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Abstract

In metazoans, histone mRNAs are not polyadenylated but end in a conserved stem-loop. Stem-

loop binding protein (SLBP) binds to the stem-loop and is required for all steps in histone mRNA 

metabolism. The genes for the five histone proteins are linked. A histone locus body (HLB) forms 

at each histone gene locus. It contains factors essential for transcription and processing of histone 

mRNAs, and couples transcription and processing. The active form of U7 snRNP contains the 

HLB component FLASH (FLICE-associated huge protein), the histone cleavage complex (HCC), 

and a subset of polyadenylation factors including the endonuclease CPSF73. Histone mRNAs are 

rapidly degraded when DNA replication is inhibited by a 3′ to 5′ pathway that requires extensive 

uridylation of mRNA decay intermediates.

Replication-Dependent Histone mRNAs: A Novel Set of Cell Cycle-

Regulated mRNAs

Histone mRNAs are tightly regulated and are present in high levels only in S-phase to 

provide the histone proteins necessary for packaging the newly replicated DNA. Histones 

are among the most evolutionarily conserved proteins in eukaryotes. They form the 

fundamental unit of chromatin, the nucleosome, which packages the newly replicated 

chromosomal DNA. There are two major classes of histone proteins, the canonical 

replication-dependent histones and the histone variants. The replication-dependent histones 

are synthesized during S-phase, and comprise the bulk of the histones in the chromatin in 

multicellular organisms. The metazoan replication-dependent histone mRNAs are not 

polyadenylated but end instead in a conserved stem-loop, while in plants, and most single-

cell eukaryotes, the replication-dependent histone mRNAs are polyadenylated [1]. After 

extensive deep sequencing analysis, the metazoan replication-dependent histone mRNAs 

remain the only known eukaryotic cellular mRNAs that are not polyadenylated.
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There are also histone variants, for example H3.3, H2a.Z, macroH2a, and H10, which have 

specific functions and are typically constitutively expressed from polyadenylated mRNAs. 

An exception is histone H2a.X, which in vertebrates is synthesized in large amounts during 

S-phase from an mRNA ending in a stem-loop, but the same gene expresses a longer 

polyadenylated mRNA outside S-phase [2,3].

SLBP Binds to the 3′ Ends of Histone mRNAs

Stem-loop binding protein (SLBP; see Glossary) provides the general functions of the 

poly(A) tail, including participating in translation and mRNA degradation (Figure 1, Key 

Figure). SLBP is a novel RNA-binding protein, and replication-dependent histone mRNAs 

are its only known target [4]. The structure of the SLBP–stem-loop RNA complex has been 

determined [5] (Box 1) and this complex at the 3′ end of the mRNA is involved in all steps 

of histone mRNA metabolism (i.e., processing, nuclear export, translation, and degradation 

of histone mRNA). There are no homologs of SLBP in species whose histone mRNAs are 

polyadenylated [6].

The SLBP RNA-binding domain can readily be identified by informatic approaches. Likely 

SLBP homologs have been identified in several single-cell eukaryotes including Volvox, 
Dictyostelium, and Chlamydomonas. These species also have stem-loops close to the 3′ end 

of their histone mRNAs, suggesting that histone mRNAs ending in stem-loops may have 

been present in some single-cell eukaryotes, and thus this property has been lost in evolution 

[6].

Organization and Coordinate Expression of the Histone Genes

The high demand for histone protein in S-phase is met by the coordinated expression of 

multiple histone genes. In metazoans, the genes for the five replication-dependent histone 

proteins are tightly linked. These clusters may occur as tandem repeats containing a copy of 

each canonical histone gene (e.g., Drosophila and embryonic sea urchin histone genes) or in 

jumbled clusters where the genes have no repeating organization (e.g., the HIST1 cluster, 

~60 genes) and the HIST2 cluster (~ 10 genes) in mammals (Figure 2A). D. melanogaster, 
which has a genome 1/30 the size of that of mammals, contains ~ 100 copies of a tandemly 

arrayed 5 kb repeat with each repeat containing one copy of the genes encoding the 

canonical histones (H2a, H2b, H3, and H4) and the linker histone H1. By contrast, none of 

the genes for histone variants H3.3, H2a.Z, and H10 are physically linked but are present as 

isolated single-copy genes.

The replication-dependent histone genes are present in a specialized nuclear domain, the 

HLB (Box 2). The HLB creates an optimal environment for efficient transcription and 

histone pre-mRNA processing (3′-end formation) by concentrating factors necessary for 

histone mRNA biogenesis [7]. Formation of the HLB requires nuclear protein at the 
ataxia-telangiectasia locus (NPAT; Mxc in Drosophila) which is essential for the expression 

of all five classes of histone genes [8,9]. FLICE-associated huge protein (FLASH) and U7 
small nuclear ribonucleoprotein (U7 snRNP), both of which are required for processing, 

are also found in the HLB.
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NPAT was discovered as a cyclin E substrate which is localized at the histone loci in 

mammals and is essential for histone gene expression [10,11]. Activation of histone gene 

expression requires phosphorylation of NPAT by cyclin E/CDK2. The Drosophila ortholog 

of NPAT was identified as the previously described homeotic gene, multi sex combs (mxc) 

[12]. Like NPAT, Mxc is also phosphorylated by cyclin E in S-phase [12] and is essential for 

histone gene expression [8]. A fourth component of the HLB, muscle wasted (Mute), 

appears to act as a negative regulator of histone gene expression in Drosophila [13,14]. The 

HLB, containing these four core factors, is present throughout the cell cycle and is 

dissembled at mitosis.

