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Abstract

The RNA-binding protein ALYREF plays key roles in nuclear export
and also 30-end processing of polyadenylated mRNAs, but whether
such regulation also extends to non-polyadenylated RNAs is
unknown. Replication-dependent (RD)-histone mRNAs are not
polyadenylated, but instead end in a stem-loop (SL) structure.
Here, we demonstrate that ALYREF prevalently binds a region next
to the SL on RD-histone mRNAs. SL-binding protein (SLBP) directly
interacts with ALYREF and promotes its recruitment. ALYREF
promotes histone pre-mRNA 30-end processing by facilitating U7-
snRNP recruitment through physical interaction with the U7-
snRNP-specific component Lsm11. Furthermore, ALYREF, together
with other components of the TREX complex, enhances histone
mRNA export. Moreover, we show that 30-end processing promotes
ALYREF recruitment and histone mRNA export. Together, our
results point to an important role of ALYREF in coordinating 30-end
processing and nuclear export of non-polyadenylated mRNAs.
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Introduction

In eukaryotes, most pre-mRNAs undergo 30 processing in a coupled

cleavage/polyadenylation (CPA) reaction, which consists of an

endonucleolytic cleavage of the nascent RNAs followed by synthesis

of the polyA tail (reviewed in Shi & Manley, 2015). In contrast,

replication-dependent (RD)-histone pre-mRNAs, which are synthe-

sized during S-phase of the cell cycle, undergo one-step U7-snRNP-

dependent 30-end cleavage and end in a stem-loop (SL) structure

(Mowry & Steitz, 1987; Cotten et al, 1988; Marzluff, 2005; Dominski

& Marzluff, 2007; Marzluff et al, 2008). The SL structure is recog-

nized by SL-binding protein (SLBP), which stabilizes the interaction

of U7-snRNP with the histone downstream element (HDE) of the

pre-mRNA (Schaufele et al, 1986; Williams & Marzluff, 1995;

Dominski et al, 1999; Battle & Doudna, 2001; Skrajna et al, 2017).

Together, SLBP and U7-snRNP direct RNA cleavage 4–5 nt down-

stream from the SL. It remains unclear how SLBP facilitates U7-

snRNP recruitment, as no physical interaction was identified

between these critical processing factors.

mRNAs are transported from the nucleus to the cytoplasm

through a pathway that utilizes NXF1 as an export receptor. NXF1 is

recruited to polyadenylated mRNAs mostly via the highly conserved

TREX complex (TREX; Strasser & Hurt, 2000; Hautbergue et al,

2008; Katahira et al, 2009; Hung et al, 2010; Viphakone et al,

2012). The core of TREX mainly comprises three parts: the RNA-

binding protein ALYREF, the RNA helicase UAP56/URH49, and the

multi-subunit THO sub-complex (THO1/2/3/5/6/7; Strasser et al,

2002; Masuda et al, 2005; Chi et al, 2013). Among these, ALYREF

and THO mediate the interaction between the mRNA and NXF1

(Strasser & Hurt, 2000; Hautbergue et al, 2008; Katahira et al, 2009;

Hung et al, 2010; Viphakone et al, 2012). Different from polyadeny-

lated mRNAs, RD-histone mRNAs are known to recruit NXF1 via SR

proteins 9G8 and SRp20, which bind to specific cis-elements in the

coding regions (Huang & Steitz, 2001). In addition to SR proteins,

SLBP also plays a critical role in RD-histone mRNA export, but the

underlying mechanism remains unknown (Sullivan et al, 2009).

The physical and functional coupling between 30-end processing

and nuclear export has been well established for polyadenylated

mRNAs. In yeast, the ALYREF homologue, Yra1, is recruited via the

30-end processing factor Pcf11 and regulates alternative polyadenyla-

tion (APA; Johnson et al, 2009, 2011). In mammalian cells, the THO

subunits associate with the 30-end processing machinery and influ-

ence APA (Katahira et al, 2013; Tran et al, 2014). Further, ALYREF

was recently found to bind to a 30 region of polyadenylated mRNAs

in a polyA-binding protein (PABPN1)-dependent manner (Shi et al,

2017). Thus, the coupling between 30-end processing and mRNA
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export seems to ensure efficient mRNA export and modulate APA.

Currently, the roles of TREX in regulating the metabolism of non-

polyadenylated mRNAs remain unknown, and whether nuclear

export is linked to 30-end processing for these mRNAs is still contro-

versial. Initially, 30-end processing was shown to promote histone

mRNA export (Eckner et al, 1991). However, later studies reported

that the RNA length, but not 30-end processing, is a major determi-

nant of histone mRNA export efficiency (Erkmann et al, 2005).

In this study, a deeper analysis of ALYREF iCLIP-seq (individual-

nucleotide-resolution UV crosslinking and immunoprecipitation and

sequencing) data led us to the finding that ALYREF universally

binds to a region next to the SL on RD-histone mRNAs (for simplic-

ity, histone mRNAs in this study). This binding is ensured by its

direct interaction with SLBP and has two functional consequences:

ALYREF stimulates proper histone mRNA 30-end formation by facili-

tating efficient U7-snRNP recruitment and promotes histone mRNA

export by enhancing NXF1 recruitment. Importantly, we demon-

strate that 30-end processing promotes ALYREF recruitment and

histone mRNA export. Thus, ALYREF is shared by polyadenylated

and non-polyadenylated mRNA metabolism pathways, coordinating

processing and nuclear export of both types of mRNAs.

Results

ALYREF binds to a region 50 of the SL on histone mRNAs

Our recent iCLIP study revealed that ALYREF binds to a region near

the 30 end of polyadenylated mRNAs in a nuclear polyA-binding

protein (PABPN1)-dependent manner (Shi et al, 2017). To investi-

gate whether ALYREF also binds to non-polyadenylated RNAs, we

further analyzed ALYREF iCLIP data. To increase resolution of

the data, we identified clustered binding sites (Konig et al, 2010;

Rossbach et al, 2014). Significantly, of the total 55 histone mRNAs

that were easily detected in HeLa nuclei (Fan et al, 2017), clustered

ALYREF binding sites were apparently and reproducibly detected on

52 (Fig 1A). This binding was not due to the high abundance of

histone mRNAs, as compared to those in nuclear total RNA-seq,

histone reads were significantly more enriched in ALYREF iCLIP-seq

(Fig 1B). Note that such enrichment was not observed with short or

long ncRNAs (Fig EV1A). ALYREF binding on histone mRNAs was

confirmed by RNA immunoprecipitation (RIP) and RT–qPCRs

(Fig 1C). In addition to ALYREF, TREX components UAP56 and

THO were also easily detected on histone mRNAs (Fig EV1B). Note

that the THOC2 antibody co-precipitates other THO subunits

(Masuda et al, 2005; Chi et al, 2013).

