P53-responsive promoters using different versions of P53 REs controlling the 

transactivation of the reporter gene, which led to the identification of P53 mutants able to 

discriminate among different REs [43, 104]. 

Transactivation has been the most extensively studied biochemical function of mutant 

P53s. Work of several groups, including our own, established that nearly all mutant P53s at 

hotspot residues have lost or retain only a very weak transactivation function (Loss of Function, 

LoF, or Severe Deficiency, SD mutant P53s [82, 83]). Nevertheless, a significant fraction of 

tumor-associated mutant P53s, that hit other positions of the P53 protein and are generally found 

at moderate to low frequency in cancer [126] retains some level of transactivation potential and 

can discriminate between the P53 REs in yeast reporter assays (Partial Function or Partial 

Deficiency, PD mutant P53s) [11, 51, 104], among P53 target genes in cell lines [69] and also in 

vivo, in mouse models [68]. 

The most comprehensive functional study examined 2.314 mutants, virtually all missense 

mutations that result from single nucleotide substitutions in the P53 coding sequence. The 

transactivation activity of mutant P53s was characterized towards eight different P53 REs using 

yeast reporter strains [55]. 

From the functional point of view, other categories of mutant P53s, such as “altered 

specificity”, “super-trans” or “intragenic-suppressor”, that are virtually absent from the P53 

mutation spectrum in cancer, have been identified in yeast. These mutations proved to be useful 

tools to study mechanisms underlying transactivation specificity [9, 40, 42, 104]. Interestingly, 

the majority of these mutant P53s, that can also exhibit enhanced DNA binding affinity and 

transactivation activity with respect to wild-type P53, lie in the L1 loop, a highly conserved 

portion of the P53 DBD that is a “cold spot” for mutation in cancer [75, 107]. 

The ability to study the transactivation properties of P53 protein in yeast has been 

exploited also for clinical research. It is known that germline mutations at the TP53 gene are 

responsible for cancer proneness syndromes ranging from the more severe known as Li-

Fraumeni (LFS) and Li-Fraumeni-like (LFL), to the less severe nonsyndromic predispositions 

with (FH) or without (noFH) Family History [73]. The spectrum of P53 germline mutations 

comprises many different alleles but the vast majority yields single amino-acid changes in the 

DBD of the protein [96]. The wide variety of adult-onset and childhood cancers and the 

distribution of P53 mutations were deeply examined, allowing an understanding of cancer 
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genotype-phenotype correlations. Nevertheless, the LFS phenotype is complex and cannot be 

readily explained by the simple identification of P53 germline mutations in affected individuals 

[73]. 

Using available data in a yeast-based system, we explored genotype-phenotype 

correlations by comparing a functional classification (based on transactivation properties) of all 

P53 germline mutant alleles with clinical data from the IARC database (http://www-

p53.iarc.fr/Germline.html) (Figure 2, A2). Our analyses revealed that SD alleles were associated 

with more severe cancer proneness syndromes (e.g. LFS), while PD alleles were associated with 

less severe cancer proneness conditions (e.g. FH), indicating that the loss of transactivation 

ability influences clinical manifestations in patients who inherited P53 mutations and developed 

cancer [82]. 

Moreover, given the heterozygous state of germline P53 mutations, the existence of a 

correlation between dominant-negative features and clinical manifestations in patients who 

inherited mutations and developed cancer was also explored [83]. While a classification based on 

transactivation alone (determined by the yeast-based quantitative assay) was confirmed to 

identify familial cancer cases with more severe clinical features, classification based on 

dominant-negative effects highlighted similar associations but did not reveal distinct clinical 

subclasses of SD alleles. We concluded that, in carriers of germline P53 mutations the yeast 

transactivation-based classification of P53 alleles appears more important for genotype-

phenotype correlations than dominant-negative effects, and that haplo-insufficiency of the TP53 

gene is an important factor in cancer proneness in humans [83] (Table 2).  

All together, these results highlighted the importance of yeast-based functional assays in 

order to identify clinical correlations, providing also perspectives in the treatments of patients 

affected by P53-related disorders. 

 

Application of yeast functional assay to mutational spectrometry: hunting for the culprit 

fingerprints. 

