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Highlights  
The best-established FACT function is nucleosome maintenance during transcription. 

The role of in FACT in facilitating transcription through chromatin in vivo requires further 
evaluation. 

Aggressive tumors are more sensitive to FACT depletion than normal tissues.  

The elevated requirement for FACT in tumor cells is associated with increased sensitivity to 
chromatin destabilization. 
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Abstract 

FAcilitates Chromatin Transcription (FACT) has been considered essential for transcription 

through chromatin mostly based on cell-free experiments. However, FACT inactivation in cells 

does not cause a significant reduction in transcription. Moreover, not all mammalian cells 

require FACT for viability. Here we synthesize information from different organisms to reveal the 

core function(s) of FACT and propose a model that reconciles the cell-free and cell-based 

observations. We describe FACT structure and nucleosomal interactions, and their roles in 

FACT-dependent transcription, replication and repair. The variable requirements for FACT 

among different tumor and non-tumor cells suggests that various FACT-dependent processes 

have significantly different levels of relative importance in different eukaryotic cells. We propose 

that the stability of chromatin, which might vary among different cell types, dictates these 

diverse requirements for FACT to support cell viability. Since tumor cells are among the most 

sensitive to FACT inhibition, this vulnerability could be exploited for cancer treatment. 

 

 

Keywords: SSRP1; SPT16; chromatin; histone; cancer; transcription 

Abbreviations  

DSB – double strand breaks 

HR – homologous recombination 

PTM – post-translational modifications 

TAM – transcription associated mutagenesis 

SSB – single strand breaks 
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1. Chromatin structure and stability: the role of histone chaperones 

The nucleosome is the major target of FACT activity in cells. Nucleosome structure has 

been defined at high resolution by different methods [1-3]. It consists of two components: a 

positively charged histone octamer and negatively charged DNA, wrapping 1.65 times around 

the octamer, which makes the nucleosome very stable. At the same time, this tight structure 

limits the access of other proteins to the nucleosomal DNA. An octamer is a complex of four 

pairs of histones consisting of two types of dimers, H2A/H2B and H3/H4. Two H3/H4 dimers are 

assembled into a tetramer located at the center of the nucleosomal DNA, and the two H2A/H2B 

dimers are attached to the tetramer, one each at the exit and entry points of the DNA.  Unlike 

nucleosomes (i.e., octamers wrapped with DNA), histone octamers are very unstable without 

DNA because of the electrostatic repulsion among the positively charged histones. Therefore, 

octamers do not exist as stand-alone structures under physiological conditions (reviewed in [4]) 

and tend to fall apart during various cellular processes (e.g., transcription [5]) when the DNA-

histone interactions are weakened. Accordingly, the assembly and disassembly of nucleosomes 

require the assistance of multiple proteins, including ATP-dependent chromatin remodelers 

(reviewed in [9]) and ATP-independent histone chaperones [6-12].  

Furthermore, the exposure of histones to DNA at physiological salt concentrations in 

cell-free conditions leads to the formation of poorly defined aggregates because the basic, 

positively charged histones bind rapidly but randomly to the acidic, negatively charged DNA 

[13]. Histone chaperones are a structurally diverse class of proteins that bind histones and 

prevent this uncoordinated binding to DNA [14]. Histone chaperones decrease the rate of the 

formation of improper histone-DNA complexes so that proper nucleosomal histone-DNA 

complexes can be formed. Many histone chaperones possess acidic domains that play 

important roles in their interactions with the histones ([15, 16], reviewed in [12]). There are two 

major types of histone chaperone classifications: i) by the type of histones they bind, and ii) by 

their role in assembly of new nucleosomes during replication or a function affecting 

nucleosomes in a replication-independent manner [12]. FACT does not fit easily into a single 

category in this standard classification scheme. There are reports that FACT binds to all core 

histones or at least the oligomers of H2A/H2B and H3/H4, and potentially several non-canonical 

histones (see below). Moreover, unlike most other histone chaperones, metazoan and plant 

FACT have intrinsic DNA binding domains [17-19]. Further, FACT is involved in both replication-

dependent and replication-independent nucleosome remodeling, and may reorganize chromatin 

to support DNA damage response and repair pathways [20-23].  

 

2. Structure of FACT subunits  

FACT structure and function are highly conserved in all eukaryotes [24], comprising two 

subunits, SPT16 (Suppressor of Ty 16) and SSRP1 (Structure Specific Recognition Protein 1) 

or Pob3 (Polymerase One Binding protein 3) in yeast. SPT16 has a very similar size and 

domain architecture in different organisms from yeast to mammals (Fig.1) consisting of an N-

terminal domain (NTD), a dimerization domain (DD), a middle domain (MD), and a C-terminal 

domain (CTD) (Fig.1). Although the SPT16 NTD is highly conserved in all eukaryotes, it is not 

essential for the viability of yeast [25]. The crystal structures of the yeast Spt16 (ySpt16) NTD 

showed a “pita bread” fold that is characteristic of aminopeptidases but lacks the corresponding 

catalytic residues and activity [26]. Based on available data, yeast and human SPT16 NTD are 
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involved in the binding of the H3 and H4 N-terminal tails, thus promoting stable interaction with 

the H3/H4 tetramer, but not with the H2A/H2B dimer [26]. The SPT16 DD contains a pleckstrin 

homology (PH) motif that is involved in the formation of the heterodimer [16]. The SPT16 MD 

has two PH domains (PH1 and PH2) and a U-turn region with similarity to the α-helix region of 

H2B histone [16]. These regions have been reported to interact with H2A/H2B histones [16]; 

however, these interactions were not observed in other reports [27, 28]. ySpt16 MD binds the 

H3/H4 tetramer with high affinity (Kd ~ 2.5 M) [29]. PH1 has a positive charge, suggesting a 

DNA-binding function for this polypeptide [30]. However, this binding has yet to be 

demonstrated. The Spt16 CTD is a negatively charged disordered domain [31], which carries 

the nuclear localization signal [16]. Deletion of the CTD and a large part of the MD in human 

SPT16 (hSPT16) precluded any FACT-nucleosome interactions in a cell-free system, prevented 

FACT-dependent transcription through chromatin templates in vitro, and inhibited the histone 

chaperone function of FACT [32].  

SSRP1, although also highly conserved in its core domains, differs significantly among 

single-cell eukaryotes, plants, and metazoans due to the variable inclusion of domains (Fig.1). 

Mammalian SSRP1 consists of a DD or NTD, MD, internal intrinsically disordered domain (IDD), 

high mobility group (HMG) box, and a C-terminal intrinsically disordered (CID) domain (Fig.1). 

The plant SSRP1 (pSSRP1) has an HMG box, but lacks the CID domain (Fig. 1). The ySSRP1, 

Pob3, lacks both C-terminal domains, HMG box and CID. The absence of the HMG box in yeast 

is compensated by the functional interaction of yFACT with non-histone protein 6 (Nhp6) that 

consists of a single HMG box. However, yFACT does not directly bind Nhp6 [33, 34]. The 

SSRP1 DD/NTD, which contains a PH motif, is responsible for dimerization with SPT16. The 

MD contains two PH motifs, similar to SPT16 MD, which are likely to be involved in binding 

H3/H4 due to the strong similarity with the dual PH motifs of Rtt106, a known H3/H4 chaperone 

[35]. The crystal structure of this domain in hSSRP1 indicated that it could also bind DNA, which 

was confirmed in an assay with a linear DNA fragment [36]. The C-terminal region of Pob3 is 

negatively charged and disordered. The СTDs of ySpt16 and Pob3 interact with similar surfaces 

of H2A/H2B dimers and ySpt16-Pob3 heterodimer simultaneously binds two H2A-H2B dimers 

[27]. The HMG box domain is a well-known DNA-binding motif that is homologous to the 

domains in the HMGB family of proteins [37]. HMGB proteins bind DNA in a sequence-

independent, but highly structure-dependent manner. In particular, they have weaker affinity for 

relaxed linear B-DNA and higher affinity for kinked or bent DNA, such as cruciform/four-way 

DNA junctions or covalent links between adjacent nucleotides (e.g., platinum adducts or 

thymine dimers) [19, 38]. The HMG box of hSSRP1 is flanked on both sides by intrinsically 

disordered domains, IDD and CID (Fig.1). The CID domain of hSSRP1 can bind left-handed Z-

DNA [39]. Thus, the structural features of the FACT subunits provide the means for binding all 

of the individual components of nucleosomes (i.e., DNA, H3/H4 tetramer, and H2A/H2B dimers). 