Relative to histone read distribution in RNA-seq, ALYREF iCLIP

reads are preferentially enriched in the 30 UTR (Fig 1D). Interest-

ingly, metagene analysis of iCLIP reads showed an apparent enrich-

ment of ALYREF binding at the 30 region of histone mRNAs

(Fig 1E). Clustered ALYREF binding sites on two exemplified

histone mRNAs, HIST1H2AG and HIST1H1E, are shown in Fig 1F,

and ALYREF iCLIP read distribution on more histone mRNAs is

shown in Fig EV1C. To understand the ALYREF binding principle at

the 30 region of histone mRNAs, we aligned clustered binding sites

relative to the cleavage site (CS). Strikingly, ALYREF binds at a

region spanning ~100 nt upstream of the CS, with the peak at �50

nt (Fig 1G). Considering that SLBP binds at the SL that is located at

the �6~�21 region, our data demonstrate that ALYREF and SLBP

bind adjacent to each other at the SL region of histone mRNAs

(Fig 1H). In support of this view, a previous study identified an

SLBP-independent protected region 50 of the SL (Brooks et al, 2015).

ALYREF interacts with SLBP in vivo and in vitro

Since histone mRNA 30 UTR sequences are not conserved and

ALYREF is a nonspecific RNA-binding protein, it is possible that

SLBP is a primary determinant of ALYREF binding neighboring to

the SL. To test this possibility, we first determined whether ALYREF

associates with SLBP by carrying out immunoprecipitations (IPs)

from RNase A-treated S-phase HeLa cell lysate. Significantly,

ALYREF was co-precipitated by the SLBP antibody, but not the

control IgG (Fig 2A). Conversely, when the ALYREF antibody or IgG

was used for IPs, SLBP was specifically detected in the ALYREF

immunoprecipitate (Fig 2B). These results indicate that ALYREF

and SLBP associate with each other through protein–protein interac-

tion. To confirm this association and examine whether UAP56 and

THO associate with SLBP, we next carried out Flag IPs from Flag-

SLBP or Flag-Cntl expression cells in the presence of RNase A.

ALYREF and UAP56 and THOC2 were all co-precipitated with Flag-

SLBP, but not Flag-Cntl (Fig EV2A). These results indicate that

ALYREF interacts with SLBP in the context of TREX.

To further examine the ALYREF-SLBP interaction, we in vitro

translated SLBP and luciferase (Cntl) and carried out pull-downs

using MBP-ALYREF or MBP. Significantly, SLBP, but not Cntl, was

pulled down by MBP-ALYREF, whereas neither of these in vitro

translated proteins interacted with MBP (Fig 2C). This result

provides additional evidence for the ALYREF-SLBP interaction and

suggests that this interaction might be direct. Indeed, GST-SLBP, but

not GST, pulled down purified MBP-ALYREF (Fig 2D). In contrast,

His-UAP56 did not interact with GST-SLBP, although it was effi-

ciently pulled down by GST-ALYREF (Fig EV2B). Together, these

data demonstrate that ALYREF interacts with SLBP in vivo and

in vitro.

SLBP interacts with ALYREF via its C-terminal region

To decipher how SLBP interacts with ALYREF, we constructed two

Flag-SLBP mutants, with either the N- or C-terminal region trun-

cated (DN or DC; Fig 2E). These constructs, as well as Flag-SLBPFL

(full-length SLBP) and Flag-Cntl, were separately expressed in HeLa

cells, followed by Flag IPs. Western blot analysis showed that

ALYREF was efficiently co-precipitated with Flag-SLBPFL and Flag-

SLBPDN, but not Flag-SLBPDC or Flag-Cntl, indicating that the C-

terminal region (SLBPC) is required for interacting with ALYREF

(Fig 2E, left lower panel). Further, using Flag-GST-SLBPC, we found

that SLBPC is sufficient for this interaction (Fig 2E, right lower

panel). Thus, SLBP interacts with ALYREF via its C-terminal region.

Notably, this region is important for facilitating U7-snRNP recruit-

ment (Skrajna et al, 2017).

We also mapped the interaction of ALYREF with SLBP. Neither

N- nor C-terminal region of ALYREF is required for the SLBP interac-

tion (Fig 2F, left lower panel), raising the possibility that the RRM

domain might be important. However, when ALYREF was separated

into N-terminal, RRM, and C-terminal fragments, none of them was

associated with SLBP (Fig 2F, right lower panel). It is possible that
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Figure 1. ALYREF binds to a region next to the SL on histone mRNAs.

A The Venn diagram depicts the overlapping of histone mRNAs detected in a previously performed rRNA-depleted nuclear RNA-seq (RPM > 1) and in ALYREF iCLIP-seq
(with clustered binding sites in at least two out of three biological replicates).

B The ratio of unique histone iCLIP-seq read population to unique histone RNA-seq read population was calculated and is shown, with the unique histone RNA-seq
read population set as “1”. Error bars represent standard deviations from three replicates of ALYREF iCLIP data. Statistical analysis was performed using Student’s t-
test. ***P < 0.001.

C ALYREF RIP–qPCRs to examine ALYREF binding on histone mRNAs. Relative RIP efficiencies are shown. A tRNA was used as a negative control for ALYREF binding.
Error bars represent standard deviations from biological repeats (n = 3). Statistical analysis was performed using Student’s t-test. **P < 0.01, ***P < 0.001, n.s.: not
significant.