 

The assumption of molecular epidemiology that carcinogens leave fingerprints has suggested 

that the analysis of the frequency, type and site of mutations in genes frequently altered in cancer 

may provide clues to the identification of the factors contributing to carcinogenesis. A mutation 
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spectrum is described by three parameters: (a) where, along the coding sequence, the mutations 

occur; (b) which type of base pair substitution occurs; and (c) how many times these mutations 

have been independently observed. From the biological point of view, a mutation spectrum 

results from a very complex process that takes into account different factors [28]. Specifically, 

the probability that a certain nucleotide position of a gene is found mutated in a tumor depends 

on the product of different probabilities, namely that (a) the position is damaged (b) the resulting 

lesion is not repaired and (c) is misread by the DNA polymerase, causing the fixation of the 

mutation, and, finally, (d) the mutation is selected in the carcinogenic process due to some 

growth advantage. All these probabilities are also influenced by the DNA sequence context and 

by the differences in biological function of the target gene product.  

As an example, the relationship between the presence of specific P53 mutations in tumors 

and the exposure to a carcinogen has been extensively described in the case of skin cancers and 

sun light exposure; in fact the International Agency for Research on Cancer in 1992 classified 

the UV radiation from sunlight as a human carcinogen [37]. Upon reaching the skin, UV photons 

produced DNA damages [16] known as cyclobutane pyrimidine dimers and pyrimidine 6-4 

pyrimidone photoproducts. Incorrect repair of these lesions leads to the fixation of specific 

mutations in epidermal cells (C→T and CC→TT transition mutations at di-pyrimidine sites), 

contributing to the development of the tumorigenic process [10]. In fact, about 50% of skin 

cancers exhibit P53 mutations that are a signature of UV-induced mutagenesis (C→T and 

CC→TT) [6]. 

Taking advantage of the previously described yeast P53 functional assay, we adapted it as 

a new tool for molecular epidemiology [28]. In this assay, a yeast expression vector containing 

the cDNA of human TP53 gene was damaged in vitro with a specific mutagen/carcinogen (e.g. 

UV) and transfected in the yeast reporter strain yIG397, exploiting the ADE2 reporter gene under 

the control of a P53 RE. Mutant P53s (induced by the DNA damage following the in vitro 

treatment) were identified on a functional basis. In fact, by selecting on plates with limiting 

adenine, colonies of yeast transformants expressing a P53 protein able or not to transactivate the 

ADE2 reporter gene were white or red, respectively. With this approach, it was shown that the 

yeast functional assay could be used to determine highly specific mutation fingerprints in the 

human P53 cDNA sequence [28, 39]. In particular, the mutational spectrum induced by UV in 

the yeast P53 functional assay was indistinguishable from the one observed in non-melanoma 
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skin cancers at the TP53 locus, confirming that P53 carcinogen fingerprint obtained in yeast may 

support the etiology of P53 mutation spectra in specific human tumors  (Table 2) (Figure 2, B2).  

 

B. P63 and P73 

P63 and P73 proteins belong to the P53 family of TFs. They share a N-terminal transactivation 

domain, a central sequence specific DBD and an oligomerization domain within the C-terminus. 

An additional C-terminal domain (SAM domain), probably involved in protein-protein 

interactions, is present in P63 and P73 proteins. The three proteins have also a common gene 

structure that produces two groups of mRNAs encoding proteins with different N-terminal 

regions (N and TA). Moreover, all P53 family transcripts are subjected to alternative splicing 

mechanisms at C-terminus, generating a variety of isoforms [8, 17]. As P53, P63 and P73 can 

influence a plethora of cellular pathways [88, 97] mainly through direct binding to sequence 

specific REs whose consensus sequence is similar to that of p53 REs. 

Despite these similarities, the overlap in cellular functions between P53, P63 and P73 is 

limited as highlighted by comparing their role in human physiology. In fact, unlike P53, P63 and 

P73 are rarely mutated in cancer and their expression is often deregulated through a variety of 

mechanisms including epigenetic silencing (e.g. TP73 gene), imbalanced expression of different 

N-terminal isoforms and formation of complexes with inhibitory proteins such as mutant P53 [1, 

26, 44]. Moreover, P53 germline mutations are associated with the development of the cancer-

prone LFS or LFL syndromes [74]. No genetic disorder has been linked to P73 germinal 

mutations, whereas heterozygous mutations in the TP63 gene underlie a subset of human 

ectodermal dysplasia syndromes [105]. The limited overlap in cellular functions among P53 

family members also emerged by studying the phenotype of corresponding knockout mice [22, 

151, 152]. 

