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The Spt6 SH2 domain binds Ser2-P
RNAPII to direct Iwsl-dependent mRNA
splicing and export
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Spt6 promotes transcription elongation at many genes and functions as a histone H3 chaperone to alter
chromatin structure during transcription. We show here that mammalian Spt6 binds Ser2-phosphorylated
(Ser2P) RNA polymerase II (RNAPII) through a primitive SH2 domain, which recognizes phosphoserine rather
than phosphotyrosine residues. Surprisingly, a point mutation in the Spt6 SH2 domain (R1358K) blocked
binding to RNAPIIo without affecting transcription elongation rates in vitro. However, HIV-1 and c-myc
RNAs formed in cells expressing the mutant Spt6 protein were longer than normal and contained splicing
defects. Ectopic expression of the wild-type, but not mutant, Spt6 SH2 domain, caused bulk poly(A)* RNAs to
be retained in the nucleus, further suggesting a widespread role for Spt6 in mRNA processing or assembly of
export-competent mRNP particles. We cloned the human Spté6-interacting protein, hIws1 (interacts with Spt6),

and found that it associates with the nuclear RNA export factor, REF1/Aly. Depletion of endogenous hIwsl
resulted in mRNA processing defects, lower levels of REF1/Aly at the c-myc gene, and nuclear retention of
bulk HeLa poly(A)* RNAs in vivo. Thus binding of Spt6 to Ser2-P RNAPII provides a cotranscriptional

mechanism to recruit Iws1l, REF1/Aly, and associated mRNA processing, surveillance, and export factors to

responsive genes.
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In eukaryotic cells, transcription elongation is tightly
coupled to RNA polymerase II (RNAPII) phosphoryla-
tion, mRNA processing (5'-end capping, splicing, cleav-
age, and polyadenylation), surveillance, and assembly of
export-competent mRNPs (for recent reviews, see Agui-
lera 2005; Bentley 2005; Sommer and Nehrbass 2005). To
integrate these different steps in gene expression, a sub-
set of protein/histone modification and mRNA process-
ing complexes are loaded directly onto the C-terminal
domain (CTD) of the RNAPII Rpb1 subunit during RNA
elongation. The nascent mRNA then assembles with
RNA-binding proteins to form mRNP particles that can
be efficiently exported out of the nucleus. Any event that
significantly disrupts the formation of functional mRNP
particles leads to nuclear retention of the RNA and can
trigger mRNA decay at the nuclear pore or within the
exosome, a complex of 3'-to-5' exonucleases that de-
grades improperly processed RNAs as part of the mRNA
surveillance pathway (Vasudevan and Peltz 2003; Vinci-
guerra and Stutz 2004; Saguez et al. 2005).

3Corresponding author.
E-MAIL jones@salk.edu; FAX (858) 695-8684.
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.1503107.

In Saccharomyces cerevisiae, mRNA export is linked
to RNAPII transcription elongation through the TREX
(transcription export) complex, which is composed of the
THO subcomplex proteins (Hprl, Tho2, Mtfl, Thp2), the
RNA export factor, REF1/Aly (Yral in yeast), and UAP56
(Sub2 in yeast) (Lei et al. 2001; Strasser and Hurt 2001).
REF1/Aly is recruited cotranscriptionally to nascent
transcripts by UAP56/Sub2 and the THO complex, and
subsequently directs mRNAs to the TAP:NXF1-pl5
(Mex67 in yeast) export receptor at the nuclear pore (Lei
et al. 2001; Luo et al. 2001; Strasser and Hurt 2001; Lei
and Silver 2002; Zenklusen et al. 2002). In mammalian
cells, UAP56 and REF1/Aly associate with the exon
junction complex (EJC), and can be stably deposited onto
spliced RNAs independently of ongoing transcription
(Abruzzi et al. 2004; Masuda et al. 2005). However, splic-
ing is not a prerequisite for mRNA export in mammalian
cells, and factors like REF1/Aly must be recruited co-
transcriptionally to intronless genes. This process may
involve eukaryotic THO complex, which has been sug-
gested to link RNAPII elongation with mRNA process-
ing (Rondon et al. 2003; Rehwinkel et al. 2004; Li et al.
2005). Because eukaryotic cells possess multiple mRNA
export pathways, it is unclear whether splicing-depen-
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dent recruitment is the predominant mechanism(s) by
which export factors are loaded onto nascent transcripts
(for reviews, see Dimaano and Ullman 2004; Aguilera
2005; Reed and Cheng 2005).