D The distribution of histone reads in 50 UTR, CDS, and 30 UTR in rRNA-depleted nuclear RNA-seq and ALYREF iCLIP-seq.
E Metagene analysis of normalized ALYREF signals on histone mRNA based on iCLIP-seq data. iCLIP-seq signal at each position of an mRNA is divided by the sum of

signal of the mRNA to normalize each mRNA’s contribution to the plot.
F Screenshots of two histone mRNAs showing clustered ALYREF binding sites. The 30 UTR regions are highlighted.
G Distribution profile of clustered ALYREF binding sites on histone mRNA 30 UTRs relative to the cleavage site (CS). The CS is set as “0” in the x-axis, and the relative

position to the CS is marked. The y-axis shows the total occurrence of binding sites in three repeats at each nucleotide.
H Graphic displays that ALYREF binds next to SLBP on histone mRNAs.
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both the RRM and the surrounding residues are important for

ALYREF interacting with SLBP.

SLBP is required for ALYREF binding at the SL region on
histone mRNAs

To examine whether SLBP is required for ALYREF binding on

histone mRNAs, we carried out ALYREF RIP in Cntl- and SLBP-

knockdown (KD) cells. SLBP was efficiently knocked down, and

ALYREF was equally immunoprecipitated from these cells (Fig 2G

and H). Significantly, RT–qPCR data showed that ALYREF associa-

tion with histone mRNAs was reproducibly reduced in SLBP KD

cells, as compared to that in Cntl cells (Fig 2I). In contrast, its bind-

ing with the three randomly picked polyadenylated mRNAs, includ-

ing CBP80, DNAJC30, and KLLN, was not apparently affected

(Fig 2I). To examine how SLBP KD impacts ALYREF distribution

along the histone mRNA, we next carried out ALYREF iCLIP in Cntl

and SLBP KD cells. Low RNase I digestion efficiency could possibly

result in biased iCLIP read enrichment at the SL region. We have

thus optimized the experiment and ensured the digestion efficiency

of the 30 region containing the SL is not generally lower than that of

a 50 region of histone mRNAs (Appendix Fig S1; See Materials and

Methods). Under this condition, in Cntl cells, ALYREF binding was

still mostly enriched at the 30 region, while it was also partially

detected at other regions (Fig 2J). Significantly, in both biological

replicates, SLBP KD led to a preferential reduction in ALYREF bind-

ing at the 30 region (Fig 2J). In contrast, ALYREF distribution along

the polyadenylated mRNA was not apparently affected (Fig EV2C).

Taken together, the data suggest that SLBP plays a determinant role

in ALYREF binding at the SL region of histone mRNAs (Fig 2K).

ALYREF facilitates 30-end processing of histone pre-mRNAs

Considering the critical roles of SLBP in histone mRNA 30-end
formation, we reasoned that ALYREF might also be involved in this

process. RD-histone genes have a canonical polyadenylation signal

downstream of the CS. Defects in histone mRNA 30-end processing

usually cause the usage of this signal, resulting in upregulation in

polyA+ forms and concomitant downregulation in polyA� forms

(Narita et al, 2007; Yang et al, 2009; Romeo et al, 2014; Brodersen

et al, 2016). We thus isolated polyA+ and polyA� RNAs from Cntl

and ALYREF KD cells and carried out RNA-seq separately (Figs 3A

and EV3A). In the polyA� dataset, 27 histone genes showed appar-

ent downregulation (< 0.7-fold) in ALYREF KD (Dataset EV1).

Among these, 12 were significantly upregulated (> 1.5-fold) in the

polyA+ dataset (Fig 3B), indicating that 30-mRNA processing of

these genes was disrupted by ALYREF KD. Two exemplified histone

mRNAs, HIST2H2BE and HIST1H1C, with 30-end processing defects

are shown in Fig 3C.

The abundance of polyA+ histone mRNAs is usually very low.

30READS+ (an updated version of 30 Region Extraction And Deep

Sequencing) is a sensitive and effective method that selectively

sequences the 30-end region of polyA+ RNAs (Zheng et al, 2016).

To further study the role of ALYREF in histone mRNA processing

and to examine whether other TREX components are also required

for this process, we analyzed 30READS+ data obtained from Cntl-,

ALYREF-, UAP56-, or THOC2-depleted HeLa cells (Fig EV3A). We

note that THOC2 depletion results in co-depletion of other THO

subunits (Chi et al, 2013). As shown in Fig 3D, of the 27 histone

mRNAs detected by 30READS+, 25 were accumulated more than

1.5-fold upon ALYREF KD (Dataset EV2). In contrast, none was

apparently accumulated in UAP56 KD and only three were accumu-

lated more than 1.5-fold in THO KD (Fig 3D), indicating that they

are not required for histone mRNA 30-end processing. It was possi-

ble that ALYREF KD impedes histone mRNA 30-end processing by

reducing the levels of processing factors. However, this possibility

was not supported by the unchanged mRNA and protein levels of all

30-end processing factors we examined in ALYREF KD versus Cntl

cells (Fig EV3B and C). Recently, it was reported that slow RNAP II

transcription elongation disrupts histone mRNA 30-end processing

(Saldi et al, 2018). To examine whether ALYREF KD impairs 30-end
processing by altering transcription elongation, we carried out

RNAP II ChIP–qPCRs using primers spanning several histone genes

exhibiting significant 30-end processing defects. No apparent RNAP

II distribution change was observed in ALYREF KD. Similar results

were also obtained with SLBP KD that is not known to impact RNAP

◀ Figure 2. SLBP interacts with ALYREF and facilitates its binding on histone mRNAs.

A, B IPs from RNase A-treated S-phase HeLa cell lysate using the SLBP antibody or IgG (A), or the ALYREF antibody or IgG (B). Western blotting was performed with the
indicated antibodies. 2% of input was loaded. * indicates a nonspecific band. The white line delineates the boundary where irrelevant lanes have been removed
from the same blots.

C Pull-downs of in vitro translated 35S-labeled SLBP and luciferase (Cntl) using MBP or MBP-ALYREF in the presence of RNase A. The proteins pulled down were
visualized by Coomassie staining (left) or PhosphorImager (right). 3% of input was loaded.

D GST-SLBP, GST-UAP56, and GST were used for pull-down of purified MBP-ALYREF or MBP in the presence of RNase A. Proteins pulled down were separated by SDS–
PAGE, followed by Coomassie staining. 37.5% of input proteins were loaded.

E (Top) Domain schematic representation of SLBP. (Bottom) Flag IPs from RNase A-treated HeLa cell lysate individually expressing the indicated Flag-tagged proteins,
followed by Western blotting using Flag and ALYREF antibodies. 3% of input was loaded. * indicates a band that probably resulted from degradation of Flag-SLBP.
The white line delineates the boundary where irrelevant lanes have been removed from the same blot.