Biosynthesis of Histone mRNAs

Replication-dependent histone mRNAs do not contain introns and require only one RNA 

processing step, endonucleolytic cleavage after the stem-loop, to form the 3′ end of histone 

mRNA. The 5′ caps on histone mRNAs contain 6-methyl (me) adenosine in a novel cap 

structure, 7MeGpppmeAO-meNO-me [15]. The significance of the 6-meA on the histone 

mRNA cap is not clear but, with the current excitement about multiple roles for 6-meA in 

RNA metabolism, this unusual cap may play a role in histone mRNA metabolism. Cleavage 

to form the 3′ end is defined by two sites in the RNA; the stem-loop bound by SLBP 5′ of 

the cleavage site, and the histone downstream element (HDE) which basepairs with U7 

snRNP 3′ of the cleavage site (Box 3). Cleavage occurs very rapidly after transcription, and 

in both mammals and Drosophila transcription terminates shortly after the processing signal 

[16,17].

U7 snRNA is a small (<70 nt) RNA containing a 2,2,7 trimethyl G cap. Like the 

spliceosomal snRNPs, U7 snRNP can exist as a core snRNP and a larger holo-snRNP which 

contains factors essential for processing. The core U7 snRNP consists of U7 snRNA bound 

to five Sm proteins, B, D3, E, F, and G, that are found in spliceosomal snRNAs, and to 

Lsm10 and Lsm11 which replace SmD1 and SmD2 [18,19]. Lsm11 is much larger than the 

other Sm proteins, 360 amino acids (aa) in mammals and 256 aa in Drosophila, and the N 

terminus of Lsm11 plays a crucial role in histone pre-mRNA processing [20].

The FLASH/Lsm11 complex assembles the histone cleavage complex (HCC), a complex of 

polyadenylation factors that catalyze cleavage, on the U7 snRNP. Only the 100 N-terminal 

amino acids of the >1600 aa of FLASH are required for processing in vitro [21]. Strikingly, 

when the U7 snRNP is purified from nuclear extracts using an antisense oligonucleotide that 

binds to the 5′ end of U7 snRNA, much of the U7 snRNP is bound to the HCC, suggesting 

that this holo-U7 snRNP is the ‘active’ form of U7 snRNP. The core of the HCC consists of 

symplekin, CstF64, CPSF100, and CPSF73, the endonuclease that cleaves the pre-mRNA. 

CstF64 binds to symplekin using the same site in CstF64 that binds to CstF77 [22,23], 

explaining why only CstF64 and not the other CstF subunits are present in the HCC. 

Disruption of the binding of symplekin and CstF64 reduces histone pre-mRNA processing in 
vivo [23,24].

SLBP plays a direct role in processing by stabilizing the binding of U7 snRNP to the histone 

pre-mRNA [25]. SLBP has a 73 aa RNA-binding domain (RBD) that binds to the stem-loop, 

and 20 additional amino acids C-terminal of the RBD that are required for processing [26]. 
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The RBD consists of three α-helices (A, B, and C) and a large loop which interacts with all 

three helices [5,27]. Helices A and C interact directly with the RNA, and helix B extends 

away from the RNA (Box 1). Specific residues in helix B are necessary to stabilize the 

binding of U7 snRNP to the pre-mRNA, as are the C-terminal 20 aa [25]. Formation of a 

stable complex of U7 snRNP on a noncleavable histone pre-mRNA in vitro also requires 

FLASH, but not the HCC, suggesting that SLBP may interact directly with FLASH and/or 

the FLASH/Lsm11 complex [25]. Thus, FLASH plays two independent roles in processing: 

the formation of a stable complex of U7 snRNP on the histone pre-mRNA, and recruitment 

of the HCC to the U7 snRNP.

Genetic Studies of Histone Gene Expression

Histone synthesis is essential for proliferation, making it difficult to study genetically in 

most organisms (e.g., in C. elegans, SLBP mutants die at the two-cell stage [28], and mouse 

embryos that are unable to transcribe the histone H4 genes die very early in embryogenesis 

[29]). Drosophila provides an amenable system for studying the genetics of histone gene 

expression. The large maternal deposition of histone mRNAs and proteins into the egg is 

sufficient for development into an embryo with several thousand cells. In addition, 

Drosophila histone genes differ from other metazoan histone genes in that there are cryptic 

polyadenylation sites 3′ of the normal processing site in each histone gene. As a result, 

mutations that block histone gene expression develop until cycle 15 using maternal histone 

protein and mRNA, and mutations that block histone pre-mRNA processing result in the 

production of polyadenylated histone mRNAs when zygotic transcription is activated. 

Mutations in Drosophila SLBP and U7 snRNP result in the production of polyadenylated 

histone mRNAs, and development proceeds normally through the larval stages [30,31].

The ease in detecting the Drosophila HLB owing to the presence of a single 500 kb cluster 

makes it possible to study the genetics of HLB formation and function. Mutations in HLB 

factors mute and mxc in Drosophila affect development and perturb histone gene expression. 