The transactivation potential of P63 and P73 proteins has been investigated in the yeast-

based system exploiting both a HIS3 and a GFP reporter. For example, Kato et al., [56] 

examined the effect of four tumor derived P63 missense mutations (Q31H, S145L, A148P, 

Q165L) and seven P63 missense mutations (R204H, R204L, G276V, R279Q, R280S, R304H 

and R313W) that correspond to P53 hotspot mutations (R175H, R175L, G245V, R248Q, R249S, 

R273H and R282W) using a transcription assay based on a GFP reporter plasmid. While most of 
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P63 missense mutations at the P53 hotspot residues were transcriptionally inactive, the tumor-

derived P63 missense mutations retained the ability to transactivate some promoters. It is 

important to remember that, in contrast to P53, only few P63 missense mutations have been 

observed in tumors, restricting their pathogenic relevance in cancer progression. 

Shimada et al., [116] studied the ability of wild-type P63 to activate a variety of P53-responsive 

promoter (p21/WAF1, BAX, MDM2 and 14-3-3) in S. cerevisiae using both HIS3 and GFP 

reporter. From all these studies, it emerged that P63 (in particular the  isoform) has distinct 

transactivation ability in relation to the different target promoter but also with respect to the 

activity of wild-type P53 in a temperature-dependent manner (Table 2). The rapid and qualitative 

yeast assay based on HIS3 reporter was also used in order to evaluate the transcriptional activity 

of P73 and P73 isoforms [20], reporting comparable transactivation ability. Our group studied 

the functional properties of P73 isoform exploiting the ADE2 color (red-white) reporter and 

also evaluated the potential for mutant P53s to inhibit P73 activity as a mechanism of gain of 

function (GOF) of mutants P53s [82].  

The issue of P53 family transactivation specificity was deeply investigated by our group 

taking advantage of the previously described yeast functional assay (luciferase reporter-based 

assay) [15] (Table 2). The same assay highlighted also the functional heterogeneity of P63 

germline mutations associated to the development of human Ectodermal Dysplasia Syndromes 

[84] (Supplementary Table 3). Interestingly, the observations made in yeast were confirmed in a 

mammalian cell-based system, supporting the high versatility of the yeast-based functional assay 

in support of basic as well as clinical research [81, 84]. 

 

C. NF-кB 

NF-кB proteins are central players of pro-inflammatory and innate immunity responses [92]. The 

NF-кB family comprises five subunits NFKB1 (p50), NFKB2 (p52), RELA (p65), C-Rel, and 

RELB, which form either homo or hetero-dimers [30, 62]. NF-кB proteins are usually 

constitutively expressed in cells but exist as an inactive complex kept in the cytoplasm by the 

interaction with the inhibitory cofactor IкB. Such inhibition is relieved by phosphorylation of 

IкB by the IKK complex (IкB kinase) in response to specific stimuli, such as the exposure of 

cells to inflammatory cytokines, like TNF (Tumor Necrosis Factor ), or to molecules 
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associated with pathogen infections (PAMPS, Pathogen Associated Molecular Patterns). 

Interactions of these extracellular factors with their receptors (TNFRSF or TLRs) [63] activate 

signal transduction pathways, leading to IкB phosphorylation and degradation, enabling NF-кB 

proteins to relocate to the nucleus acting as a sequence-specific TF [46, 54, 95, 112, 118, 147]. 

NF-кB, as homo- or hetero-dimer, recognizes a 10 nucleotides consensus RE (5’-

GGGRNWYYCC-3’). Various homo- or hetero- dimers are reported to act in cellular context 

although the p50/p65 complex is the most active and abundant. p50 and p52 proteins lack a 

transactivation domain and hence cannot function as homodimers without additional cofactors 

like BCL3 or BCL6 to activate target genes [29, 110]. ChIP-sequencing data suggest that more 

than 1000 genes can be regulated by NF-кB proteins, including chemokines, immunoreceptors, 

stress response genes, regulators of apoptosis and growth factors. Approximately 1.5 x 10
5 

NF-

kB binding sites have been mapped in the human genome [90]. Moreover, various non-

traditional dimer-specific NF-кB binding sites are identified through protein binding microarrays 

and surface Plasmon resonance techniques without any knowledge of their transactivation 

abilities [128, 148]. The interplay between the NF-кB family members leads to early or late 

responsiveness of the target genes in genomic context.  