 

3. FACT interactions with nucleosomes 

For the discussion of FACT interactions with nucleosomes, it is important to understand 

several concepts. (i) Different binding epitopes are exposed in folded (octamer with fully 

wrapped DNA) and unfolded (octamer with partially unwrapped DNA) nucleosomes. (ii) The 

interaction of FACT with nucleosomes is likely to occur through simultaneous independent 

interactions among several domains of FACT and nucleosomes. Therefore, analysis of 
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individual binding sites provides a limited view of the overall interaction, and interaction surfaces 

determined in simplified binding assays may be masked within the folded nucleosome or 

opened/unmasked when the nucleosome is unfolded. (iii) Although FACT structure and function 

are highly conserved, there are differences between FACT - nucleosome interactions in lower 

and higher eukaryotes. (iv) Finally, each type of assay for detecting FACT interactions with 

nucleosomes has limitations, necessitating synthesis of results from multiple approaches.  

Structures of intact FACT subunits or the heterodimer alone or with nucleosomes have 

not yet been determined. However, the structures of the individual domains of FACT subunits 

with different nucleosomal components have been defined by several labs (Fig.2).  Based on 

these data, FACT from both lower and higher eukaryotes can bind both types of histone 

oligomers. In particular, FACT binds H2A/H2B dimers via hydrophobic and electrostatic 

interactions with ySpt16 MD and the CTDs of both subunits [16, 27]. Moreover, it was shown 

that the ySpt16 and Pob3 CTDs each bind the same site on the H2A/H2B dimer but must 

compete with DNA to access this site. This suggests a model in which partial DNA uncoiling 

allows yFACT to capture both H2A/H2B dimers simultaneously during reorganization [27, 40]. 

H3/H4 N-terminal tails are bound by the SPT16 "peptidase"-like NTD [26] and the globular 

domains by SPT16 MD through an interface distinct from the H2A/H2B binding region [16]. 

FACT is unusual among histone chaperones in that it also has several proposed or established 

DNA binding domains. The complex issues associated with the coordination of these diverse 

binding events is discussed below.  

It has been difficult to obtain a consensus regarding whether FACT binds to 

nucleosomes and destabilizes them or if FACT binds to destabilized nucleosomes. In the 

context of transcription, the important question is does FACT make nucleosomal DNA 

accessible to the transcriptional machinery or does that machinery make the nucleosomal 

components accessible to FACT? This question has been addressed using several types of 

assays: functional (i.e. assistance to Pol II passage through a nucleosome), binding in solution, 

and gel shift assays.  Winkler et al.[41] used a fluorescence-quenching assay to measure 

hFACT binding to the nucleosome and its components. They found that hFACT bound 

assembled nucleosomes with high affinity, especially when both FACT subunits were included 

[41]. However, this assay did not allow discrimination between interactions with folded or 

unfolded nucleosomes or nucleosome components, or whether the nucleosome structure was 

intact during binding. Gel-shift assays, which detect only relatively stable complexes, did not 

reveal binding of yFACT or hFACT to nucleosomes without addition of other factors like Nhp6 

[28, 39, 42, 43].  

While this manuscript was under review, Wang et al posted a preprint in which they used 

sedimentation velocity analytical ultracentrifugation (SV-AUC) to show that hFACT binds a 

single H2A/H2B dimer, and this allows simultaneous binding of an H3/H4 tetramer [44]. FACT 

mixed with H3/H4 alone resulted in aggregation, suggesting that binding of an H2A/H2B dimer 

facilitates the proper interaction of FACT with the H3-H4 tetramer in a ternary complex. They 

propose a model in which a FACT/H2A/H2B complex interacts with a DNA-bound H3/H4 

tetramer, thus forming an intermediate in nucleosome assembly. No binding or disassembly of 

intact nucleosomes by hFACT was detected using the SV-AUC approach [44].   

The controversy regarding FACT's ability to bind intact nucleosomes is likely to involve 

the puzzling role of the HMG box domain of SSRP1 (which exists as separate Nhp6 peptide in 
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yeast) in FACT activity. As mentioned above, yFACT binds nucleosomes in a gel shift assay 

only in the presence of Nhp6 protein [43]. However, yFACT requires at least a six-fold molar 

excess of Nhp6 monomers to nucleosomes for binding to occur [43]. Nhp6 proteins bind to and 

bend nucleosomal DNA at the entry and exit points of the nucleosome to provide access for 

Spt16/Pob3 to the histone octamer [43]. Importantly, the nucleosome structure is greatly 

unfolded (reorganized) following the formation of the stable yFACT-Nhp6-nucleosome complex 

[40, 45]. Until recently it was unclear whether hFACT with just one HMG box domain could 

perform a similar function. Data from Formosa lab clarified this issue [46].  They showed that 

human FACT can also reorganize folded nucleosomes in cell-free conditions in the presence of 

Nhp6 protein. When Nhp6 was fused with Pob3 to mimic human SSRP1, at least three Nhp6 

modules were required for Pob3 to bind and unfold the nucleosomes without Nhp6 assistance; 

however, this FACT variant was not efficiently released from nucleosomes and was toxic for 

cells. Fusing an intrinsic HMG box to Pob3 reduced the DNA accessibility and also induced the 

partial loss of histone H2A-H2B dimers that are normally associated with nucleosome 

reorganization. The authors proposed that DNA bending by the HMG box domain results in 

nucleosome destabilization and exposure of intranucleosomal FACT-binding sites, but also 

promotes the bending of DNA needed to form nucleosomes during assembly. The authors also 

found that although Pob3-Nhp6 fusion protein was able to partially substitute for the functions of 

both Pob3 and Nhp6 in yeast cells, fusing the homologous regions of hSSRP1 to Pob3 with C-

terminal domains of hSSRP1 (containing both HMG and CID regions) was unable to do this, 

suggesting that the HMG box of hSSRP1 is not functionally identical to Nhp6 and indicating that 

further dissection of hSSRP1 domains is needed to understand their functions [46]. 

An additional variable that complicates understanding of the way FACT interacts with the 

nucleosome is the role of posttranslational modifications of FACT subunits in metazoans. Early 

studies demonstrated that phosphorylation of SSRP1 by casein kinase 2 (CK2), a constitutively 

active nuclear kinase, reduced its DNA binding activity [47]. Therefore, for the cell-free 

experiments, the SSRP1 purified from insect cells was further dephosphorylated, while SSRP1 

purified after expression in E. coli naturally lacked phosphorylation. Tsunaka et al. found that 

phosphorylation of the intrinsically disordered regions, IDD and CID, adjacent to the HMG box 

by CK2 significantly weakened SSRP1 binding to DNA [48]. However, SSRP1 in metazoan cells 

is likely to be phosphorylated under basal conditions and, therefore, cannot bind DNA unless 

the DNA is heavily distorted (see below). Winkler et al. used dephosphorylated FACT in the 

fluorescence-quenching binding assay [41], which might have led to an overestimation of the 

affinity of FACT binding to the nucleosome. Recent data by Tsunaka et al. supports this 

possibility. They used insect-purified hSSRP1 that was not dephosphorylated and found that 

hFACT could not bind the intact nucleosome unless the nucleosome was destabilized by 

experimentally introducing a double-strand break in a specific position on the nucleosomal DNA 

[28]. Safina et al also showed that destabilizing nucleosomes with curaxins, which are small 

molecule DNA-binding factors, allowed binding by hFACT to be detected [39]. However, this 

also caused the formation of hexasomes, so it was not possible to determine whether FACT 

was binding to hexasomes or destabilized nucleosomal forms [39].  