Hypomorphic alleles of mxc resulting from deletions of different amounts of sequence from 

the C terminus synthesize less histone mRNA [8]. By contrast, mutations in mute result in 

increased accumulation of histone mRNA, suggesting that Mute functions to turn down 

histone gene expression [13]. It is attractive to hypothesize that the changes in the levels of 

replication-dependent histone mRNA contribute to the observed phenotypes, possibly by 

altering the relative amounts of histone variants incorporated into chromatin. Note that the 

replacement histones H2a.V (the Drosophila homolog of H2a.Z) and H3.3 are expressed 

constitutively from polyadenylated mRNAs. Thus, when there is reduced synthesis of the 

replication-dependent histones, increased levels of H3.3 and H2A.V may be assembled into 

chromatin, resulting in inappropriate function. The absence of Mute may result in increased 

expression of H3 and H2a, reducing the amounts of H3.3 and H2a.V. The importance of the 

proper balance of H2a.V and H2a.1 histones has been demonstrated by recent studies using 

mutants in SLBP to reduce the deposition of H2a.1 histone protein in the egg, and different 

copy numbers of the H2a.V gene to alter the H2a.V concentrations. Either too much or too 

little H2a.V relative to H2a.1 resulted in embryonic lethality [32].
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Cell-Cycle Regulation of Histone mRNAs

In all eukaryotes histone mRNAs are cell cycle-regulated with high concentrations of 

histone mRNA being present only in S-phase. This tight control is achieved by regulating 

histone gene transcription, processing, and the half-life of histone mRNAs. We discuss 

multiple control points in the life of histone mRNAs below.

Transcriptional Regulation of Histone mRNAs During the Cell Cycle

Despite the fact that histone mRNAs are coordinately expressed, genes for different histone 

proteins display a surprising lack of common transcription regulatory elements. The histone 

gene promoters contain TATAA boxes and transcription starts 10–40 nt 5′ of the initiation 

codon. There are binding sites in the histone H2b gene promoters for Oct-1 and in the 

mammalian H4 genes for Hinf-P, but these factors are also required for the expression of 

many other genes in the genome. There are no binding sites for the well-characterized E2F 

factors which are important for most genes whose transcription rate is increased in S-phase.

A comprehensive computational analysis of chromatin immunoprecipitation and deep 

sequencing (ChIP-Seq) data for over 50 transcription factors from human embryonic stem 

cells identified some factors associated with the histone genes [33]. These experiments were 

carried out on exponentially growing cells, and cells in S-phase have active histone genes, 

whereas histone genes in G1 and G2 cells are less active or inactive. Despite the absence of 

E2F binding sites in most histone genes, E2F1 was found at histone genes in ChIP-Seq 

studies from all cell types, as was the repressive E2F4, consistent with the possibility that 

these factors are involved in cell-cycle regulation of histone genes. A typical E2F-regulated 

gene binds E2F1 in late G1/S-phase to activate the gene, and E2F4 in G1 and G2 to 

inactivate the gene [34].

How E2F is recruited to histone genes remains unknown. Another protein implicated in the 

activation of histone gene transcription is YY1. All mammalian histone genes contain YY1 

binding sites within the open reading frame (ORF) [35]. Although YY1 has been reported to 

interact with E2F1 [36], and is present at the histone genes in neural progenitor cells, YY1 is 

not found at histone genes in ES cells, suggesting that it is a cell type-specific regulator [33]. 

E2F must be recruited by a YY1-independent mechanism in ES cells.

A recent study carried out ChIP-Seq studies at different cell-cycle stages. They identified a 

repressive complex containing SFMBT1, a histone demethylase (LSD1), and coREST that 

was associated with histone genes in G1-phase cells, but not in S-phase cells [37]. This 

complex recognizes chromatin, and they observed an increase in dimethylated histone H3 

lysine 4 (H3K4me2) at histone genes in G1 and G2 cells, consistent with the demethylase 

acting to repress the rate of histone gene transcription. How these complexes are recruited to 

the histone genes is not known, but they could be specifically recruited to the HLB.

Role of the HLB is Coordinating Transcription and Processing During the Cell Cycle

One function of the HLB is to coordinate transcription of the entire cluster of histone genes. 

The HLB also functions to couple histone transcription and processing. It likely exists in two 

states – ‘off’ when NPAT/Mxc is not phosphorylated and ‘on’ after phosphorylation by 
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cyclin E/Cdk2. Because there are not obvious common cis-acting elements in the five 

histone gene promoters, coordinate regulation may be achieved by factors in the HLB, acting 

as coactivators. NPAT and the other constitutive HLB proteins FLASH and Mute are large 

proteins that are predicted to be largely unstructured, and could interact with coactivators or 

corepressors to modulate the expression of histone genes. How the specificity of NPAT for 

histone genes is determined remains an important unanswered question. Mxc self-associates 

through multiple sites in its N-terminal region, and these interactions are required for HLB 

formation [8]. It also directly binds to FLASH and Mute/Yin Yang 1-associated protein-
related protein (YARP), and this interaction is essential for the formation of an HLB [38] 

containing histone-processing factors [39]. Phosphorylation of NPAT on multiple sites by 

cyclin E/Cdk2 is essential for increased histone mRNA accumulation and increased histone 

gene transcription as mammalian cells enter S-phase [9]. It is likely that phosphorylation of 

NPAT alters the interactions within the HLB that in turn may result in the recruitment of 

specific factors (e.g., the HCC) to activate U7 snRNP for processing, as well as transcription 

coactivators, and these factors are lost when NPAT is dephosphorylated. Other factors such 

as TBP, Hinf-P, and Oct1 could remain bound outside of S-phase.