F Same as (E), except that Flag IPs were carried out from HA-SLBP stable expression cells transfected with plasmids expressing ALYREF fragments.
G Western blotting to examine the KD efficiency of SLBP. GAPDH was used as a loading control. The white line delineates the boundary where irrelevant lanes have

been removed from the same blot.
H, I Cntl- or SLBP siRNA-treated HeLa cells were used for IPs with IgG or the ALYREF antibody. The immunoprecipitates were subjected to Western blot analysis (H) and

RT–qPCRs (I). Error bars represent standard deviations from biological repeats (n = 3). Statistical analysis was performed using Student’s t-test. *P < 0.05,
**P < 0.01, ***P < 0.001, n.s.: not significant.

J Metagene analysis of normalized ALYREF signals on histone mRNAs in Cntl and SLBP KD cells based on iCLIP-seq data. iCLIP-seq signal at each position of an
mRNA is divided by the sum of signal of the mRNA to normalize each mRNA’s contribution to the plot.

K Graphic displays that SLBP functions in recruiting ALYREF to histone mRNAs.

Source data are available online for this figure.
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II elongation (Fig EV3D). These data suggest that histone mRNA

processing defects in ALYREF KD cannot be mainly ascribed to

altered RNAP II transcription elongation.

To confirm the genome-wide data, we selected several histone

genes, including four upregulated in both polyA+ RNA-seq and

30READS+ and two upregulated only in 30READS+, for validation.

To distinguish aberrantly processed from properly processed histone

mRNAs, we separated polyA+ and polyA� RNAs. All six genes

showed elevated polyA+, and concomitantly reduced polyA�, tran-
scripts in cells treated with siARS2 (a positive control; Gruber et al,

2012) or siALYREF-1, which was used in the genome-wide studies

(Fig 3E and F). Similar effects were also observed with another

ALYREF siRNA (siALYREF-2; Figs 3E and F, and EV3A). Impor-

tantly, polyA+ transcript accumulation of all histone genes we

examined was rescued to some extent by the expression of siRNA-

resistant ALYREF, further excluding the possible siRNA off-target

effect (Fig 3G and H). Consistent with the 30READS+ data, no

polyA+ transcript upregulation was detected in UAP56 and THO KD

(Fig EV3E). Together, we conclude that ALYREF, but not other

TREX components, facilitates 30-end processing of histone mRNAs.

ALYREF directly interacts with Lsm11 and facilitates
U7-snRNP recruitment

To decipher the molecular mechanism for ALYREF promoting

histone mRNA processing, we examined whether it associates with

U7-snRNP. To this end, we carried out co-IPs using antibodies

to ALYREF and Lsm11, which is a specific U7-snRNP component

(Pillai et al, 2003; Godfrey et al, 2009), in RNase A-treated S-phase

HeLa cell lysate. The Lsm11 antibody, but not IgG, co-immunopreci-

pitated ALYREF (Fig 4A). Conversely, Lsm11 was specifically

detected in the immunoprecipitate of ALYREF (Fig 4B), indicating

that ALYREF indeed associates with U7-snRNP. We further vali-

dated this association using Flag-Lsm11. In addition to ALYREF,

UAP56 and THOC2 were also co-precipitated with Flag-Lsm11

(Fig EV4A and B). Further, RIP-RT–qPCR data showed that ALYREF,

UAP56, and THO all associated with histone pre-mRNAs

(Fig EV4C). These data together suggest that the whole TREX

complex associates with U7-snRNP on histone pre-mRNAs.

Given the association of all TREX components with U7-snRNP,

why is only ALYREF required for 30-end processing? It is possible

that ALYREF, but not other TREX components, directly interacts

with U7-snRNP. To test this possibility, we carried out pull-downs

of purified His-Lsm11 using GST-ALYREF, GST-UAP56, and GST.

Coomassie staining showed that GST-ALYREF efficiently pulled

down His-Lsm11, but not His-Cntl (Fig 4C). In contrast, GST-UAP56

did not interact with His-Lsm11, although it efficiently pulled down

ALYREF (Fig EV4D). These data suggest that ALYREF, but not

UAP56, makes direct contact with U7-snRNP, thus providing an

explanation for the specific role of ALYREF in histone mRNA

processing.

We next examined whether ALYREF facilitates U7-snRNP recruit-

ment by carrying out Flag RIPs from Flag-Lsm11 stable expression

cells depleted of Cntl or ALYREF. Both mRNA and protein levels of

Flag-Lsm11 were reproducibly decreased in ALYREF KD for some

unknown reason (Appendix Fig S2), resulting in reduced Flag-

Lsm11 immunoprecipitated in these cells (Fig 4D). We thus used

co-immunoprecipitated U7 snRNA as an internal control. Signifi-

cantly, relative to that of U7 snRNA, the IP efficiencies of all histone

pre-mRNAs we examined were apparently reduced in ALYREF KD

(Fig 4E). Taken together, these results indicate that ALYREF

promotes histone mRNA 30-end processing by directly interacting

with U7-snRNP and facilitating its recruitment (Fig 4F).

The TREX complex promotes histone mRNA export

Considering the key role of ALYREF in polyadenylated mRNA

export, we speculated that after 30-end processing, ALYREF might

promote mature histone mRNA export together with other TREX

components. To study this, we constructed an HIST2H2AA3

reporter construct (Fig 5A). When transfected into HeLa cells, the

HIST2H2AA3 mRNA was easily detected by a 50 probe, but not by a

30 probe to the CS downstream sequence (Appendix Fig S3A and B),

indicative of efficient 30-end processing. When this construct was

microinjected, the HIST2H2AA3 mRNA was mostly accumulated in

the cytoplasm of Cntl cells (Fig 5A). In contrast, it was apparently

detected in the nuclei of cells depleted of ALYREF, THO, and UAP56

(Fig 5A). It has been reported that improperly processed transcripts

are mostly accumulated in the nucleus (Romeo et al, 2014).

Although it is hard to separate the role of ALYREF in histone mRNA

processing and export, the export defects observed in UAP56 and

THO KD, which do not exhibit processing defects, suggest that TREX

plays a direct role in histone mRNA export. This conclusion was

further validated with two endogenous histone mRNAs,

◀ Figure 3. ALYREF is required for proper 30-end processing of histone pre-mRNAs.