To understand FACT function in cells, it is important to determine what structural 

changes in the nucleosome are introduced by FACT and whether these changes make the 

nucleosome more or less stable. Functional studies suggest that FACT can do both. Depletion 
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of FACT from cells is accompanied by nucleosome loss from transcribed regions in a 

transcription-dependent manner, suggesting that FACT stabilizes nucleosomes during this 

process [49-51]. At the same time, FACT has been shown to facilitate transcription through 

chromatin [32, 52-54], suggesting that it destabilizes nucleosomes. These apparently 

contradictory functions of FACT can be explained by several models. First, FACT may interact 

with different protein partners that direct its activity in one direction or the other under different 

circumstances (e.g., on promoters versus within the gene bodies). Second, different forms of 

FACT (e.g., cooperating with or working independently of Nhp6) may participate in one process 

or the other preferentially. The current model that attempts to incorporate multiple genetic, 

structural, and functional observations is that a nucleosome is partially unfolded during 

transcription, exposing FACT binding sites on the histone octamer, FACT then competes with 

DNA for these sites, making the DNA more accessible for RNA polymerase [55]. In this case, 

nucleosome destabilization mediated by the yNhp6 subunit or the HMG box domain of SSRP1 

could be unnecessary because the transcription machinery accomplishes the required 

weakening of nucleosome structure. At the same time, multiple contacts between the FACT 

subunits and different components of the nucleosome could prevent the histone octamer from 

falling apart when the DNA is uncoiled.  

A recently developed assay uses pairs of fluorescent labels on the adjacent gyres of 

nucleosomal DNA at specific positions to measure the proximity of DNA gyres to one another, 

allowing changes in nucleosome structure in the presence of FACT to be detected [40]. The 

level of nucleosomal DNA coiling can therefore be measured using single-particle FRET. This 

assay showed that yFACT did not change the nucleosome structure in the absence of yNhp6 

but when it was added yFACT induced a dramatic, ATP-independent and fully reversible 

uncoiling of the nucleosomal DNA [40]. When phosphorylated hFACT was used in this system, 

nucleosomes were stabilized [56]. It remains to be established how these activities of FACT 

detected in vitro participate in processes in cells. 

 

4. FACT in transcription  

Available data show that FACT is involved in both transcription initiation and elongation.  

During initiation, nucleosomes need to be removed or considerably destabilized by ATP-

dependent chromatin remodeling complexes that work in conjunction with site-specific DNA 

binding factors (reviewed in [57]). Since yFACT with Nhp6 can unfold and destabilize 

nucleosomes [40], it is not unreasonable to think that it might participate in nucleosome 

destabilization/removal from promoters. Indeed, yFACT together with the chromatin remodeler 

SWI/SNF (SWItch/Sucrose Non-Fermentable) and another histone chaperone ASF1 are 

involved in nucleosome destabilization at HO and G1 cyclin promoters during activation of their 

transcription. Each factor is required for nucleosome eviction at distinct promoter regions [58]. In 

addition, a recent study showed that spt16 mutant yeast cells had a higher level of nucleosome 

occupancy at transcription start sites (TSS), suggesting a role for FACT in keeping the TSS 

nucleosome free [51]. Notably, two groups have reported that although yFACT is recruited to 

the promoters of genes upon activation, depletion of FACT had minimal effect on the initiation of 

transcription [58, 59].  

The initial assay used to purify mammalian FACT suggested a role in transcription 

elongation. hFACT was purified from HeLa cell nuclear extracts based on its ability to facilitate 
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RNA polymerase II (Pol II) transcription through a nucleosomal template [52]. Several follow-up 

studies from the same group used results from reconstituted in vitro transcription assays to 

develop the model that FACT facilitates Pol II-driven transcription by destabilizing the 

nucleosomal structure such that one H2A/H2B dimer is removed by FACT during the passage 

of the enzyme [32, 53, 54]. Consistent with this model, FACT was found to be associated with 

actively transcribed regions of the Drosophila polytene chromosome in a transcription-

dependent manner [60]. Two genetic screens in Saccharomyces cerevisiae also provided 

support for a role for yFACT in transcription. The Spt16 subunit of FACT was identified as cdc68 

(cell division cycle 68) in a screen for mutations that caused the accumulation of cells at the 

early G1 phase of the cell-cycle [61] and also in a screen for genes, which in high copy 

conferred the Spt- (suppressor of Ty) phenotype [62]. The Ty transposons are a set of 

transposable genetic elements in Saccharomyces cerevisiae, whose insertions often interfere 

with the expression of nearby genes [63].  

The role of yFACT in transcript elongation is supported by its significant genome-wide 

enrichment at coding regions of transcribed genes in both yeast and human cells [51, 64]. 

Although metagene analysis showed the highest yFACT accumulation at promoter regions, the 

profile of FACT distribution along the transcribed regions is similar to that of Pol II 

phosphorylated at serine 5 of its С-terminal domain heptad repeats, suggesting a role for FACT 

in elongation [65]. Studies focused on individual genes have also revealed yFACT enrichment at 

transcribed genes [51, 66]. However, neither of the earlier studies evaluated the effect of FACT 

depletion or inactivation on transcription. In more recent studies addressing the possible role of 

yFACT in transcription through chromatin, little [67] or no reduction in the transcription of genes 

enriched with yFACT occurred upon yFACT inactivation by mutations [51, 68, 69]. In higher 

eukaryotes, only two studies showed a dependence of the efficiency of transcription on FACT. 

Birch et al. [70] showed that depletion of SSRP1 with siRNA in HeLa cells resulted in a 

significant reduction in 47S pre-rRNA levels. Koltowska et al. [71] demonstrated that the null 

mutation of ssrp1a led to the reduced incorporation of 5-Ethynyl Uridine (EU) in only some cells 

of zebrafish tissues. Other studies have demonstrated that the inhibition of FACT expression 

had a very moderate effect on the expression of individual genes and had no effect on the level 

of global transcription in human and plant cells [72-74]. A recent report from the Tessarz group 

demonstrated low correlation between FACT coverage and changes in gene expression upon 

FACT knockdown in mouse embryonic stem cells [64]. Together, these studies raise questions 

about the role of FACT in transcription. 

Enrichment of FACT at transcribed genes combined with the minimal changes in 

transcription upon FACT inhibition is puzzling. However, authors of some of these studies noted 

that although transcription at FACT-enriched regions continued to occur upon FACT depletion, 

chromatin in these regions underwent significant alterations. Formosa et al. suggested that the 

elongating Pol II disassembles chromatin and that yFACT reassembled the nucleosomes after 

RNA polymerase passage [75]. Mason et al. noted that Pol II accumulated at genes expressed 

at lower levels in yFACT-deficient cells, which could result from loss of nucleosomes at these 

regions in the absence of FACT [50]. Consistent with this finding, Fleming et al. showed that in 

spt16 mutant yeast cells, chromatin structure is not properly restored after Pol II passage [76]. 

Morillo-Huesca et al. reported the accumulation of free histones evicted from transcribed genes 

and G1 cell cycle delay upon depletion of yFACT [77], which could explain the cell cycle arrest 
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in cdc68 strains and the loss of Ty1 repression in spt16 mutants. Hainer et al. found that 

transcription of the SER3 gene in yeast was repressed due to expression of SRG1 non-coding 

(nc) RNA which initiates upstream and partially overlapping with the SER3 gene. Transcription 

of SRG1 was accompanied by the deposition of nucleosomes on the SER3 promoter in a 

process requiring yFACT. Mutations in SPT16 made the promoter of SER3 accessible for 

transcriptional factors and therefore derepressed the SER3 gene [78]. Multiple subsequent 

studies have reported loss of nucleosomes from transcribed genes in a transcription-dependent 

manner following yFACT depletion, which was accompanied by the appearance of short 

transcripts that originated from cryptic TSSs within the coding regions of yeast genes [66, 78-

85]. FACT was also shown to be a critical factor in the repression of cryptic initiation of intra-

genic promoters genome-wide in plants [86].These data cumulatively suggest that in vivo, 

yFACT is clearly important for preserving chromatin structure at transcribed genes. Thus, in 

vitro data that suggested FACT had an intrinsic ability to facilitate RNA polymerase passage 

through chromatin could be interpreted as a role for FACT in increasing the rate of transcription 

in vivo. However, existing data from cells of different organisms did not show a significant 

reduction in the rates of transcription in the absence of FACT.  