The HLB also promotes coupling of processing and termination. Mutants in FLASH that are 

unable to localize to the HLB, but are active in processing, do not completely restore histone 

mRNA processing to a FLASH mutant. In Drosophila FLASH mutants, ‘read-though’ 

transcripts, that fail to terminate transcription at the normal site, are detected at the histone 

locus, and a small amount of polyadenylated histone mRNA is also formed [39]. The failure 

to terminate some histone transcripts normally supports the idea that the HLB promotes 

rapid histone pre-mRNA processing followed by transcription termination. This coupling is 

less efficient when FLASH is present in the nucleoplasm. In addition, a FLASH protein 

which had only 10–20% activity in vitro was found to be more than 90% active in vivo when 

it was localized to the HLB, but not when it was in the nucleoplasm [39]. These results 

suggest that concentrating processing factors in the HLB promotes efficient processing and 

coupling to transcription termination.

Data from mammalian cells suggest that the HLB may also couple transcription, processing, 

and termination. Knockdown of the transcription elongation factors, NELF [40] and pTEF-B 

[41], as well as of Ars2 [42], a protein that directly interacts with FLASH and is important 

for cell cycle progression [43], results in small amounts of misprocessing of histone mRNA. 

Knockdown of a small ncRNA, Ro-RNA Y3*, has a similar effect, resulting in accumulation 

in read-through RNAs and alteration of HLB structure [44]. These results suggest that 

proper transcription elongation, together with factors in the HLB, also promotes coupling of 

processing and termination in mammalian cells.

Post-Transcriptional Regulation of Histone mRNAs

Both 3′-end processing and the half-life of histone mRNAs are regulated during the cell 

cycle, with processing being activated as cells enter S-phase, and the mRNA being degraded 

at the end of S-phase [45]. In metazoans the stem-loop at the 3′ end of histone mRNAs 

provides a cis-element that allows the cell to readily distinguish the histone mRNAs from all 

other cellular mRNAs. A heterologous mRNA driven by a constitutive promoter and ending 
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with the histone 3′ end is cell cycle-regulated [45,46] at the level of processing and mRNA 

degradation.

Early work provided evidence that processing was regulated during the cell cycle by a heat-

labile factor in mammalian cells, and that U7 snRNP was constitutively present [47]. The 

heat-labile factor required for processing was subsequently identified as symplekin [48]. In 

Drosophila symplekin is not present in the HLB in cells that are not cycling, and is 

preferentially enriched in the HLB in S-phase cells [39]. This result suggests that 

recruitment of the HCC to the U7 snRNP may be a cell cycle-regulated event that 

contributes to regulating the processing of histone pre-mRNA. Although both FLASH and 

U7 snRNP are constitutively present in the HLB, this colocalization is not a result of the 

interaction between FLASH and Lsm11 that is essential for processing [39]. Thus, one 

possibility is that the interaction between FLASH and Lsm11 is cell cycle-regulated, and 

does not occur in G1 cells. This interaction may be activated as cells enter S-phase, resulting 

in recruitment of the HCC to the HLB and formation of the HCC on U7 snRNP (Figure 3).

In addition to the possible regulation of the activity of U7 snRNP, the levels of SLBP protein 

are cell cycle-regulated in mammalian cells. SLBP accumulates shortly before cells enter S-

phase and is rapidly degraded at the end of S-phase [49]. Because SLBP is bound to histone 

mRNA throughout its entire life, participating in both mRNA synthesis and degradation, the 

amount of histone mRNAs present at any one time is limited by the amount of SLBP. Thus 

regulation of SLBP levels during the cell cycle is a crucial component of cell-cycle 

regulation of mammalian histone mRNA levels.

Regulation of Histone mRNA Half-Life

Histone mRNAs, like SLBP, are also degraded rapidly at the end of S-phase. This requires 

the stem-loop at the 3′ end of histone mRNA [49] and the mRNAs must be translated [50] 

(Box 4). Histone mRNAs are also degraded rapidly when DNA replication is inhibited in S-

phase cells, although SLBP levels do not change under these conditions. This suggests that 

the signal to degrade histone mRNAs is not a cell-cycle signal, but the cell responding to 

reduced demand for histone proteins.

A 3′ to 5′ pathway for rapid degradation of histone mRNAs (Figure 4) was recently defined 

using a high-throughput sequencing strategy designed to determine the 3′ ends of all histone 

mRNA molecules, including the presence of non-templated nucleotides [50]. Using this 

system, an unexpected modification of the 3′ end of cytoplasmic histone mRNAs was 

found. Non-templated uridines were added to the 3′ end to maintain the normal length of 

the 3′ end in S-phase [51]. Following processing of the mRNA in the nucleus, leaving an 

ACCCA tail, the mRNA is shortened by 2–3 nt through the action of histone 3′ 
exonuclease (3′hExo/ERI1), which forms a ternary complex on the 3′ end of histone 

mRNA together with SLBP [5,52] (Figure 4). If further degradation occurs by 3′hExo, the 

length of the tail is restored to 3 nt by uridylation, resulting in mRNAs that end in ACC, 

ACU, or AUU [51,53].