A A diagram of the RNA-seq experimental approach.
B List of histone genes with defective 30-end processing detected by polyA+ and polyA� RNA-seq. PolyA+ ALYREF/Cntl shows polyA+ RNA-seq RPM ratio of each

histone gene in ALYREF KD versus Cntl.
C Screenshots of two exemplified histone mRNAs with 30-end processing defects are shown. Transcription direction is indicated. Black arrowheads and the

corresponding lines mark the position of CS.
D RPM of each histone mRNA in Cntl cells and RPM ratio of each histone mRNA in KDs to Cntl detected in 30READS+.
E, F RT–qPCRs to detect histone mRNA levels in the polyA+ (E) or the polyA� fraction (F) in cells treated with Cntl, ALYREF, or ARS2 siRNA. The arrowhead and arrows

indicate the cleavage site and primer location, respectively. The bars show the relative abundance of polyA+ forms to the actin mRNA (E) and that of polyA� forms
relative to the 18S rRNA (F).

G, H Western blotting to examine ALYREF protein level (G) and RT–qPCRs to detect polyA+ histone mRNA levels (H) in Flag-Cntl (eIF4A3) or siRNA-resistant Flag-ALYREF
stable expression cells treated with Cntl or ALYREF siRNA. The bars show the relative abundance of histone mRNAs to the GAPDH mRNA. The white line delineates
the boundary where irrelevant lanes have been removed from the same blot.

Data information: In (E–F and H), error bars represent standard deviations from biological repeats (n = 3). Statistical analysis was performed using Student’s t-test.
*P < 0.05, **P < 0.01, ***P < 0.001.
Source data are available online for this figure.
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HIST2H2AA3 and HIST1H3H. KD of ALYREF, UAP56, and THO all

resulted in elevated nuclear mRNA signals and concomitantly

reduced cytoplasmic signals (Figs 5B and EV5A). Further, cell frac-

tionation data revealed that the nuclear/cytoplasmic (N/C) ratios of

all histone mRNAs we examined significantly increased in UAP56

KD, as compared to Cntl cells (Fig 5C and D). Together, these

results indicate that TREX components function in histone mRNA

export as an integrated complex (Fig 5E). This view was further

supported by the reduced THO association with histone mRNAs in

ALYREF KD (Fig EV5B and C). Notably, ALYREF overexpression did

not apparently affect HIST2H2AA3 mRNA N/C distribution

(Fig EV5D and E), suggesting that it is not a limiting factor for

histone mRNA export.

We next wanted to ask whether ALYREF promotes histone

mRNA export by enhancing NXF1 binding. To this end, we knocked

down ALYREF in cells stably expressing Flag-NXF1 at the physiolog-

ical level (Appendix Fig S4) and carried out iCLIP with the Flag anti-

body. Considering the important role of SLBP in ALYREF

recruitment, we also included SLBP KD. Significantly, KD of both

ALYREF and SLBP reproducibly reduced NXF1 iCLIP read popula-

tion on histone mRNAs, indicative of reduced NXF1 binding

(Fig 5F). While SLBP KD preferentially reduced NXF1 binding at the

30 region, ALYREF KD did not show such a trend (Figs 5G and

EV5F). This result suggests that SLBP plays a prominent role in

NXF1 binding at the 30 region, whereas ALYREF probably promotes

its binding throughout the full length of the histone mRNA. Taken

together, our data indicate that TREX promotes histone mRNA

export by recruiting NXF1.

30-end processing significantly enhances histone mRNA export

Previous studies on whether 30-end processing promotes histone

mRNA export have reached contradictory conclusions (Eckner et al,

1991; Erkmann et al, 2005). The roles of ALYREF in both 30-end
processing and nuclear export of histone mRNAs promoted us to

revisit this question. We first compared the export efficiency of the

A B C

D E F

Figure 4. ALYREF directly interacts with Lsm11 and facilitates U7-snRNP recruitment.

A, B IPs were carried out from RNase A-treated S-phase HeLa cell lysate using the Lsm11 antibody and IgG (A), or the ALYREF antibody and IgG (B), followed by Western
blotting with the indicated antibodies. 2% of input was loaded. * indicates a nonspecific band. The white line delineates the boundary where irrelevant lanes have
been removed from the same blot.

C Pull-down of purified His-Cntl (PGK1) or His-Lsm11 using equal amount of GST and GST-ALYREF proteins in the presence of RNase A. Proteins pulled down were
separated by SDS–PAGE followed by Coomassie staining. * indicates a nonspecific band.

D, E Cntl- or ALYREF siRNA-treated Flag-Lsm11 stable expression cells were used for IPs with IgG or the Flag antibody. The immunoprecipitates were subjected to RT–
qPCRs (E) and Western blot analysis (D). * indicates the antibody heavy chain. The bars show the relative IP efficiencies of histone pre-mRNAs to U7 snRNA. Error
bars represent standard deviations from biological repeats (n = 3). Statistical analysis was performed using Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001.

F Graphic displays that ALYREF interacts with Lsm11 and facilitates U7-snRNP recruitment.

Source data are available online for this figure.
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HIST2H2AA3 mRNA transcribed from the mature sequence

(H2AA3-SL) with that processed from the precursor (H2AA3-SLD,

Stem-Loop and Histone Downstream Element; Fig 6A). Signifi-

cantly, when microinjected into HeLa nuclei, the H2AA3-SL mRNA

was mostly nuclear, whereas the H2AA3-SLD mRNA was largely

cytoplasmic (Fig 6A). We next constructed a pair of HIST1H1C

reporters, containing either the mature (H1C-SL-Rb) or the precursor

(H1C-SLD-Rb) sequence, followed by the hepatitis D viral ribozyme

(Fig 6B). Efficient ribozyme cleavage of H1C-SL-Rb and U7-snRNP

processing of H1C-SLD-Rb mRNAs were confirmed (Appendix Fig

S5A). When transfected into the cells, the processed H1C mRNA

(pH1C), but not the ribozyme cleaved one (cH1C), was efficiently

accumulated in the cytoplasm (Fig 6B). These data together indicate

that 30-end processing in general promotes histone mRNA export.