More recent studies have attempted to explain this apparent contradiction between in 

vitro and in vivo observations, concluding that the presence of FACT does not always provide 

the support for producing full-length transcripts that would be expected for a factor that 

enhances passage of Pol II. Instead, FACT can induce re-distribution of the positions of Pol II 

pausing on some nucleosomal templates rather than increase the overall efficiency of 

nucleosome traversal by Pol II [9, 32, 87]. It has also been shown that hFACT facilitates 

nucleosome survival in vitro [55]. Thus, it is possible that the primary function of FACT during 

chromatin transcription is facilitating nucleosome survival/recovery. Taken together, the in vitro 

and in vivo data indicate that FACT plays a critical role in the preservation of chromatin 

structure, which would otherwise be disassembled by Pol II. This process is proportional to the 

efficiency of transcription and, therefore, FACT is enriched at transcribed genes in proportion to 

the Pol II enrichment which tracks with transcription efficiency. The initially proposed role of 

FACT in efficient passage of Pol II through chromatin in vivo remains questionable. 

In vitro studies have clarified how  FACT promotes nucleosome survival [55] by 

orchestrating the so-called “nucleosomal cycle” (reviewed in [88]) (Fig. 3). Transcription through 

a nucleosome involves a sequential, partial, and reversible uncoiling of nucleosomal DNA from 

the octamer [87], [89]. Biochemical analysis of several key intermediates formed during 

transcription through the nucleosome in the presence of hFACT suggests that hFACT likely 

forms transient complexes with the H2A/H2B dimers, which facilitates DNA uncoiling from the 

octamer [89]. As Pol II enters the nucleosome and transcribes through the +(15–36) region 

(distances are given in bp from the promoter-proximal nucleosome boundary), it initially uncoils 

the promoter-proximal nucleosomal DNA. FACT interacts with the exposed DNA-binding 

surface of the proximal H2A/H2B dimer via the negatively charged CTDs of the SPT16 and/or 

SSRP1 [16, 27, 41]. This interaction prevents the loss of the promoter-proximal dimer that would 

otherwise result in nucleosome loss [55]. During transcription through the +(36–73) region, DNA 

behind Pol II recoils on the surface of the octamer, and the DNA in front of the complex 

becomes uncoiled from the octamer, which allows further transcription and nucleosome 

recovery. DNA recoiling displaces FACT from its binding site on the proximal dimer, and 
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facilitates its interaction with the distal dimer, promoting uncoiling of the downstream DNA. It 

was previously suggested that hFACT induces the displacement of at least one H2A/H2B dimer, 

which facilitates transcription through the nucleosome [32]. However, more recent studies 

suggest that both H2A/H2B dimers remain bound to the transcribed nucleosome during FACT 

activity [9]. Thus, the introduction of mutations that destabilize the interaction between the 

H3/H4 tetramer and the H2A/H2B dimers have no significant positive effect on FACT-dependent 

transcription. Cross-linking of all core histones within the octamer also does not affect the 

efficiency of FACT-dependent transcription. Indeed, removal of a dimer compromises FACT 

activity during transcription [9]. Furthermore, FACT is likely to enhance retention of the 

promoter-proximal H2A/H2B dimer (see below), which could otherwise be displaced from the 

transcribed nucleosome [5, 9]. At the same time, FACT minimally affects the displacement of 

the promoter-distal H2A/H2B dimer [9] and can remain associated with the displaced dimer after 

transcription (Fig. 3). It should be noted that during transcription in vitro both in the presence 

and absence of FACT, the H2A/H2B dimers are removed or exchanged [90, 91]. Dimer removal 

is then more likely to occur during later stages of transcription through the nucleosome, when 

FACT minimally affects this process (Fig. 3) but the remaining histone hexamer survives 

transcription. Since binding of the dimer to the nucleosome is reversible, the complete 

nucleosome structure can be spontaneously restored after transcription in vivo and in vitro [90, 

92]. Thus, consistent with the in vivo studies, FACT likely facilitates the survival of both 

hexasomes and nucleosomes during and after transcription. 

Since DNA-binding surfaces on each H2A/H2B dimer are transiently disrupted during 

transcription through the nucleosome (Fig. 3 [89]), it was suggested that the interaction of FACT 

with these surfaces facilitates the transient, partial displacement of nucleosomal DNA from the 

surface of the octamer by Pol II [9]. Thus, FACT facilitates the transition between nonproductive 

complexes (i.e., fully coiled nucleosomal DNA on the histone octamer prevents Pol II rotation 

around the DNA helix) and productive complexes (i.e., DNA is uncoiled from the octamer so that 

Pol II can continue transcription) (Fig. 3). In this process, FACT interacts consecutively with 

DNA-binding surfaces of each of the H2A/H2B dimers, probably using each of the CTD domains 

of the SPT16 and SSRP1 subunits. Since FACT interacts with the dimers both in front and 

behind the transcribing Pol II, FACT could either enhance or reduce the efficiency of 

overcoming individual nucleosomal barriers. 

The discrepancies between observations in vitro and in vivo could also be explained by 

the sequence-specific nature of the nucleosomal barrier to transcription. It has been shown that 

the sequence of nucleosomal DNA at points of high-affinity contacts between the octamer and 

DNA could make transcription more or less efficient [89]. While cell-free experiments usually 

use DNA with strong nucleosomal positioning sequences having a higher affinity to core 

histones, genomic DNA typically maintains a lower nucleosome occupancy and less strict 

positioning. Therefore, transcription of individual genes could be “tuned” to allow alternative sets 

of nucleosome positions, reducing the dependence on FACT for the efficient passage of the Pol 

II.  

Recently, an additional model for FACT activity was proposed based on measurements 

of the dynamic behavior of four-nucleosome arrays in the presence of FACT using single-

molecule force spectroscopy. Based on this approach, Li et al. proposed that tetranucleosomes 

are distinct intermediates in the hierarchical organization of chromatin fibers. Packed 
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tetranucleosomes are likely to be inaccessible to transcription machinery due to inter-

nucleosomal interactions. FACT was observed to promote transitions from tetranucleosomes to 

linear strings of nucleosomes, which should significantly facilitate transcription [93]. Another 

study showed that FACT could bind the acidic histone patch on the nucleosome, which is the 

surface on the planar side of the nucleosome “disk” that faces the neighboring nucleosome, and 

also proposed a mechanism of FACT-mediated tetranucleosome unfolding [94]. These models 

for decondensation of higher order structures do not exclude the activities described above, 

rather they could work together in a cooperative manner. In this scenario, tetrasome 

decondensation could be followed by manipulation of each individual nucleosome, facilitating its 

survival. 

FACT involvement in RNA polymerase I transcription has also been demonstrated. First, 

immunofluorescence and live cell imaging data showed that FACT is enriched in the nucleoli of 

mammalian cells. Second, Birch et al. revealed that FACT is associated with rDNA and tRNA 

genes in human cells, and depletion of FACT led to the reduced expression of 47S pre-rRNA. 

yFACT is involved in nucleosome deposition on non-promoter coding regions of the rDNA 

genes upon transition to a diauxic state. Specifically, spt16-197 mutants were deficient in the 

deposition of H2A/H2B dimers, but tetramer deposition was unchanged [95]. The role of FACT 

in Pol III transcription is less clear. In yeast, the presence of Nhp6 in all three regions of tRNA 

genes (promoter, coding and termination sites) is increased when transcription is repressed. 

Unlike Nhp6, Spt16 and Pob3 are lost from the repressed gene and mutations in SPT16 and 

POB3 did not affect the ability of Pol III to transcribe tRNA genes [96]. 

What is the mechanism of FACT enrichment at transcribed genomic regions? FACT 

could be recruited to these regions via direct binding to Pol II or other factors involved in 

transcription, such as HMG box proteins or ATP-dependent chromatin remodelers, such as  

CHD1 [97] or FUN30 [98], or by recognizing histone posttranslational modifications (PTM) 

associated with active transcription. FACT has been associated with ubiquitinated H2B (H2Bub) 

and tri-methylated H3 lysine 36 (H3K36me3) [49, 54]. However, it is unclear how FACT can 

read these marks in the absence of a “reader” domain. Alternatively, some of these factors 

could affect nucleosome stability, i.e., destabilize the nucleosomes to the extent that FACT can 

gain access to its otherwise hidden binding sites. In this case, there would be no need for a 

reader domain. To discriminate between these scenarios, further studies taking into account the 

origin (species) of the FACT subunit, posttranslational modifications of FACT and histones, and 

the involvement of other factors, including RNA polymerases are needed.  