 Many studies established that even a single nucleotide variation in a NF-кB RE can 

profoundly alter the transactivation capacity of NF-кB proteins, impacting both on affinity and 

selectivity of NF-кB protein interactions [66, 138]. The transactivation capacity of a NF-кB 

protein has positive correlation with the RE binding affinity [35, 144]. Various non-canonical 

NF-кB binding sites have been identified, using techniques such as gel-shifts, ChIP-sequencing 

and Selex (Systematic Evolution of Ligands by Exponential Enrichment) specifically focusing 

on the p65 subunit of NF-кB [119]. The degeneracy in NF-кB consensus RE provides 

opportunity for complex cis-regulation, transactivation specificity and gene expression tuning 

[131].  

 As for the case of P53 family proteins, there are no clear NF-кB homologs in yeast, but 

the proteins can act as sequence-specific TFs [24]. Furthermore, co-expression of IкB can inhibit 

p65 transactivation function [24]. In a recent study we have expanded on those original findings, 

exploiting variable expression of NF-кB proteins, developing a transcription competent p50 

chimera and testing up to 17 different REs [113]. The RE panel included examples of NF-кB in 

vivo targets in the MCP-1, IP-10, and IFNβ promoters and others chosen in order to sample 
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single nucleotide variations in the binding sites resulting in differences in binding affinity. A 

comparison between reporters with a single NF-кB-RE (decamer), and two repeats (two 

decamers), either adjacent or spaced, was elucidated in this report (Table 2).  

 

D. Other classes of mammalian TFs tested in yeast to investigate transactivation specificity 

and the impact of mutations 

The ADE2 (red/white) or the luciferase assay in yeast has also been adapted to study the 

homeodomain protein NKX2.5 [41] and the bHLH (basic helix-loop-helix) proteins HAND1, 

E12 and E47 [102]. The bHLH proteins are important regulators of embryonic development, 

particularly in neurogenesis, heart development, myogenesis and hematopoiesis. 

In the case of HAND1, it was possible to study the sequence specificity of E12/E47 

homodimers and the impact of co-expression of HAND1, which led to a reduced transactivation 

from a reporter containing an E-box RE but increased transactivation of the same reporter system 

containing instead a D-box as upstream RE. The assays proved sensitive also to analyse missense 

changes both in NKX2.5 and HAND1, revealing both complete and partial loss of transactivation 

function or, for HAND1, loss of the capacity to modulate E12/E47 transactivation function. For 

these latter group of proteins, the inclusion of a chimeric transactivation domain increased or 

revealed the transactivation potential, confirming previous observation that not all type of 

mammalian transactivation domains are full active with the yeast basal transcription machinery 

[57].  

c-MYC, a pleiotropic TF and a potent oncogene, is another bHLH protein that was shown 

to act as a TF when expressed in yeast [3] and whose protein stability appeared to be affected by 

conserved regulatory post-translational modifications [25].  

Moreover, a yeast transcription assay with human β-catenin/TCF (T-cell Transcription 

Factor) complex was developed that could provide for a functional diagnosis of mutations in 

APC, that can interact with β-catenin leading to its degradation [150]. This latter assay is a clear 

example of how complex functional interactions between human TFs and protein partners can be 

recapitulated in yeast cells.  

A growth assay was developed to test small molecules affecting the function of HSF1, a 

TF regulating the expression of heat shock protein genes [91]. In this case, an orthologous, 
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essential gene is present in the yeast genome; hence, the endogenous gene was placed under a 

repressible promoter making the growth of yeast dependent on human HSF1 expression and 

potentially impacted by the treatment with small molecule modulators of human HSF1 [91]. 

 

Drugging mammalian TFs in yeast  

The yeast systems described above represent well-defined assays with the potential to evaluate or 

screen small molecules targeting specific TFs and acting either as agonist or antagonist. Different 

from yeast one- two- or three-hybrid assays [18, 47, 103, 139], no heterologous domains for 

transactivation, DNA binding nor dual-function small molecule tethers are needed. Further, 

unlike the case in mammalian cells, these yeast-based functional assays would enable the test of 

separate members of complex TF families, or the co-expression of specific protein cofactors. 

However, chemicals uptake or extrusion has been considered a limiting factor in using yeast for 

drug screening, despite the availability of specific mutants in the ABC transporter systems that 

showed improved efficacy of various types of small molecules [128]. There are however, 

examples where small molecules could be assayed for P53, P73, or NF-κB (Table 2) [4, 31, 64, 

124, 125, 134].  