When degradation is initiated by inhibition of DNA replication, 3′hExo initiates degradation 

into the stem-loop, removing 5–7 nt [54] (Figure 4). This intermediate is heavily uridylated, 
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and likely still contains SLBP bound to the histone mRNA. Once 3′hExo degrades 3–4 nt 

into the stem it can no longer bind to the RNA. Removal of SLBP, possibly by the helicase 

activity of UPF1, then allows 3′ to 5′ degradation of the histone mRNA by the exosome, 

until it reaches the stalled ribosome. Intermediates accumulate 15 nt 3′ of the stop codon, 

consistent with the position of the stalled ribosome. These intermediates are also uridylated 

before they are degraded further [50]. Decapping, which also can be stimulated by Lsm1–7 

bound to oligo(U) tails, seems to play a relatively minor role, although it certainly also can 

occur [55,56]. Histone mRNA degradation intermediates which are decapped and have been 

degraded from both the 5′ end 3′ ends have been observed [56].

Uridylation of the stem-loop is carried out by terminal uridylyl transferase TUT7 both in 

S-phase to form histone mRNAs ending in ACU and AUU and to initiate degradation, based 

on RNAi knockdown experiments [53]. The mechanism of histone mRNA degradation is 

likely to be conserved in all metazoans. Intermediates similar to those in mammals have 

been observed in Drosophila embryos [51].

Regulating both histone mRNA synthesis and histone mRNA degradation is crucial for the 

appropriate production of the amounts of histone proteins that are necessary to package the 

newly replicated DNA. The extent of transcriptional regulation may vary, provided that the 

regulation of processing is able to restrict histone mRNA production. For example, in 

mammals, histone gene transcription varies only 3–5-fold and is not dramatically regulated, 

based on nuclear run-on assays [57,58], but it is the tight regulation of SLBP levels that 

effectively restricts histone mRNA accumulation to S-phase. In other species histone gene 

transcription might be much more dramatically regulated.

Why Do Replication-Dependent Histone mRNAs in Metazoans End in a 

Stem-Loop and Not a Poly(A) Tail?

Even after a decade of high-throughput sequencing analysis, histone mRNAs remain the 

only known cellular eukaryotic mRNAs that are not polyadenylated. This property is not 

essential for viability because plants and most single-cell eukaryotes have polyadenylated 

histone mRNAs, whose levels are also tightly cell cycle-regulated. The evolutionary analysis 

of Samuelsson and coworkers [6] strongly suggests that histone mRNAs may have differed 

from other mRNAs in some single-cell eukaryotic lineages, consistent with the stem-loop 

being ancient and having been lost from many lineages, together with SLBP, NPAT, FLASH, 

and U7 snRNP. In the immediate precursors of metazoans, histone mRNAs likely had stem-

loops. They have evolved a sophisticated system for regulating histone mRNA levels, both 

via the degradation of histone mRNA to prevent inappropriate synthesis of histone proteins, 

and the unique mechanism for processing histone mRNAs, both of which require SLBP. Part 

of this mechanism includes sequestering histone genes into the HLB. In C. elegans an 

alternative mechanism for 3′-end formation [59] has evolved which replaced the initial U7 

snRNA-dependent mechanism. This also resulted in loss of the tight linkage of all the 

histone genes, and of the HLB (NPAT, FLASH, and U7 snRNP). However, the mechanism 

for regulating histone mRNA degradation has been retained, and SLBP still plays a central 

role in histone mRNA metabolism, likely binding to the histone pre-mRNA to stabilize the 
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nascent histone mRNA, as well as participating in translation and degradation of histone 

mRNA.

Expression of Histone mRNAs in Non-Dividing Tissues

Cells in adult differentiated tissues live for months and even years without dividing. 

Although the half-life of histone proteins in nucleosomes is several weeks or months, there 

is still a need for synthesis of some histones at a very low rate. In mammals, the variant 

histone H3.3 replaces much of the H3 histones as tissues age, but there are no known 

replacement variants for the other nucleosomal histones. Recently it was found that a subset 

of nucleosomal histone genes, that are normally expressed as replication-dependent histone 

mRNAs ending in the stem-loop, are expressed as polyadenylated mRNAs in adult non-

dividing tissues [60]. The same set of mRNAs is expressed in multiple human tissues, and 

many of the same genes are expressed in mouse and cow tissues. These mRNAs encode the 

same minor histone H2b and H2a protein variants previously reported to be increased in 

adult mouse tissues. The switch to expressing these genes as polyadenylated mRNAs (many 

of which are also spliced) is likely a component of the terminal differentiation program 

[60,61].

Concluding Remarks and Future Perspectives

Properly regulated synthesis of histone proteins is a crucial component of successful 

chromosome replication. The regulation of histone genes provides an excellent example of 

regulating multiple steps in RNA metabolism (transcription, processing, and half-life) to 

achieve and maintain the appropriate level of histone mRNAs. In addition, reversible 

modification of a key regulator, NPAT, and controlled degradation of another key factor, 

SLBP, and a system to degrade excess histone proteins [62], demonstrates the utilization of a 

complete suite of post-transcriptional and translational mechanisms to control histone 

protein levels. The multiple copies of histone genes allowed visualization of the factors 

assembled at the locus under the light microscope. With recent advances in high-resolution 

microscopy, it will be possible to probe the changes in structure of the HLB as the histone 

genes are turned on and off. It will also be possible to determine directly the relationship 

between the histone gene chromatin and the HLB. The insights gained from these studies are 

likely to be relevant to single-copy genes which cannot be visualized using current 

technology.