 

5. FACT in replication  

Replisomes travel through the chromatin at an average rate of 1-2 kb per minute in vivo 

[99, 100], but nucleosomes significantly impair progression in vitro [101-105]. A study using 

purified yeast replisomes showed that yFACT increases the rate of replication under these 

conditions [104]. Yeast genetic studies suggest that yFACT is functionally associated with DNA 

replication. Pob3 mutants delay the S-phase of the cell cycle [106] and are hypersensitive to 

hydroxyurea, a ribonucleotide reductase inhibitor [107]. These mutants also caused synthetic 

lethality when combined with mutations in several DNA replication factors [106]. Similar 

phenotypes have also been observed in other eukaryotes [108, 109]. Furthermore, yFACT 

directly interacts with DNA polymerase- [110, 111], and Pob3 interacts with the single-stranded 
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DNA-binding protein RPA1 [107], suggesting that yFACT is associated with the replisome 

complex. 

In human cell lines, FACT directly interacts with the MCM 2-7 complex (MCM), a 

helicase that unwinds DNA during replication. This interaction is mediated by FACT binding to 

the MCM4 subunit in a DNA-independent manner [108]; however, FACT only binds to the MCM 

complex when it is bound to chromatin [112]. Although FACT does not affect the unwinding 

activity of MCM on naked DNA templates in cell-free conditions, it is required for MCM to 

overcome nucleosomal barriers [108]. In yeast and chicken cells, FACT is also loaded together 

with the MCM complex at replication origins, but its function is more critical for elongation than 

for the initiation of replication [104, 109].  

Several studies in yeast have suggested that yFACT is also involved in the reassembly 

of the parental nucleosomes during DNA replication ([113-115], see [12] for review). DNA 

unwinding at eukaryotic replication forks results in displacement of the parental histones, which 

must be redeposited onto nascent DNA to preserve the chromatin structure. Interestingly, 

delaying nucleosome assembly after passage of the replisome can slow down or stop further 

progression [116]. yFACT, MCM2, and parental histones form a ternary complex in the active 

replisome, supporting the model that FACT and MCM mediated nucleosome reassembly after 

passage of the replication fork [114]. yFACT is also involved in the deposition of newly 

synthesized H3/H4 histones onto DNA together with the ASF1 and CAF-1 histone chaperones 

[12, 115, 117]. As parental nucleosomes have been observed to survive replication [101, 102, 

118-124], FACT may play a role in nucleosome maintenance during replication.  

Thus, FACT clearly plays the role in replication; however, as in transcription, this role is 

not entirely clear. If it cannot bind intact nucleosomes, then how does it assist during helicase 

progression through chromatin? Perhaps MCM helicase destabilizes nucleosomes and thus 

establishes a target for FACT binding. In turn, FACT could further facilitate MCM progression 

through nucleosomes, and/or facilitate nucleosome survival during this process. Since FACT 

facilitates nucleosome survival during Pol II transcription (see above), it is possible that FACT 

performs a similar function during replication through chromatin. Alternatively, FACT and 

MCM2-7 may form a new complex with functional properties that are different from their 

separate properties.  

 

6. FACT in the DNA damage response and repair  

In addition to maintaining chromatin stability, FACT is involved in promoting genomic 

stability. This could be a consequence of its role in ensuring proper chromatin organization 

because chromatin plays an important role in protecting DNA from damage (rev. in [125]). 

However, multiple studies proposed that FACT could perform specific functions in the 

recognition of DNA damage, and in the DNA damage response and repair processes.   

FACT accumulates at the sites of different types of DNA damage, such as UV-induced 

damage [22, 126, 127], oxidative damage [128], and single- and double-strand breaks (SSB 

or DSB) [129, 130]. These observations raise the following questions: (i) How is FACT 

accumulated at these sites? (ii) What functions does it perform? (iii) Are these functions 

similar to or different from its function as a histone chaperone?  

Several mechanisms have been proposed to explain FACT recruitment at the sites of 

DNA damage, such as direct interactions with damaged DNA or binding to DNA-damage 
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recognition factors. Thus, the HMG box of the SSRP1 subunit can bind DNA, especially if the 

helix is bent or kinked [37], which explains why FACT can bind to cisplatin or UV damaged 

DNA [126], [131]. In particular, cisplatin-DNA interactions result in the formation of covalent 

bonds between a platinum molecule and two adjacent guanine residues of the same strand, 

leading to local bending of the helix. Similar bending occurs due to the dimerization of 

adjacent thymine or cytosine bases through photochemical reactions induced by UV-B. Thus, 

the damage induced by cisplatin and UV produce preferred binding sites for the HMG box 

domain of SSRP1, which it can bind even in its phosphorylated state that reduces its affinity 

for normal DNA [47, 126]. SSRP1 is also recruited to SSBs through interactions of its N-

terminal region with the DNA repair protein XRCC1 [130].  

Lazaro and colleagues [21, 132] found FACT in a complex with DNA-PK, one of the 

kinases responsible for phosphorylation of the histone variant H2AX, which is a major marker 

of DSBs [133]. H2AX is a replication-independent histone variant comprising around 10-25% 

of the total pool of H2A histones [133]. Until recently it was considered to be randomly 

deposited in the chromatin, but to be functionally important only during the DNA damage 

response when it is phosphorylated on serine 139 by several DNA damage-sensitive kinases 

[133]. This modification destabilizes nucleosomes, suggesting that it could facilitate chromatin 

decondensation at the sites of DNA damage. However, this modification does not affect FACT 

binding to nucleosomes (see below). FACT is a major chaperone responsible for H2AX 

deposition [134]. However, it is not clear whether other histone chaperones could 

occasionally deposit H2AX during DNA replication. FACT was first detected in association 

with H2AX via proteomic analysis of a component of a complex associated with H2AX under 

basal conditions [135]. In the same study it was shown that FACT was lost from the complex 

with H2AX thirty minutes after irradiation, when H2AX is most likely phosphorylated. Heo et al 

demonstrated that FACT is responsible for the constant exchange of H2A/H2B dimers for 

H2AX/H2B and vice versa, but not for H2AZ/H2B, in cells and in a cell-free system. No 

difference in the affinity of FACT for either of these dimers was detected. Phosphorylation of 

H2AX did not affect this function of FACT in the cell-free system [136]. However, in cells DNA 

damage is accompanied by activation of PARP1, which poly-(ADP)-ribosylates SPT16 during 

this response [23, 137]. Poly-(ADP)-ribosylation of SPT16 inhibits FACT-dependent dimer 

exchange, and this inhibition is more prominent for H2AX than for H2A [136]. Thus, even if 

phosphorylation of H2AX is completely FACT-independent and does not affect FACT dimer 

exchange activity, PARP1-mediated inhibition of dimer exchange may lead to the 

accumulation of phosphorylated H2AX (H2AX) at sites of DNA damage.  H2AX is a short-

term dynamic chromatin mark. Kari et al. observed that depletion of FACT from human cells 

led to sustained H2AX presence at sites of DNA damage, which was also associated with 

reduced incorporation of H3K56Ac, a histone modification specific for de novo chromatin 

assembly [129]. The data suggest that FACT is involved in the DNA damage response, 

probably after DNA repair (when PARP1 activity is already reduced) via its basal function as a 

factor facilitating exchange of H2A/H2B dimers, probably leading to the reduction of H2AX in 

the absence of new phosphorylation. However, this model contradicts other studies, which 

demonstrated enhanced H2A/H2B exchange at the sites of UV-induced DNA damage [22, 

138]. Dinant has shown that this effect depends on SPT16, but not on SSRP1 expression 

[22], although stability of the two FACT subunits in mammalian cells is highly interdependent 

ACCEPTED MANUSCRIPT



AC
CEP

TE
D M

AN
USC

RIP
T

14 
 

(see below). Since both studies utilized UV as an inducer of DNA damage, there is a 

possibility that the mechanism inhibiting FACT-mediated dimer exchange, e.g. SPT16 

PARylation [23], is not activated by UV irradiation. A recent preprint from the Polo group 

reported enhanced FACT-mediated dimer exchange at later time points after UV irradiation (2 

hours), when DNA damage, as well as FACT inhibition are likely to be resolved [138]. They 

confirmed the observation of Heo et al. [23] that the exchange is not dependent on H2AX 

phosphorylation and is limited to H2A and H2AX, but does not involve H2AZ dimers. 