The capacity of several nuclear receptors to act as ligand-dependent sequence-specific 

TFs when expressed in yeast was established, among others, for the ER, the Progesterone 

Receptor (PR), the co-expression of Aromatase and Androgen Receptor (AR), and the 

Glucocorticoid Receptor (GR) [33, 50, 60, 72, 77, 98, 100, 148]. Assays were also developed for 

Retinoic acid, Peroxisome Proliferator-Activated Receptor, and Retinoid X Receptor [32, 34, 

115]. The crosstalk of nuclear receptors with co-activator and co-repressors has also been 

explored [137]. Those findings led to the development of yeast assays for the screening of 

agonist or antagonist molecules [70], adapted to high-throughput format [7, 142]. Although 

functional analogs of nuclear receptor may exist [89], yeast does not express ER, PR or GR 

homologs; therefor the study of ligand molecules in this heterologous system could benefit from 

the lack of the interference from possible hormonal cross talk.  

 

Conclusions and Perspectives 
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Yeast has been, and remains, a robust model that, even in the era of CRISPR/Cas9 genome 

editing [21, 48], can be turned into a sort of in vivo test-tube for the functional analysis of 

mammalian sequence-specific TFs. In fact, combining inducible promoter systems, quantitative 

reporter genes integrated at desired chromosomal locus, small volume format, and the potential 

to acquire transcription output also at single cell level, this heterologous approach can contribute 

to elucidate specific aspects of TF function, particularly in assessing the impact of inherited or 

acquired genetic variability at the level of TF interaction with DNA binding sites, through a 

transcriptional readout. The system is customizable with relatively ease and rapidity, and can 

also be scaled-up for cost-effective high-throughput screening, providing a matrix of readout 

data where, level of TF protein, kind of DNA target site, and time from induction of TF 

expression can be controlled as distinct variables, comparing isogenic panels of reporter strains, 

an approach akin to in vivo biochemistry. For these features yeast functional assays can still be 

superior to reporter assays in mammalian cells and could be considered as complementary tools 

to in vivo analyses in many contexts.  
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Table 1. Hallmarks of P53 REs established through yeast-based assays. 

 

Feature / Finding References 

Consensus p53 RE: RRRCWWGYYY N RRRCWWGYYY 23 

Nucleotide mismatches in the CWWG core domain, or in the flanking purines (RRR) and 

pyrimidines (YYY), can greatly alter the RE transactivation potential and specificity, also 

depending on the expression level of P53 protein 

43 

Single nucleotide polymorphs (SNPs) can have a significant impact on RE function, 

causing genetic diversity in the P53 regulatory network 

136 

A spacer between P53 half-sites, even of one or two nucleotides, can have a strong 

negative impact on the transactivation potential, depending on its length, the affinity of the 

P53 protein for RE and the level of P53 protein 

76 

Non-canonical P53 REs consisting in three-quarter sites (one decamer plus an adjacent 

half decamer) or in half-sites (a single decamer) can also mediate P53 binding and gene 

responsiveness 

135, 76 

Structural properties of DNA can influence P53-dependent transcriptional decisions. For 

example, a torsionally flexible RE sequence exhibits high transactivation potential even at 

low P53 levels, apparently due to low dissociation rates of the protein 

52 

A widespread evolutionary turnover of P53 REs through the period of 500 million years 

has been captured by a study on comparative analysis of functional versus sequence 

homology of 47 P53 REs found in 38 genes from 14 species 

49 

Comparing yeast P53 proteins isolated from six chordate species provided an outlook of 

phenotypic divergence of P53 as a sequence-specific TF 

67 
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Table 2. Main findings from the study on P53, P63 or NF-κB TFs using yeast functional assays 

Feature / Finding References 

Mutant P53 alleles are functionally heterogeneous 55; 126 

p53.free.fr/p5

3.iarc.fr/  

Nearly all mutant P53s at hotspot residues have lost or retain only a very weak 

transactivation function 

55, 82, 83 

A significant fraction of tumor-associated mutant P53s, that are found at moderate to low 

frequency in cancer, retains some level of transactivation potential 

126, 51, 61 

Transactivation-based classification of mutant P53s appears more important for genotype-

phenotype correlations than dominant-negative effects 

83 

The yeast functional assay was used to determine highly specific mutation fingerprints in 

the human P53 cDNA sequence

28, 39 

N-P63 showed higher activity than TA-P63 towards REs containing a higher 

frequency of non-consensus bases and a reduced frequency of the CATG sequence at the 

CWWG core motif 

N- and TA P63isoforms as well as P73 and P73 isoforms or N or C-P53 proteins 

do not exhibit differences in relative transactivation specificity 

81 

Most of P63 missense mutations corresponding to P53 hotspot residues were 

transcriptionally inactive 

56 

P63 at 37°C is able to activate p21/WAF1, BAX, MDM2 promoters while P53 

transactivates p21/WAF1, BAX, MDM2 and 14-3-3targets. At 30°C P63 lose activity 

also on p21/WAF1, while P53 shows no activity on BAX and 14-3-3targets).  