Recent studies have examined the mechanisms that
connect RNAPII elongation with later steps in gene ex-
pression. Phosphorylation of the RNAPII CTD at the
Ser5 position occurs upon promoter clearance, concomi-
tant with the loading of elongation factors like Spt6,
FACT/Spt16-Cdc73, the Pafl complex, and enzymes
that mediate histone H3K4 trimethylation (H3K4Me3).
Spt6 functions as a H3:H4 chaperone to alter chromatin
structure (Bortvin and Winston 1996; DeSilva et al. 1998;
Adkins and Tyler 2006) and can act together with FACT,
a histone H2A:2B chaperone, to coordinate the local dis-
assembly and reassembly of nucleosomes during tran-
scription (Orphanides et al. 1998; Belotserkovskaya et al.
2003; Saunders et al. 2003; for review, see Reinberg and
Sims 2006). Loss of Spt6 histone H3-binding activity
leads to increased cryptic intragenic transcription
(Kaplan et al. 2003) and decreased levels of H3K36Me3,
which is normally associated with elongation. Recruit-
ment of Spt6 to responsive genes requires Pafl (Adelman
et al. 2006; Pavri et al. 2006) and the Kismet chromatin
remodeling complex (Srinivasan et al. 2005). Studies in
yeast and flies have shown that Spt6 colocalizes exten-
sively with elongating RNAPII (Andrulis et al. 2000;
Kaplan et al. 2000) and is essential for transcription elon-
gation at many, but not all, genes (for review, see Sims et
al. 2004). In vitro, Spt6 strongly enhances RNAPII elon-
gation rates on nonchromatin templates (Endoh et al.
2004), indicating that it has both chromatin-dependent
and -independent roles in transcription. In yeast, the
Spt6 and Spt5 elongation factors are also required for
pre-mRNA 3’-end processing (Lindstrom et al. 2003;
Kaplan et al. 2005). Yeast Spt6 associates with another
nuclear SPT family member, designated Iwsl (interacts
with Spt6)/SPN1 (Fischbeck et al. 2002; Lindstrom et al.
2003); however, the precise role of Iws1/SPNI1 in tran-
scription is unclear.

Many late events in gene expression including splic-
ing, cleavage/polyadenylation, surveillance, and nuclear
mRNA export also depend on Ser2 phosphorylation of
the RNAPII CTD (Licatalosi et al. 2002; Xiao et al. 2003;
Ahn et al. 2004; Bird et al. 2004; Ni et al. 2004), which is
mediated by the P-TEFb (CycT1:CDK9) kinase (for re-
view, see Peterlin and Price 2006). P-TEFb/CDKO is criti-
cal for transcription elongation at HIV-1 and many, but
not all, regulated genes. The yeast Ser2-specific CTD ki-
nase, Ctkl, is also essential for Set2-mediated
H3K36Me3 during elongation and limits the spread of
H3K4Me3 (Xiao et al. 2003, 2006; Wood et al. 2006). Both
mRNA processing enzymes and the nuclear exosome
RNA degradation complex associate with actively tran-
scribing Ser2-P RNAPII (RNAPIIo) complexes in vivo
(Andrulis et al. 2002). Although the mechanisms that
link mRNA surveillance with elongation are not well
defined, nuclear Spt6 has been shown to associate tightly
with the nuclear exosome subunit, Rrp6 (Andrulis et al.
2002). Moreover, another exosome subunit, hSki8, is an

Spt6 binds Ser2-P RNAPII CTD

integral component of the human Pafl complex (Zhu et
al. 2005). In yeast, mutations in the nuclear exosome and
mRNA 3'-processing factors cause apparent defects in
transcription elongation, which underscores the bidirec-
tional cross-talk between transcription and mRNP bio-
genesis (Luna et al. 2005).

In this study, we report that mammalian RNAPII tran-
scription elongation can be linked to mRNA processing
and export through the Spt6 elongation factor. We show
that the conserved SH2 domain of Spt6 mediates direct,
phospho-specific binding to Ser2-P RNAPII. A point mu-
tant Spt6 protein that is unable to bind RNAPIIo retains
the ability to support transcription elongation; however,
the resulting transcripts contain splicing defects and ac-
cumulate to high levels within the nucleus. Interest-
ingly, similar mRNA processing and nuclear export de-
fects are observed in cells lacking the human Iwsl pro-
tein, a direct binding partner of Spt6. We further show
that human Iws1 associates with the RNA export factor,
REF1/Aly, and facilitates recruitment of REF1/Aly and
the nuclear exosome subunit Rrp6 to Spt6-dependent
genes in vivo. These findings suggest important roles for
Spt6 in nuclear mRNP biogenesis and surveillance, me-
diated through binding to the RNAPIlo CTD.