Reconstituting complex RNA-processing events (e.g., splicing and 3′-end formation) has 

been very challenging. For 3′-end formation the observation that CPSF73 is recruited as part 

of an inactive complex, which then must be activated, makes sense in protecting other RNAs 

from these enzymes. How this activation occurs is not known, but there is clearly a 

commonality between cleavage/polyadenylation and histone mRNA 3′-end formation that 

likely extends to the formation of the 3′ ends of snRNAs, another set of polymerase II 

transcripts.

The regulated degradation of histone mRNAs (and the fact that a large number of histone 

mRNAs are affected simultaneously) has allowed the determination of a major pathway of 
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degradation, using high-throughput sequencing to precisely identify the spectrum of 

degradation intermediates and the role of oligouridylation in histone mRNA metabolism. 

Recent results (reviewed in Gagliardi [63]) show that deadenylated mRNAs also have 

uridines added to the remaining short A tail, and suggest that this serves to stabilize those 

molecules, similarly to uridylation of histone mRNA in S-phase. It remains to be seen 

whether similar degradation pathways exist for cytoplasmic mRNAs, and whether 3′hExo 

may play a role in these pathways (see Outstanding Questions).

The overall mechanism for histone gene expression is conserved in flies and mammals. The 

ability to carry out sophisticated genetics experiments in Drosophila, the accessibility of the 

embryo to imaging, together with the serendipitous finding in Drosophila that mutation of 

processing factors still allows expression of sufficient histones for continued cell growth, has 

allowed not only RNAi screens for factors affecting histone mRNA synthesis but also, most 

importantly, the ability to test whether interactions discovered in vitro are also relevant in 
vivo. Thus far all factors identified in one species have been present in the other, suggesting 

this approach will continue to be very fruitful.
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Glossary

FLICE-associated huge protein (FLASH)
an HLB protein necessary for histone pre-mRNA processing.

Histone cleavage complex (HCC)
a complex of polyadenylation factors required for histone pre-mRNA processing. 

Components include symplekin, CstF64, CPSF100, CPSF160, and the nuclease CPSF73.

Histone downstream element (HDE)
a purine-rich sequence in the pre-mRNA that basepairs with the U7 snRNA.

Histone 3′ exonuclease (3′hExo/ERI1)
a 3′ exonuclease that forms a ternary complex on the stem-loop with SLBP.

Multi sex combs (Mxc)
the Drosophila ortholog of NPAT.

Muscle wasted (Mute)
a protein required for muscle development that is a component of the Drosophila HLB 

where it serves as a putative repressor of histone gene expression.

Nuclear protein at the ataxia-telangiectasia locus (NPAT)
in mammals, NPAT is required for HLB formation and histone gene expression.

Stem-loop binding protein (SLBP)
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binds to the 3′ end of histone mRNA and is required for histone mRNA metabolism 

(processing, nuclear export, translation, degradation).

Terminal uridylyl transferases
members of the family of noncanonical poly(A) polymerases that can add oligo(U) tails to 

RNAs.

U7 small nuclear ribonuclear protein (U7 snRNP)
composed of a U7 snRNA and a novel heptameric Sm ring made up of Sm proteins B', D3, 

E, F, G, and Sm-like proteins (LSm) 10 and 11.

Yin Yang 1-associated protein-related protein (YARP)
a transcriptional repressor and a homolog of Drosophila Mute.
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Box 1. Roles of the Stem-Loop Binding Protein

SLBP was isolated 20 years ago using the yeast three-hybrid system [64,65]. SLBP has a 

conserved RNA binding domain (RBD) of ~75 aa. Figure I A shows a schematic of 

human SLBP, indicating the RBD, the region required for processing, the region required 

for translation, and the cyclin-binding sites and phosphorylation sites that are required for 

degradation.

Crystal structures of the Drosophila RBD bound to the stem-loop (SL) RNA show that 

SLBP binds to the 5′ side of the stem-loop and to the 5 nt before the stem [27] (Figure I 

B). The RBD is composed of three α-helices (A, B, and C). Helices A and C contact the 

RNA, and helix B projects away from the RNA in a position where it could interact with 

processing factors. Conserved amino acids, A210, E212 and R213, in helix B are 

required for processing. The C-terminal region required for processing and part of the 

loop between helices B and C is disordered in the structure. The structure is stabilized by 

phosphate on T171 which contacts the three helices in human SLBP (Figure I C). The 

phosphorylated form of SLBP is the form found in vivo [66].