116 

P63 germline mutations associated with Ectodermal Dysplasias can be functionally 

heterogeneous

84 

P53 mutant alleles show differences in their potential to inhibit wild type P73 

transactivation function 

79 

Mutations at conserved amino-acids of loops L1 and L3 in the DNA binding domain 

(DBD) of P53 family proteins tune the transactivation potential nearly equally for P53, 

P63, P73 

15 

p65/RELA and a transcription competent p50/NFKB1 exhibit distinct transactivation 

specificities

113 

The inhibitory function of IкB appeared to be influenced by the RE type and by the 

specific NF-кB homodimer being tested 

113 

A growth assay was used to evaluate the potential of CP-31398 molecule to stabilize the 

P53 protein 

134 

The possibility to use yeast to test small molecules targeting was established and validated 

using the known MDM2 or MDM4 P53/P73 inhibitors, Nutlin-3A and SJ-172550, as well 

as using RITA, a small molecule that can reactivate wild-type P53 in cancer cells 

4, 31, 64, 124, 

125 

The NF-κB inhibitors BAY 11-7082 and ethyl pyruvate showed an inhibitory effect that 

was distinct in the case of expression of p65 alone or of p50/p65 co-expression, and also 

in relation to the RE tested 

113 
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Figure 1: Establishing human TF reporter strains by promoter targeting at chromosomal 

loci using Delitto Perfetto. 

Schematic description of the Delitto Perfetto to rapidly target desired TF REs upstream of a 

minimal promoter controlling the expression of a reporter gene [46, 142]. The experimental 

protocol is described in the main text. The recent construction of sgRNAs and Cas9 expression 

systems in yeast [22], can further simplify targeting of desired yeast promoter and enable the 

construction of multiple reporter strains. Human transcription factors and cofactors can be then 

expressed in the obtained strains by transformation of selectable plasmids, exploiting one of 

various promoter systems (Supplementary Table 1) and low-copy or multi-copy selectable 

plasmids. Transformants can then be processed for the functional assay, including the option of 

treating cell cultures with small molecule acting as agonist or antagonist of TFs. Yeast strains 

with improved chemical uptake have been developed [128]. The functional assay can be 

performed in small volume format. Considering the ease of constructing isogenic reporter strains 
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that differ only for a specific TF RE and the possibility to regulate the expression levels of TF 

proteins, yeast can be considered as a sort of test-tube to quantify i) the impact of TF mutations 

and/or RE sequence variants, ii) the co-expression of cofactors, and iii) the efficacy of small 

molecules.  
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Figure 2. From humans to yeast, and back: the example of the P53 family. 

The range of applications of the yeast functional assay is summarized considering as an example 

the studies with the P53 family of TFs –see text for details and references-. From human to yeast. 

A1. The functional assay with wild-type TFs in yeast allow to determine molecular rules that 

govern transactivation specificity depending on the type of TF (different isoforms), the amount 

of TF (constitutive expression from a pADH1 promoter versus inducible expression from pGAL1 

promoter) and the sequence of the RE. The final output of such extensive analysis, using the 

WebLogo tool for a graphical summary, highlights the features of the RE in terms of over-

representation of specific bases at distinct positions that result essential for transactivation 

function. A2. Results of transactivation assays with mutant TFs led to the discovery of functional 

heterogeneity among TF alleles. This heterogeneity is evident in terms of specific mutant TFs 

able to activate transcription from certain REs, but not from others. From yeast to human. B1 

The classification of disease-associated mutant TFs based on relative transactivation potential in 
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yeast can be a tool for interpreting the heterogeneity of clinical manifestations of correlated 

syndromes, suggesting possible genotype-phenotype correlations. B2 The use of P53 cDNA as 

mutagenesis target gene in yeast is a tool for determining specific mutational fingerprints 

associated with environmental mutagens or chemotherapeutics. In the context of molecular 

epidemiology studies, the comparison of the experimentally induced mutation spectra with those 

obtained in human cancer studies can trap the culprit. 
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