Results

Spté regulates HIV-1 transcription elongation

Although Spt6 is a well-defined transcription elongation
factor, it was not clear whether it was required for Tat-
regulated transactivation of the HIV-1 promoter. Conse-
quently, we used transient expression and small inter-
fering RNA (siRNA) knockdown experiments to deter-
mine whether Spt6 promotes HIV-1 Tat-mediated
activation of an integrated HIV-1:LacZ reporter gene in
HeLa P4 cells. To avoid any unintended effects of Spt6
on HIV-1 Tat protein expression levels, purified recom-
binant Tat (GST-Tat101) (Fig. 1A, lanes 4-6), or control
GST (Fig. 1A, lanes 1-3) proteins were introduced into
the cells by chloroquine-mediated protein transduction.
Subsequent transient expression of murine Spt6 strongly
enhanced Tat activity in these cells and also modestly
enhanced basal HIV-1 transcription (Fig. 1A). We next
asked whether recombinant Spt6, like Tat, is sufficient
to stimulate RNA elongation from the HIV-1 promoter
in vitro. Addition of purified recombinant murine Spt6
to a HeLa nuclear extract strongly enhanced HIV-1 tran-
scription from nonchromatin templates in run-off ex-
periments that measure RNA elongation (Fig. 1B, top
panel, cf. lanes 1 and 2). In contrast, Spt6 had no effect on
transcription initiation from the HIV-1 promoter, as de-
termined by primer extension analysis of the same RNA
(Fig. 1B, bottom panel, cf. lanes 1 and 2). Immunodeple-
tion of endogenous Spt6 protein from the HeLa nuclear
extract reduced HIV-1 transcription elongation (Fig. 1B,
top panel, cf. lanes 3 and 1), without affecting RNA ini-
tiation (Fig. 1B, bottom panel, cf. lanes 3 and 1), and
RNAPII elongation could be rescued with recombinant
Spt6 (Fig. 1B, top panel, cf. lanes 3 and 4). In side-by-side
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Figure 1. Spt6 binds tightly to Ser2-P RNAPIIL
(A) Spt6 enhances Tat transactivation of an inte-
grated HIV-1:LacZ reporter gene in HeLa P4 cells. A
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B Spt6
of-depleted

HeLa P4 cells were transfected with 5 or 25 ng of
Spt6 vector in the presence or absence of recom-
binant HIV-1 Tatl01, which was introduced to
the cells by chloroquine-mediated protein trans-
duction. (B) In vitro transcription analysis of an
HIV-1 G-less template in untreated (lanes 1,2,5-
8) or Spt6-immunodepleted (lanes 3,4) nuclear
extracts in the presence of recombinant Spt6
(lanes 2,4,7), HIV-1 Tat (lane 6), or both proteins Tat: =
(lane 8). In vitro synthesized RNA was monitored

by run-off (elongation, top panels) or primer ex-

tension (initiation, bottom panels) assays. (C)

Spt6 associates with Ser2-P RNAPII in nuclear c
extracts. Immunoblot analysis of HeLa nuclear

extract (input, lane 1), or fractions immunopre-

cipitated with antisera to Spt6 (lane 3) or with
nonspecific IgG (NS) antisera (lane 2). Antibodies

used for immunoblot are indicated to the Ileft of

each panel. (Top, Lanes 4-13, top) To map the
RNAPIl-interacting domain, transiently ex-

pressed Myc-tagged Spt6 or GAL4-Spt6 proteins

were analyzed for associated Ser2-P RNAPII by
immunoblot. (Lanes 4-13) Input RNAPIIo levels

are shown in the middle panels, and the different

Spt6 protein domains are shown in the bottom

panels. (D, lanes 1-3) Full-length wild-type or

R1358K recombinant His-Spt6 proteins (shown D
in the bottom panel) were coupled to beads, in-

cubated with HeLa nuclear extract, and analyzed

for binding to Ser2P RNAPII or RNAPIIa. A sche-

matic shows the sequence of the murine Spt6

SH2 domain and the location of the R1358K mu-

tation. (E) Far-Western analysis of binding of
wild-type (wt) or R1358K mutant (mt) GST-Spt6

proteins (amino acids 1162-1726) to immunopre-

cipitated HeLa Ser2-P RNAPII (H5, lanes 4,8) or

total RNAPII (N20, lanes 3,7). Binding of the E
GST-Spt6 proteins to the immunoprecipitated

Ser2-P or total RNAPII complexes was visualized

by incubating the membrane with glutathione-
horseradish peroxidase (Glut-HRP). The panel at

the right shows a Coomassie stain of the wild-

type and mutant GST-Spt6 proteins used to

probe the blot.
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comparisons, either Tat (Fig. 1B, lane 6), Spt6 (Fig. 1B,
lane 7), or both proteins (Fig. 1B, lane 8), strongly en-
hanced HIV-1 RNA elongation without affecting initia-
tion (Fig. 1B, bottom panel, lanes 5-8). Pulse-chase ex-
periments with paused early elongation complexes
(EECs) further indicated that Spt6 enhances RNAPII
elongation rates on nonchromatin HIV-1 templates in
vitro (Supplementary Fig. S1A). Thus, Spt6 cooperates
strongly with Tat to induce HIV-1 transcription in vivo
and in vitro.