In vivo 3′hExo and SLBP are bound to the stem-loop (Figure 4). Strikingly, binding of 

either SLBP or 3′hExo to the stem-loop results in a similar deformation of the loop. The 

3′hExo can trim 2–3 nt off the 3′ side of the stem-loop in vitro, and further degradation 

is blocked by SLBP [67]. SLBP is also required for translation of histone mRNA, by 

interacting with SLIP1 that in turn binds to translation initiation factors [68]. In 

vertebrates SLBP is rapidly degraded at the end of S-phase, as a result of cyclin A/Cdk2 

phosphorylating two threonines in the SFTTP motif. The ubiquitin ligase responsible for 

SLBP degradation at the end of S-phase is not clear, and both cyclin F [69] and DCAF11 

[70] have been implicated in its degradation.
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Figure I. 
Structure of SLBP.
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Box 2. The Histone Locus Body

The HLB is present at the replication-dependent histone genes and has been characterized 

in Drosophila and mammals. In mammalian cells it was observed that U7 snRNA is 

localized near the histone genes, and that it colocalizes with coilin, suggesting that it is 

present in a subset of Cajal bodies [71]. A novel protein, NPAT, was discovered as a 

cyclin E substrate that localizes in a nuclear body near the histone genes in mammalian 

cells, and like U7 snRNA is not present in other Cajal bodies [10,11]. In 2006, Joe Gall 

and colleagues defined the HLB and showed that in Drosophila the HLB and the Cajal 

body are two distinct bodies. Using the small Cajal body (sca) RNA U85, and U2 and U7 

snRNAs, as probes they found in nurse and follicle cells that U85 and U2 localize into a 

discrete nuclear focus, the Cajal body, that is distinct from the focus containing U7 

snRNA, that they termed the HLB [72].

Transgenic DNA containing only the Drosophila histone H3–H4 promoter is sufficient to 

nucleate a HLB [73]. NPAT/Mxc is the defining member of the HLB and is 

phosphorylated by cyclin E/Cdk2 to activate histone gene expression. Knockdown of 

NPAT is cell-lethal [74] and results in loss of HLBs and reduction in the levels of all 

histone RNAs, suggesting that NPAT is a global regulator of histone expression [9]. Multi 

sex combs (mxc) was identified as the Drosophila ortholog of NPAT using a genome-

wide RNAi screen for HLB formation [75].

Other components of the HLB are U7 snRNP, FLASH, and Mute (YARP in mammals), 

all of which are present in the HLB throughout the cell cycle. FLASH is directly involved 

in histone mRNA 3′-end formation. Mute (muscle wasted) was identified in a screen for 

genes required for myogenesis in Drosophila [76]. Mutations in Mute displayed 

progressive muscle degeneration late in embryogenesis and misregulation of histone gene 

expression, with increased histone mRNA levels [13].

NPAT, Mute, and FLASH are large proteins (>1500 aa in mammals), with few 

identifiable domains. NPAT self-associates through its N terminus, and this interaction is 

essential for HLB formation and viability [8]. Both FLASH and Mute interact with the C-

terminal region of NPAT/Mxc [38]. NPAT does not bind to DNA and likely acts as a 

coactivator. It is complexed with factors required for histone gene transcription, including 

HinF-P for H4 genes [77] and Oct-1 for H2b genes [78].
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Box 3. Histone mRNA 3′-End Formation

Formation of mature histone mRNA requires endonucleolytic cleavage either 4 nt 

(invertebrates) or 5 nt (vertebrates) after the stem-loop. The cis elements required are the 

stem-loop (a 26 nt sequence starting 5 nt before the stem and ending 5 nt after the stem-

loop) that binds to SLBP, and a purine-rich region with the core consensus AAAGAG 

located about 10 nt after the cleavage site, and which basepairs with the 5′ end of U7 

snRNA, a component of U7 snRNP. Cleavage is catalyzed by CPSF73 [79], the same 

protein that cleaves other mRNAs in cleavage/polyadenylation [80]. U7 snRNA is similar 

to the spliceosomal snRNAs, with a 2,2,7 tri-Me-G cap and a binding site for the Sm 

ring. The U7 snRNP contains two proteins, Lsm10 and Lsm11, which replace SmD1 and 

SmD2 in the Sm ring.

The N-terminal region of FLASH binds to the N-terminus of Lsm11, a protein in the 

heptameric ring of U7 snRNP, and together they create an interface for recruitment of the 

HCC [81], which contains a subset of polyadenylation factors. In addition to this crucial 

role, FLASH is also required for SLBP to stabilize the binding to the histone pre-mRNA 

[25
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Box 4 Histone mRNA Degradation

Histone mRNAs are rapidly degraded at the end of S-phase or when DNA replication is 

inhibited. Degradation requires that the histone mRNA is being translated [82]. The stem-

loop at the 3′ end of the histone mRNA is necessary and sufficient for degradation [83]. 

The stem-loop must be located close to the stop codon, starting 25–100 nt from the stop 

codon, and this distance between the SL and the stop codon has been conserved in all 

metazoan histone genes [82]. These requirements suggest that translation termination 

may be regulated to initiate histone mRNA degradation [84]. Upf1, but not other 

nonsense-mediated decay factors, is essential for histone mRNA degradation, consistent 

with the requirement for translation and a potential role of translation termination [85]. In 

2008 it was reported that histone mRNA degradation requires uridylation of the 3′ end of 

histone mRNA [56]. Subsequently it was shown that 3′hExo (see Figure 4 in main text) 

is also required for the initial step of histone mRNA degradation, degrading the mRNA 

partly into the stem, and that these intermediates are uridylated by TUT7 [53]. The 

Lsm1–7 ring, which binds to the oligo(U) tail, is required for degradation of histone 

mRNA [56]. The molecular mechanisms that alter the structure of the 3′end of the 

histone mRNP to allow 3′hExo to initiate degradation of the stem-loop are not 

understood, but could involve modification of SLBP, and may also involve the interaction 

of the C-terminal tail of Lsm4 directly with both SLBP and 3′hExo [86].
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Trends

The genes for all five replication-dependent histone mRNAs are linked in metazoans. 