Importantly, they observed dependence of FACT-mediated dimer exchange on DNA 

replication and no effect of FACT depletion on DNA repair, and therefore proposed that the 

major function of FACT at the site of damage is chromatin restoration [138]. Although some 

contradictory observations remain, these studies suggest that FACT is involved in chromatin 

reorganization at the sites of DNA damage. This is further confirmed by Gao et al. who 

demonstrated that FACT is essential for chromatin decondensation and histone H2B 

exchange at the sites of SSBs, which are both critical to prime chromatin for efficient SSB 

repair and cell survival [130].  

Another important aspect of DNA repair is the inhibition of DNA replication and 

transcription at sites of damage. Inhibition of Pol II transcription at the sites of UV damage is 

partially mediated by the PRC1 complex [139]. Sanchez et al. demonstrated that BMI1, a 

component of PRC1, recruits the ubiquitin ligase UBR5 to sites of UV damage. They found that 

UBR5 co-localizes with SPT16 at the UV-induced lesions, ubiquitinates SPT16, and reduces 

SPT16 enrichment at the damaged sites. They proposed that BMI1 and UBR5 repress Pol II-

mediated transcription at damaged sites by negatively regulating FACT [140]. FACT is also 

essential for restarting transcription after UV damage [22]. Interestingly, FACT was also shown 

to be important under conditions of replication stress to restart the replication fork after DNA 

damage is repaired [25]. Upon oxidative stress, FACT is released from protein complexes 

involved in transcription and becomes associated with DNA repair proteins and chromatin 

remodelers from the SWI/SNF family (i.e., RSC). Together with RSC, FACT facilitates the 

excision of DNA lesions during the initial step of base excision repair [128].  

 Two studies demonstrated a role for FACT in homologous recombination. A study by 

Kumari et al. [141] suggested a functional role for the SSRP1 subunit in the suppression of 

homologous recombination (HR) as part of the spontaneous and replication-associated DNA 

damage response. They found that SSRP1 physically interacts in vitro and in vivo with a key 

HR repair protein, Rad54, and inhibits Rad54-promoted branch migration of Holliday junctions 

in vitro. In the second study, Oliveira et al. [142] showed that SPT16 is required for the 

recruitment of RNF20, a histone H2B ubiquitin ligase, which is essential for providing access 

to the HR repair proteins to the site of damage. Depletion of SPT16 caused pronounced 

defects in the accumulation of repair proteins and, consequently, decreased HR activity. 

Transcription-replication collisions are a common cause of genomic instability leading 

to transcription-associated mutagenesis (TAM) [143]. R-loops are three-stranded nucleic acid 

structures composed of a DNA:RNA hybrid and the associated non-template single-stranded 

DNA (ssDNA). These structures are a major cause of replication/transcription conflicts and 

TAM (due to the presence of ssDNA) [144]. In both yeast and human cells, FACT helps to 

resolve R-loop structures and reduces the incidence of TAM in a transcription-dependent 

manner [145].  
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Based on these data, FACT is an important component in maintaining genomic 

integrity through its role in the recognition of DNA damage and reorganization of chromatin at 

damage sites to facilitate DNA repair. It is still not completely clear whether FACT recognizes 

DNA lesions using a special mechanism or DNA damage induces changes in chromatin that 

recruit FACT. It is also unclear whether chromatin reorganization by FACT at sites of DNA 

damage is different from its function in transcription and replication. We have recently shown 

that a class of small molecules that bind DNA and cause DNA damage also destabilize 

nucleosomes [39, 146]. Moreover, some of these molecules disrupt DNA/histone interactions 

without damaging DNA. Furthermore, FACT is trapped in selected chromatin regions in cells 

treated with these factors [39, 146]. This trapping is independent of DNA damage and occurs 

through binding of FACT to the nucleosomes destabilized by these DNA-binding factors [39].  

This binding could occur through at least two mechanisms. First, SPT16 could bind to sites 

within nucleosomes that become exposed through destabilization. Second, SSRP1 could bind 

to non-B form DNA formed by binding of the small molecules, as it does with other distorted 

DNA molecules [19, 147]. In contrast, in cells treated with non-DNA damaging DNA 

intercalators (i.e., curaxins), the CID of SSRP1 binds DNA that is in transition to the left-

handed Z-DNA form, which occurs due to accumulation of negative supercoiling upon 

nucleosome disassembly [39]. The same phenomenon was observed in cells treated with 

other DNA damaging and non-DNA damaging intercalators, and minor groove binders [146]. 

It is also possible that chromatin disassembly occurs in response to other types of DNA 

damage (e.g., gamma irradiation, oxidative stress), causing similar DNA helical transitions 

and the emergence of epitopes for FACT binding. If this is the case, then FACT can detect 

“chromatin damage” rather than DNA damage, and this function of FACT may also be 

important for restoring the integrity of both DNA and chromatin.  

 

7. FACT in multicellular organisms 

Most studies of FACT have utilized either single-celled organisms or models (e.g., yeast 

or HeLa cells) or cell-free conditions. Based on these studies, it was assumed that FACT is a 

ubiquitously expressed, abundant nuclear protein whose function is essential for cell viability 

[148]. This concept is in line with its proposed function as an essential transcription and 

replication elongation factor. This view was supported by the results of the first knockout study 

in mice, which showed early embryonic lethality at the blastocyst stage (3.5 dpc) of mice with a 

homozygous deletion of Ssrp1, as well as the inability of ES cells derived from the Ssrp1-null 

blastocysts to be propagated in vitro [149].  

However, FACT is not ubiquitously expressed. Ssrp1 is expressed in highly proliferating 

cell lines and tissues of rodents, but its expression decreases upon differentiation [150] [151]. A 

similar pattern of expression was observed in plants, where both FACT subunits were detected 

in the embryo and growing parts of the roots and shoots of Arabidopsis thaliana, but not in the 

terminally-differentiated cells [74]. The same group found that plants with reduced levels of 

SSRP1 and SPT16 displayed various defects in vegetative and reproductive development. They 

also noticed that the reduction of FACT did not equally affect the transcription of all genes. 

Expression of housekeeping genes was intact in the mutants, but expression of some regulators 

was particularly sensitive to reduced FACT activity [74, 152]. Together, these observations 

suggest that FACT is unlikely to be essential for transcription in all cells.  
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More recently, two approaches were used to study FACT distribution in different cells. 

First, FACT subunit expression in different tissues of humans and mice was detected using 

immunohistochemistry and immunoblotting. Second, data mining was performed using all 

available GEO gene expression datasets in which expression of either or both FACT subunits 

was measured in mammals. In these studies, FACT was highly enriched in either highly 

proliferative or undifferentiated cells, but nearly absent in most differentiated mammalian cells 

[153]. This observation questioned the role of FACT as an essential factor for chromatin 

transcription because transcription through chromatin occurs in most cells regardless of the 

level of FACT.  

Several recent studies provide examples of the complicated and specific role of FACT in 

mammalian cell differentiation. FACT subunits were found in a complex with the myogenin 

transcriptional factor that is essential for muscle cell differentiation [154]. Myogenin recruits 

FACT to open promoters of genes needed for muscle differentiation. FACT expression is later 

greatly reduced, while the target genes continue to be expressed. In line with the data from 

yeast showing the importance of yFACT for the maintenance of active, nucleosome-depleted 

promoters [51], human SSRP1 knockdown led to a higher enrichment of histones at the 

promoter regions and prevented the differentiation of myoblasts into myotubes [154]. Hossan et 

al. showed that SSRP1 knockdown redirected human mesenchymal stem cell (hMSC) 

differentiation towards the generation of adipocytes rather than osteoblasts, based on gene 

expression and marker profiles [155]. Wnt and beta-catenin activities that are required for 

osteoblast differentiation were also reduced upon SSRP1 depletion. In this study, the effect of 

SSRP1 on the viability of stem or differentiated cells or any changes in the levels of SSRP1 

upon differentiation of hMSCs were not addressed [155].  