This promotion is not dependent on the coding sequence, as

replacement of the coding sequence in the HIST2H2AA3 reporters

with that of b-globin (cG) did not affect processing-dependent

mRNA export (Fig 6C).

30-end processing promotes ALYREF recruitment to histone
mRNAs via U7-snRNP

To examine whether 30-end processing enhances ALYREF recruit-

ment, we carried out ALYREF RIP to compare its association with

the pH1C versus the cH1C mRNA. Note that for a fair comparison,

both mRNAs were blocked in the nucleus by overexpression of vesi-

cular stomatitis virus (VSV) M protein, which impedes mRNA

export by targeting Nup98 and Rae1 (von Kobbe et al, 2000; Faria

et al, 2005). Importantly, RT–qPCR data showed that compared to

the cH1C, the pH1C mRNA was reproducibly more enriched with

ALYREF, supporting the notion that 30-end processing promotes

ALYREF recruitment (Fig 6D and E).

How could 30-end processing enhance ALYREF recruitment?

One possibility is that U7-snRNP plays a role in stabilizing

ALYREF binding on histone mRNAs. To examine this, we mutated

U7-binding sequence in the H1C-SLD-Rb construct. As expected,

this mutation impedes both 30-end processing and nuclear export

of the H1C mRNA (Appendix Fig S5B). When the wild-type (WT)

and the mutant H1C-SLD-Rb constructs were separately co-trans-

fected with VSV M into the cells, the mutant mRNA apparently

associates with less ALYREF, as compare to the WT (Fig 6F).

Together, our data suggest that 30-end processing promotes histone

mRNA export at least partially through U7-snRNP-dependent

ALYREF binding.

ALYREF ensures histone protein levels

Finally, we determined how histone protein levels are impacted by

ALYREF KD. We examined the levels of histone proteins H2B and

H4 in HeLa cells treated with siCntl, siALYREF-1, and siALYREF-2.

ARS2 KD cells were used as a positive control (Gruber et al, 2012).

As observed in Fig 7A, akin to ARS2 KD, ALYREF KD resulted in

moderately but reproducibly reduced protein levels of both H2B and

H4. Consistent with their inability to produce sufficient histone

proteins to support cell growth, we repeatedly observed prolifera-

tion defect in cells treated with ALYREF siRNAs (Fig 7B). Similar to

ARS2 KD cells, ALYREF KD cells did not accumulate in the S-phase

of the cell cycle (Fig 7C). Instead, these cells arrested throughout

the cell cycle.

Discussion

The highly conserved TREX complex has been implicated in coordi-

nating 30-end processing and nuclear export of polyadenylated

mRNAs. In this study, we show that TREX component ALYREF is

important for two aspects of non-ployadenylated histone mRNA

metabolism, namely 30-end processing and nuclear export. Further,

our data demonstrate that a parallel coordination mechanism exists

for histone mRNAs and ALYREF makes important contribution to

this mechanism.

A model for ALYREF promoting histone mRNA processing
and export

Based on our data, we propose a model for ALYREF orchestrating

30-end processing and nuclear export of histone mRNAs (Fig 7D).

During 30-end processing, SLBP recruits ALYREF as well as other

TREX components to a region near SL on histone pre-mRNAs

through its direct interaction with ALYREF. This recruitment has

two functional consequences. On histone pre-mRNAs, ALYREF

ensures efficient 30-end processing by facilitating U7-snRNP recruit-

ment via its direct interaction with Lsm11. After processing,

ALYREF, together with other TREX components, facilitates histone

◀ Figure 5. The TREX complex promotes histone mRNA export.

A (Top) Illustration of the HIST2H2AA3 reporter construct. (Bottom) FISH to detect the distribution of the HIST2H2AA3 mRNA in HeLa cells depleted of Cntl, ALYREF,
THOC2 (THO), and UAP56. DAPI staining served as a nuclear marker. N and C indicate nuclear and cytoplasmic FISH signals, respectively. N/C ratios were
determined for 20 cells in each experiment.

B Distribution of the endogenous HIST2H2AA3 mRNA was detected with the transcript-specific probe in HeLa cells depleted of Cntl, ALYREF, THOC2 (THO), and UAP56.
N and C indicate nuclear and cytoplasmic FISH signals, respectively. N/C ratios were calculated the same as (A).

C, D Western blot analysis to examine the purities of nuclear and cytoplasmic fractions (C), and RT–qPCRs to examine N/C distribution of each histone mRNA (D) in Cntl
and UAP56 KD cells. MTR4 and tubulin were used as the nuclear and cytoplasmic marker, respectively.

E Graphic displays that TREX promotes histone mRNA export.
F Relative NXF1 iCLIP read populations on histone mRNAs in Cntl, ALYREF, and SLBP KD cells.
G NXF1 iCLIP signals along the histone mRNA. The histone mRNA is divided into 10 fractions based on their mRNA size. Each fraction represents 10% of each histone

mRNA. The tenth fraction that contains the SL is boxed by green dashed lines.

Data information: Error bars represent standard deviations from biological repeats (n = 3 in A, B, and D; n = 2 in F). Statistical analysis was performed using Student’s t-
test. *P < 0.05, **P < 0.01, ***P < 0.001.
Source data are available online for this figure.
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mRNA export through recruiting NXF1. When ALYREF is limited,

30-end processing cannot proficiently occur due to the impaired U7-

snRNP recruitment, resulting in the usage of downstream polyA site

and the production of polyadenylated histone mRNAs that are

mostly retained in the nucleus (Romeo et al, 2014). Without

ALYREF and other TREX proteins, histone mRNAs cannot be effi-

ciently exported to the cytoplasm.

Previous studies found specific SR-binding motifs present in the

coding region of histone mRNAs also assist histone mRNA export

(Huang & Carmichael, 1997; Huang & Steitz, 2001). Except for the

coding region, SR proteins are also recruited to the SL region (Anko

et al, 2012), raising the possibility that they also contribute to NXF1

binding to this region. Consistent with this possibility, ALYREF KD

did not lead to a preferential reduction of NXF1 binding at 30 region
of histone mRNAs.