They encode the only eukaryotic cellular mRNAs that are not polyadenylated.

SLBP, which binds to the stem-loop at the 3′ end of histone mRNA, is required for all 

steps of histone mRNA metabolism.

Factors for coordinating expression of the genes for the five histone proteins and the 

processing of histone mRNAs are concentrated in the HLB. The HLB is present 

constitutively and histone gene expression is activated by phosphorylation of NPAT, a 

crucial factor for HLB formation, by cyclin E/Cdk2.

The active form of U7 snRNP contains a novel set of factors, including FLASH and a 

complex of polyadenylation factors, the HCC.

Uridylation of histone mRNA maintains the proper length of the 3′ end. When DNA 

replication is completed or inhibited, histone mRNA is rapidly degraded by a 3′ to 5′ 
pathway initiated by 3′hExo, a component of the histone mRNP. Degradation is 

dependent on translation, and requires Upf1 as well as uridylation of the degradation 

intermediates by TUT7.
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Outstanding Questions

How is NPAT/Mxc specifically recruited to the histone gene locus? In Drosophila, the 

cis-elements for HLB formation are in the histone tandem repeat. Because Mxc does not 

specifically bind to DNA, either factors bound to the DNA or some aspect of the 

chromatin at the histone locus must recruit Mxc. The cis-elements required for HLB 

formation in mammals have not yet been investigated. NPAT is likely the factor that 

initiates formation of the HLB. Because there are now methods to determine the overall 

organization of specific regions of chromatin in the nucleus, it may be possible to identify 

candidates for organizing sequences in the histone loci in mammalian cells.

Is the HLB intimately associated with histone gene chromatin or is it localized near the 

histone genes to store the necessary factors where they will be needed. Because a DNA 

sequence in the histone locus is capable of forming an HLB, it is likely that the HLB 

directly contacts the histone chromatin, but high-resolution imaging experiments will be 

necessary to determine whether this is the case.

What structural changes occur within the HLB as a result of phosphorylation of 

NPAT/Mxc by cyclin E? The HLB components (FLASH, NPAT, and Mute) likely contain 

binding sites for a large number of factors, and understanding these interactions and 

changes that result from phosphorylation will be necessary to understand the detailed 

mechanisms resulting in activating transcription and processing.

What is the structure of the HCC? In particular, what regions of symplekin result in 

formation of the HCC rather than of the cleavage/polyadenylation complex, and can we 

generate symplekin separation-of-function mutants that function in one reaction and not 

the other. Both the cleavage/polyadenylation complex and the HCC can be recruited to 

the pre-mRNA substrate, but cleavage requires the subsequent action of other factors. 

How is CPSF73 activated to cleave pre-mRNAs?

What are the biochemical changes at the 3′ ends of histone mRNPs that result in the 

transition from maintaining the proper length of histone mRNAs, by the action of 3′hExo 

and TUT7, to degradation into the stem of histone mRNA, and the addition of long U-

tails to those intermediates?
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Figure 1. 
A schematic of the life cycle of histone mRNAs and SLBP in mammalian cells. Note that 

SLBP participates in every part of the histone mRNA life cycle, and is also cell cycle-

regulated. Abbreviations: SLBP, stem-loop binding protein; P, phosphorylation; Pol II, 

polymerase II
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Figure 2. Histone genes and the HLB
(A) Organization of the histone genes in the human HIST2 cluster and in Drosophila 
melanogaster. (B) Model of HLB assembly and changes during the cell cycle in Drosophila. 

The image shows the merged image of HLBs in every nucleus of the Drosophila syncytial 

embryo stained with Mxc and FLASH. (C) Staining of HeLa cells with FLASH and Coilin 

(top) and NPAT and FLASH (bottom). Note that the HLBs are distinct from the Cajal body 

in these cells [76]. Adapted from Duronio and Marzluff [87]. Abbreviations: HCC, histone 

cleavage complex; HLB, histone locus body.
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Figure 3. Processing of Histone Pre-mRNAs
(Top) Schematic of the histone pre-mRNA processing reaction. (Bottom) Possible forms of 

U7 snRNP that are present during the cell cycle. The active form (holo-U7) snRNP is 

present in S-phase. Based on staining of Drosophila HLBs [82], the HCC is not present 

bound to U7 snRNP in non-dividing cells. We cannot distinguish whether the U7 snRNP and 

FLASH are separate within the HLB, or whether the U7 snRNP/FLASH complex is present 

and not able to recruit the HCC. Abbreviations: HCC, histone cleavage complex; HLB, 

histone locus body.
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Figure 4. Uridylation and Degradation of Histone mRNA
After processing the histone mRNA is trimmed by 3′hExo. If trimming proceeds to within 

1–2 nt of the stem the mRNA is repaired by TUT7 to the proper length. When DNA 

replication is inhibited, Upf1 is recruited to the histone mRNA, and 3′hExo can degrade into 

the stem. When the nuclease stalls the mRNA is then uridylated and degradation can resume. 

Abbreviations: SLBP, stem-loop binding protein; UTR, untranslated region.
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