Zebrafish is unusual among common model systems for studying vertebrates because it 

has two highly homologous ssrp1 genes, ssrp1a and ssrp1b. Ssrp1a is expressed at a much 

higher level than ssrp1b (98% vs. 2% of total ssrp1 transcripts, respectively) [71]. Mutation of 

the ssrp1a gene, which results in liver and pancreas hypoplasia and smaller fins, head, and 

eyes [71], led to the appearance of a truncated protein of 102 aa (vs. 705 aa for the full-length 

protein), which was considered a null mutation. In contrast to the early embryonic lethality of 

Ssrp1 knockout mice, the fish successfully developed most of their organs [71]. However, 

inherent differences in the kinetics of embryonic development between the two species prevent 

us from concluding that the role of SSRP1 is different between mice and fish. Organogenesis in 

fish occurs within 48 hours, which is faster than blastocyst development in mice, which takes 3.5 

days. Similar to mice, the phenotype of an ssrp1 knockout in fish becomes apparent when the 

high level of maternal SSRP1 deposited in oocytes begins to drop. However, the authors also 

showed that an ssrp1a knockout was not lethal even when maternal and zygotic SSRP1 were 

depleted [71]. Defects were instead focused on specific organs and the progenitors of certain 

cell types [71]. Kotlowska et al. pointed out that the ssrp1a-null phenotype “differs significantly in 

timely appearance and severity from those in mutants carrying lesions in other genes 

performing similarly fundamental cellular functions” [71]. Thus, although FACT is involved in 

replication and transcription, it has selectivity in assisting these processes in specific cell types 

in multicellular eukaryotes. The recently generated conditional Ssrp1 knockout mouse model 

[156] should help reveal how FACT functions in multicellular metazoans.  
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8. Regulation of FACT level and activity 

The levels of the two FACT subunits are dramatically different among cells at different 

stages of differentiation and in different tissues [150, 152, 153, 157]. Moreover, FACT appears 

to function selectively based on the genomic localization, cell type, and circumstances. 

However, it remains poorly understood how these differential activities and expression profiles 

of FACT are achieved. The FACT complex contains not only SSRP1 and SPT16 proteins but 

also both of their mRNAs [157]. However, the mechanism of their functional and physical 

interactions is not understood. Studies of FACT function in mammalian cells using RNAi have 

shown that the two subunits are co-regulated such that the inhibition of the expression of one 

subunit causes the downregulation of the other [157]. The protein stability of each subunit 

depends on the presence of the other subunit and both their mRNAs in a complex. SPT16 

protein levels are particularly dependent on the presence of SSRP1 mRNA [157]. This 

dependence explains why both protein levels change in concert upon differentiation 

(downregulation) or transformation (upregulation). [153, 157, 158]. In yeast, the level of Spt16 is 

regulated by the ubiquitin ligase San1 [68, 159, 160] via 26S proteasome degradation [68]. 

San1 is an important component of nuclear protein quality control [161, 162]. It associates with 

the coding sequences of active genes to regulate Spt16 abundance for optimal transcriptional 

elongation [68]. However, the homologue of SAN1 in metazoans is not known.  

FACT functional activity is also regulated by PTMs. SSRP1 has multiple 

phosphorylation sites (Fig.1), most of which are modified by CK2 in maize [163], insects [48], 

and humans [47]. CK2 is an abundant and constitutively active nuclear protein kinase [164]. 

Therefore, it is likely that under basal conditions, SSRP1 is phosphorylated. Phosphorylation 

of the domains surrounding the HMG box significantly inhibits the DNA binding activity of 

SSRP1, especially the binding of relaxed B-DNA. At the same time, phosphorylated SSRP1 

can still bind non-B DNA, including bent DNA, via the HMG box domain [47, 48, 163] and Z-

DNA via the CID domain [73], suggesting that phosphorylation of SSRP1 could regulate 

FACT recruitment to the sites of DNA or chromatin damage. 

SPT16 is polyADP-ribosylated by PARP-1 in response to DNA damage, which results in 

reduced binding of FACT to chromatin [23, 137]. Taking into account the role of FACT in the 

exchange of the H2AX histone variant for canonical H2A under basal conditions [23], the 

reduced activity of polyADP-ribosylated FACT could explain the accumulation of H2AX at sites 

of DNA damage. Han et al. found that in yeast, Rtt101, the cullin subunit of an E3 ubiquitin 

ligase, interacts with and ubiquitylates Spt16 in vitro and in vivo. Deletion of RTT101 leads to 

reduced association of both FACT and the replicative helicase MCM with replication origins 

[165].  

  

9. FACT in Cancer 

The first indication that FACT may play a role in cancer came from two observations: 

first, SSRP1 was detected in the rat fetal kidney and renal cell carcinoma, but not in the adult 

kidney [151], and second, proteomic analysis found that SSRP1 is present at higher levels in 

human ovarian tumor samples than in the normal tissue [166]. In general, FACT expression is 

significantly higher in human tumor cell lines and mouse tumors compared to normal human 

and mouse cells and tissues [167], [168]. Elevated FACT expression was also found in clinical 

tumor samples compared to corresponding normal tissues, which were largely lacking FACT 
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expression [153, 158].These observations suggested that tumor cells might have a higher 

demand for FACT than non-tumor cells. Moreover, tumors with a higher proportion of FACT-

positive cells were generally more aggressive. For example, in breast cancer, the SSRP1 level 

positively correlated with high-grade tumors, the absence of hormone receptor expression, triple 

negative state, and metastatic disease, which are all markers of poor clinical outcome [73, 158]. 

Similar data were obtained by other groups in lung cancer and glioblastoma [169, 170]. The 

most striking correlation between high FACT levels and poor survival was observed in pediatric 

neuroblastoma [171].   

Higher than average FACT expression was also observed in tumor cells that were 

positive for cancer stem cell markers [73, 170, 172]. In addition, genetic inhibition of FACT killed 

cells with high levels of FACT expression (e.g., tumors or cells transformed with oncogenes) but 

not cells with low expression of FACT (e.g., normal FACT-expressing primary cells proliferating 

in vitro, immortalized cells, and some tumor cells) [73, 158]. FACT inhibition either did not affect 

cells with low levels of FACT expression or caused a delay in proliferation [73].  These 

observations are the basis for using FACT inhibition as a therapeutic approach for the treatment 

of the most aggressive types of cancer that express high levels of FACT. These data also 

suggest that tumor cells rely on FACT to a different degree than normal cells and that FACT 

may be an essential factor for supporting the malignant properties of tumor cells.  

A gradual increase in the levels of both FACT subunits was observed in human and 

mouse cells going through different stages of transformation. Importantly, artificial manipulations 

that increased or decreased FACT levels led to increased or decreased efficiency of oncogene-

induced transformation, respectively [158]. However, overexpression of FACT alone did not 

immortalize or transform cells. Moreover, overexpression of FACT was toxic to all tumor cells 

tested, similar to the effects of shRNA knockdown of FACT levels [73]. These observations 

suggest that FACT acts as an “accelerator” of oncogene-induced transformation (i.e., FACT 

expression allows oncogenes “to drive” transformation). In the absence of “accelerators” like 

FACT, oncogene-driven proliferative signals are not translated into efficient cell proliferation 

because the cell machinery responsible for the efficient manipulation of chromatin (i.e., 

modifications of chromatin structure needed for adequate levels of transcription and replication) 

is not in place.  