ALYREF might contribute to SLBP-mediated histone mRNA
processing and export

It has been ~20 years since the initial discovery of SLBP as a factor

promoting histone mRNA 30-end processing by facilitating U7-

snRNP recruitment (Dominski et al, 1999). However, it is still

unclear how SLBP is linked to U7-snRNP recruitment. FLASH,

which interacts with U7-snRNP and facilitates 30-end processing,

has been thought to be the linker (Yang et al, 2009; Burch et al,

2011). However, so far the interaction between SLBP and FLASH

has not been found. Another candidate SLBP-U7 linker is ZFP100

that interacts with both SLBP and Lsm11 (Dominski et al, 2002;

Azzouz et al, 2005; Wagner & Marzluff, 2006). However, mutations

in Lsm11 that inhibit histone mRNA 30-end processing did not influ-

ence its interaction with ZFP100 (Azzouz et al, 2005). Our findings

here that ALYREF directly interacts with both SLBP and U7-snRNP

and facilitates U7-snRNP recruitment suggest that ALYREF contri-

butes to linking SLBP to U7-snRNP. In agreement with this possibil-

ity, depletion of ALYREF results in widespread histone mRNA

processing defects. Further, ALYREF interacts with the C-terminal

region of SLBP that is important for U7-snRNP recruitment (Skrajna

et al, 2017). However, ALYREF has not been identified in the puri-

fied histone mRNA processing complex. Further studies are required

to determine whether ALYREF serves as a key linker for SLBP and

U7-snRNP.

Our data demonstrating that SLBP directly interacts with ALYREF

and facilitates ALYREF recruitment suggest that SLBP promotes

histone mRNA export by recruiting ALYREF. In support of this view,

TREX is required for efficient histone mRNA export. Post-transla-

tional modifications occur to both ALYREF and SLBP (Borchers

et al, 2006; Okada et al, 2008; Hung et al, 2010; Brodersen et al,

2016). It is possible that these modifications could regulate their

interaction and modulate histone mRNA export.

Physical and functional coupling of histone mRNA processing
and export

Our work demonstrates that in mammalian cells, histone mRNA

processing is physically and functionally linked to nuclear export,

and suggests that ALYREF contributes to this linkage. We also

provide evidence that U7-snRNP is important for 30-end processing-

dependent ALYREF recruitment. In addition to SLBP and Lsm11,

ALYREF was found to directly interact with ARS2 and CstF64 (Fan

et al, 2017; Shi et al, 2017), which have been implicated in histone

mRNA processing as well (Gruber et al, 2012; Romeo et al, 2014). It

is possible that these processing factors also contribute to 30-end
processing-dependent ALYREF recruitment.

It has been believed that nuclear export of polyadenylated and

non-polyadenylated mRNAs occurs via TREX and SR proteins,

respectively. Our study suggests that nuclear export machinery is

extensively shared by the polyadenylated and the non-polyadeny-

lated mRNAs. In this vein, SR proteins were recently found to

promote polyadenylated mRNA export (Muller-McNicoll et al,

2016). Although distinct in the 30 end, polyadenylated and non-

polyadenylated mRNAs evolve resembling mechanisms for recruit-

ing ALYREF to the 30 region: polyA/PABPN1-dependent ALYREF

recruitment to polyadenylated mRNAs (Shi et al, 2017) and SL/

SLBP-dependent ALYREF recruitment to non-polyadenylated

histone mRNAs. mRNA export factors have been implicated in the

regulation of 30-end processing of polyadenylated mRNAs (Johnson

et al, 2011; Katahira et al, 2013; Tran et al, 2014). Thus, our work

suggests that 30-end processing regulation by nuclear export factors

is likely a common mechanism for both polyadenylated and

non-polyadenylated mRNAs. This mechanism could be important

to integrate processes in gene expression to obtain precise

regulation.

◀ Figure 6. 30-end processing promotes TREX recruitment and histone mRNA export.

A (Top) Illustration of the reporter constructs. The black and red lines indicate H2AA3-SL and H2AA3-SLD PCR products, respectively. The dashed line indicates the
FISH probe. (Bottom) FISH to detect the distribution of the corresponding mRNA at 2 h after injection of H2AA3-SL and H2AA3-SLD PCR products. C and N indicate
cytoplasmic and nuclear FISH signals, respectively. C/N ratios were determined for 20 cells in each experiment.

B (Top) Illustration of the reporter constructs. The dashed line indicates the FISH probe. FISH to detect mRNA distribution at 24 h after transfection of the H1C-SL-Rb
(cH1C) and H1C-SLD-Rb (pH1C) constructs. C/N ratios were quantified the same as (A).

C Same as (A), except that the PCR products of cG-SL and cG-SLD were used instead. cG, b-globin cDNA.
D, E The H1C-SL-Rb or H1C-SLD-Rb construct, together with VSV M, was co-transfected into HeLa cells, followed by IPs with IgG or the ALYREF antibody at 24 h post-

transfection. The immunoprecipitates were subjected to Western blot analysis to detect ALYREF (D) and to RT–qPCRs to detect RNAs (E). The bars in the graph
show the relative ALYREF IP efficiency, with that for the H1C-SL-Rb mRNA set as “1”.

F The H1C-SLD-Rb construct with wild-type (H1C-SLDWT-Rb) or mutant (H1C-SLDmut-Rb) U7-binding sequence, together with VSV M, was co-transfected into HeLa
cells, followed by IPs with IgG or the ALYREF antibody at 24 h post-transfection. The immunoprecipitates were subjected to Western blot analysis (left panel) and
RT–qPCRs (right panel). The bars in the right graph show the relative ALYREF IP efficiency, with that for the H1C-SLDWT-Rb mRNA set as “1”.

Data information: In (A–C and E–F), error bars represent standard deviations from biological repeats (n = 3). Statistical analysis was performed using Student’s t-test.
*P < 0.05, ***P < 0.001.
Source data are available online for this figure.
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Figure 7. ALYREF ensures histone protein production.

A Western blotting to examine the expression levels of H2B and H4 in Cntl, ALYREF, and ARS2 KD cells. GAPDH was used as a loading control. The white line delineates
the boundary where irrelevant lanes have been removed from the same blot.

B Growth curve of Cntl and ALYREF KD cells. Error bars represent standard deviations from biological repeats (n = 3). Statistical analysis was performed using Student’s
t-test. **P < 0.01.