Considering the involvement of FACT in three fundamental processes (i.e., transcription, 

replication, and DNA repair), the selective toxicity of only subsets of cells to FACT knockdown is 

by itself an interesting phenomenon, suggesting that either FACT’s role in these processes can 

be compensated by other proteins or that these processes are quite different in higher 

eukaryotic cells of tumor and non-tumor origin. There are several potential reasons for the 

selective toxicity of FACT depletion. (i) The role of FACT in transcription may depend on the 

overall efficiency of transcription. Thus, cells with a lower level of transcription are more tolerant 

of FACT inhibition than cells with higher levels of transcription. It is important to note that 

although the importance of FACT for high rates of transcription is under debate, there is clear 

evidence that chromatin is destabilized by RNA polymerases and FACT is needed to preserve 

chromatin at the sites of transcription. The acknowledgment of FACT’s role in the maintenance 

of chromatin stability implies that chromatin stability is different in cells depending on their state 

(e.g., lower stability in tumor cells than in normal cells). Therefore, the destabilization of 

chromatin could have more dramatic consequences on cell viability in some cell types. (ii) Loss 
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of FACT significantly impairs replication and, therefore, the sensitivity of cells to FACT 

inactivation will depend on their proliferative status. Although this explanation could be true, 

there are examples of primary human and mouse cells proliferating in culture with undetectable 

levels of FACT [158]. (iii) Loss of FACT causes severe problems with DNA repair. This 

explanation is less likely because the phenotypes of impaired DNA repair are usually 

significantly less severe than those of FACT loss. The hypothesis that unites all the proposed 

mechanisms is that FACT is needed to prevent the accumulation of free histones that are lost 

from chromatin during transcription, replication, and DNA repair. Histones should not be left 

“unattended” (i.e., free of chromatin or without histone chaperones). Free histones are highly 

toxic to yeast [173] and mammalian cells (unpublished observations). The exact mechanisms of 

this toxicity are not fully established. It is possible that cells with high levels of all or some of the 

processes that generate free histones (i.e., transcription, replication, DNA repair) accumulate 

toxic levels in the absence of FACT. In contrast, cells with low levels of these processes do not 

accumulate free histones to a toxic level even with FACT depletion. If tumor cells are especially 

sensitive to the destabilization of chromatin, this would create an opportunity to exploit this 

vulnerability in the development of novel anti-cancer approaches. 

  

10. Summary and Perspectives 

FACT can clearly improve the efficiency of nucleosome survival and facilitate 

transcription through chromatin in cell-free assays. However, this latter effect may depend on 

the underlying DNA sequence. Existing cell data have shown rather moderate changes 

(increases and decreases) in the transcription of individual genes and only in some but not all 

tested cells. Moreover, there was no FACT-dependence of the global efficiency of transcription. 

Further experiments are needed to determine the effect of FACT (if any) on the efficiency of 

transcription through chromatin in cells. At the same time, the role of FACT in the 

preservation/recovery of chromatin structure is well established both in vivo and in vitro, and can 

currently be considered its primary function, which suggests that cells may have different needs 

for the maintenance of chromatin stability at different genomic regions and under different 

developmental and pathological circumstances.  

In cells, FACT is highly enriched at the coding regions of transcribed genes. This 

observation can be also explained by the role of FACT in preventing chromatin disassembly 

during transcription. RNA polymerase-induced destabilization of the nucleosomes exposes the 

epitopes for FACT binding. Since the number of RNA polymerases present and their proximity 

to one another within transcription units defines the risk of nucleosome destabilization, FACT 

accumulation should occur in proportion to the frequency of transcription. 

One important outstanding question is whether the role of FACT in transcript elongation 

is similar to its role in transcription initiation, DNA replication, and DNA repair. It is possible that 

it functions similarly in all of these processes, namely to stabilize the nucleosome components 

and help to replace them (histone exchange) or reutilize them (nucleosome recovery during 

replication). The ability of FACT to facilitate nucleosome recovery may also explain the role of 

FACT in preventing “histone variants to become histone deviants” [174]. If FACT ensures the 

stability of canonical nucleosomes, then there is less chance of the formation of non-canonical 

nucleosomes at the same site. It is more difficult to explain the role of FACT in transcription 

initiation and DNA repair because depletion of FACT results in the accumulation of 
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nucleosomes at these sites (i.e., FACT appears to be involved in nucleosome removal from 

these sites). One hypothesis is that FACT facilitates histone eviction under conditions of FACT-

induced nucleosome unfolding [40] . In the presence of other nucleosome-destabilizing factors 

(e.g., ATP-dependent chromatin remodelers), FACT-unfolded nucleosomes could become 

unstable and be removed from the promoters.  

Another outstanding question is why FACT needs a DNA binding domain or multiple 

domains. In particular, why does yeast utilize multiple DNA-binding cofactors as independent 

peptides while metazoan FACT operates with a single HMG box that is an inherent domain of 

the complex, and whose DNA binding capacity is likely to be inhibited under basal conditions? 

Perhaps the ability to mask and unmask the DNA-binding activity of an internal domain allows 

regulation of selectivity for binding subsets of nucleosomes. It is also possible that the DNA 

binding domain has acquired a new function in higher eukaryotes, perhaps as a component of a 

signaling pathway in response to stresses, such as DNA supercoiling or chromatin damage.  

Discovering that transformed and tumor cells depend on FACT to a much greater degree 

than non-tumor cells brought FACT into the spotlight in cancer research, and suggested that it 

may be a promising target for anti-cancer therapy. The known role of FACT in transcription and 

replication that was established based mostly on studies in model organisms and tumor cells did 

not support the possibility that FACT could be a nonessential factor in many types of cells. 

However, the data obtained in metazoans suggested that the expression of FACT is highly 

variable in different cell types, Importantly, FACT levels are significantly elevated in aggressive 

cancers. Targeting FACT in cancer therapy will require a much deeper understanding of its role 

in normal development, how its levels are regulated, and the underlying mechanism of tumor 

cell dependency on FACT expression.  
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Figure 1. Schematic structures of human (h), yeast (y), and plant (p) FACT complexes. 

NTD – N-terminal domain, DD – dimerization domain, MD – middle domain, CTD – C-terminal 

intrinsically disordered domain, IDD - intrinsically disordered domain, HMG – HMG box domain. 

Structural data are available for filled domains. Additional features and some posttranslational 

modifications are shown for human FACT subunits: blue crescent – nuclear localization signal, 

yellow circles – phosphorylation sites, pale purple circles – acetylated lysines.  
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Figure 1. Schematic structures of human (h), yeast (y), and plant (p) FACT complexes. NTD – N-terminal domain, DD –

dimerization domain, MD – middle domain, CTD – C-terminal intrinsically disordered domain, IDD - intrinsically 

disordered domain, HMG – HMG box domain. Structural data are available for filled domains. Additional features and 

some posttranslational modifications are shown for human FACT subunits: blue crescent – nuclear localization signal, 

yellow circles – phosphorylation sites, pale purple circles – acetylated lysines. 
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Figure 2. Schematic representation of interactions of FACT subunits domains with 

components of nucleosome. An assembled nucleosome is shown in the upper left corner. A 

color code is used to indicate histones and histone tails. Black solid arrows – established 

physical interactions, black dashed arrows – hydrophobic and electrostatic interactions. Grey 

arrows – less well established interactions. 
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Figure 2. Schematic representation of interactions of FACT subunits domains with components of nucleosome. 

Scheme of assembled nucleosome are shown in the upper left corner. Standard color code is used  to indicate 

histones and histone tails. Black solid arrows – established physical interactions, black dashed arrows – hydrophobic 

and electrostatic interactions. Grey arrows – less well established interactions.
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Figure 3. Mechanism of FACT action during transcription through a nucleosome. As Pol II 

approaches a nucleosome (complex 1), nucleosomal DNA is partially uncoiled from the 

octamer, exposing DNA-binding surface of the promoter-proximal H2A/H2B dimer (2); FACT 

interacts with DNA-binding surface of the exposed dimer, preventing re-coiling of nucleosomal 

on the octamer and formation of a non-productive complex 2’. Then a transient, small 

intranucleosomal DNA Ø-loop is formed at the position +49 (3); Pol II can transcribe further only 

after displacement of the promoter-distal end of nucleosomal DNA by Pol II, exposing DNA-

binding surface of the promoter-distal dimer (4). Here ~100-bp DNA region is uncoiled from the 

octamer, likely resulting in a loss of an H2A/H2B dimer. As RNAP continues transcription, the 

DNA-histone contacts upstream of the enzyme serve as an anchor to recover the nucleosome 

behind RNAP (5-6). The dimer is recovered only after completion of transcription (6). FACT 

transiently interacts with the nucleosome-bound H2A/H2B dimers during transcription 

(intermediates 2 and 4), transiently prevents DNA recoiling on the histone octamer and affects 

the rate of transcription through chromatin. FACT also facilitates nucleosome survival and could 

facilitate loss of a dimer during the 4 -> 5 transition.  
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