C Cell cycle analysis of Cntl, ALYREF, and ARS2 KD cells. Quantifications of cells in G0/G1 (1N)-, G2 (2N)-, and S-phase (intermediate) of the cell cycle are shown in the
upper right corner of each histogram.

D Model for ALYREF promoting histone mRNA 30-end processing and nuclear export. See text for details.

Source data are available online for this figure.
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Materials and Methods

RNA extraction and RT–qPCRs

RNA extracted using TRIzol (Invitrogen) was treated with RNase-

free RQ1 DNase I (Promega) to remove genomic DNA. Oligo dT (for

polyA+ RNA only) or the random primer was used for reverse tran-

scription by M-MLV reverse transcriptase (Promega). Quantitative

PCR was carried out using GoTaq Master Mix (Promega) according

to the manufacturer’s instruction. The primers used for PCR are

listed in Appendix Table S1.

PolyA+ and PolyA� RNA preparation

For polyA+ RNA selection, 7.5 lg total RNA was heated to 65°C for

2 min and then placed on ice. The RNA was rotated with oligo

(dT)25 Dynabeads in 10 ll of binding buffer (20 mM Tris at pH 7.5,

1 M LiCl, 2 mM EDTA) for 5 min at room temperature. After two

washes with 20 ll of washing buffer (10 mM Tris at pH 7.5, 0.15 M

LiCl, 1 mM EDTA), polyA+ RNA was eluted from the beads using

10 ll of elution buffer (10 mM Tris at pH 7.5). The supernatant after

the initial binding was further cleaned with two incubations with

the beads and kept as the polyA� RNA.

Protein immunoprecipitations

For each assay, 106 cells were suspended in the lysis buffer (20 mM

Tris–HCl at pH 7.4, 150 mM NaCl, 2 mM EDTA at pH 8.0, 0.1%

Triton, 1 mM DTT, 1 mM PMSF). After sonication and centrifugation,

the lysate was treated with RNase A for 20 min at 30°C, followed by

incubation with antibody-crosslinked beads at 4°C overnight. The

beads were washed four times with the lysis buffer, and proteins

were eluted with sodium dodecyl sulfate (SDS) loading buffer.

RNA immunoprecipitations

RNA immunoprecipitations were performed as previously described

(Fan et al, 2017). Briefly, cells grown on 10-cm dishes were transfected

with the corresponding siRNAs. Seventy-two hours later, cells were

re-suspended in 1 ml of NET-2 buffer (50 mM Tris–HCl at pH 7.4,

150 mM NaCl, 0.1% NP-40, 0.2 mM PMSF), followed by sonication

and centrifugation. The lysates were incubated with antibodies for

2 h, followed by rotation with nProtein A Sepharose (GE) for another

2 h at 4°C. The immunoprecipitates were washed three times with the

NET-2 buffer, followed by Western blot analysis or RNA extraction.

Protein pull-downs

For each pull-down, 8 lg of purified GST- or MBP-tagged proteins

bound to 20 ll of Glutathione Sepharose 4B or Amylose resins was

used. For pull-downs of purified proteins, 8 lg of each protein was

mixed together with protein-bound beads in pull-down buffer

(1 × PBS with 0.1% Triton, 0.2 mM PMSF, 50 ng/ml RNase A and

protease inhibitor). The mixtures were rotated overnight at 4°C, and

beads were washed five times. Proteins were eluted with SDS load-

ing buffer and separated by SDS–PAGE, followed by Coomassie

staining and Western blot analyses. For pull-downs of in vitro trans-

lated proteins, 35S methionine-labeled proteins were produced using

the TNT T7 Quick Coupled Transcription/Translation Kit

(Promega). The translation mix was then incubated with RNase A

to a final concentration of 0.35 ng/ml at 30°C for 20 min. 10 ll of
this reaction mixture was incubated with protein-bound beads. The

rest of the experiment was the same as pull-down of purified

proteins. Proteins pulled down were separated by SDS–PAGE and

visualized by Coomassie staining and autoradiography.

RNA-seq

For polyA+ RNA sequencing, 5 lg of total RNA was used for

polyA+ RNA selection. After selection, the rest of the RNA was

depleted of rRNA and was treated as polyA� RNA. Stranded cDNA

libraries were generated for both polyA+ and polyA� RNA with

TruSeq Stranded Total RNA Sample Prep Kit (Illumina) according to

the manufacturer’s instruction. The libraries were then sequenced

on an Illumina HiSeq 2000 using a single-read protocol of 100 cycles

with v3 chemistry at CAS-MPG Partner Institute for Computational

Biology Omics Core, Shanghai, China.

iCLIP-seq

The iCLIP assay was carried out as previously described, with modi-

fications (Shi et al, 2017). Note that NXF1 iCLIP was carried out in

Flag-NXF1 stable expression cells. Briefly, 1 × 104 cells were irradi-

ated with UV light at 200 mJ/cm2 or 400 mJ/cm2 for ALYREF or

NXF1 iCLIP, respectively. After cell lysis, RNAs were partially frag-

mented using RNase I (2.5 U/ml). IPs with the ALYREF antibody

immobilized on protein A Dynabeads (Life Technologies) or the Flag

antibody immobilized on protein G Dynabeads (Life Technologies).

After extensive washing, immunoprecipitated RNAs were ligated at

the 30 ends to an RNA adapter and radioactively labeled by T4

polynucleotide kinase. The protein–RNA complexes were then

transferred to a nitrocellulose membrane. For iCLIP cDNA library

preparation, fragmented RNAs were purified and reverse-transcribed

with a primer containing a barcode. The resulting cDNAs were puri-

fied by PAGE, circularized by single-stranded DNA ligase (Epicen-

tre), linearized by restriction enzyme cleavage, and amplified by

PCRs. High-throughput sequencing of iCLIP cDNA libraries from

two biological replicates was performed on an Illumina HiSeq X

flow cell with a 150 nt run length.

Further methods can be found in the Appendix Supplementary

Methods. SiRNAs used in this study are listed in Appendix Table S2

and probes used in this study in Appendix Table S3.

Data availability

The data associated with themanuscript are available under accession

numbers GSE117701 (https://www.ncbi.nlm.nih.gov/geo/query/

acc.cgi?acc=GSE117701) and GSE125005 (https://www.ncbi.nlm.

nih.gov/geo/query/acc.cgi?acc=GSE125005).

Expanded View for this article is available online.
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