Spt6 and Ser2-P RNAPII associate tightly in
nuclear extracts

Although Spt6 has been shown to colocalize extensively
with elongating RNAPII transcription complexes in vivo
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(Andrulis et al. 2000; Kaplan et al. 2000), it is not known
whether it binds RNAPII directly. To investigate this
question, we generated antisera to human Spt6 and
asked whether it associates with endogenous RNAPII in
our transcription extracts. Interestingly, human Spt6 co-
immunoprecipitated strongly with hyperphosphorylated
RNAPIIo complexes (Fig. 1C, top panel, lane 3) that are
enriched for Ser2-P RNAPII (Fig. 1C, lane 3). In contrast,
Spt6 did not associate with Spt5/DSIF (Fig. 1C) or FACT/
Sptl6 (data not shown), indicating that these binding
conditions are quite specific. To map the region of Spt6
that mediates binding to RNAPIIo, wild-type and mu-
tant Myc- or GAL4-tagged Spt6 proteins were transiently
expressed in 293T cells and analyzed for associated
RNAPIIo by immunoblot (Fig. 1C, lanes 4-13). We noted
that Ser2-P RNAPIlo bound efficiently to several
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C-terminal fragments of Spt6 that contain the SH2 do-
main (Fig. 1C, lanes 10-12), but did not recognize an
overlapping fragment that lacks the SH2 domain (Fig.
1C, lane 13).

To determine whether the Spt6 SH2 domain directly
binds RNAPIIo, we generated a mutant Spt6 protein in
which an invariant arginine in the SH2 phospho-amino
acid-binding motif (Fig. 1D; Pawson 2004) was replaced
with a lysine residue (R1358K). Full-length wild-type and
R1358K murine His-Spt6 proteins were then purified,
coupled to beads, and analyzed for their ability to bind
nuclear RNAPIIo in pulldown experiments. Remarkably,
wild-type Spt6, but not the R1358K mutant, bound effi-
ciently to native Ser2-P RNAPII in the extract (Fig. 1D,
top panel, cf. lanes 2 and 3). In contrast, neither Spt6
protein associated with hypophosphorylated RNAPII
(RNAPIIa). Immunoblots confirmed that equivalent lev-
els of wild-type and mutant His-Spt6 proteins were used
(Fig. 1D, bottom panel). To assess whether the interac-
tion is direct, we expressed and purified wild-type and
R1358K GST-Spt6 SH2 proteins and analyzed their abil-
ity to recognize the RNAPIIo Rpbl subunit in a Far-
Western blot. In these experiments, Ser2-P (H5 antibody)
or total (N20 antibody) RNAPII immunoprecipitates
were resolved by SDS-PAGE, transferred to a nitrocellu-
lose membrane, and probed with recombinant wild-type
or R1358K mutant GST-Spt6 SH2 domain proteins.
Binding of the GST-Spt6 SH2 domain was visualized by
chemiluminescence following incubation of the filter
with glutathione-coupled horseradish peroxidase (Glut-
HRP). As shown in Figure 1E, the wild-type (lane 4), but
not R1358K mutant (lane 8), murine GST-Spt6 SH2 do-
main protein bound selectively to the endogenous HeLa
Ser2-P Rpb1 subunit, as evidenced by Glut-HRP reactiv-
ity of the RNAPIIo (H5), but not RNAPII (N20), immu-
noprecipitates. Taken together, these data indicate that
Spt6 selectively binds to RNAPIIo through its conserved
SH2 domain.

The SH2 domain of Spté6 interacts directly
with the Ser2-P RNAPII CTD in vitro

To assess the phospho-specificity of the Spt6:RNAPIIo
interaction, both GST-pulldown and Far-Western blot
experiments were used to evaluate the binding of recom-
binant murine Spt6 to affinity-purified HeLa RNAPII or
to the recombinant GST-CTD protein. Far-Western blot
analysis revealed that the Spt6 SH2 domain fragment
binds selectively to the highly phosphorylated Rpb1 sub-
unit (Fig. 2A, lane 6), which is a relatively minor species
in the purified HeLa RNAPII fraction (Fig. 2A, lane 3,
silver stain). Binding of Spt6 was effectively blocked
when the RNAPII fraction was incubated with the CTD
phosphatase, FCP1a (Fig. 2A, cf. lanes 6 and 7; Mandal et
al. 2002), indicating that Spt6 binds specifically to the
hyperphosphorylated RNAPII CTD.

To further examine the specificity of this interaction,
the purified RNAPII complex was phosphorylated in
vitro with the Ser2-P-specific CTD kinase, P-TEFb

Spt6 binds Ser2-P RNAPII CTD

(CycT1:CDKY9), and binding to the GST-Spt6 SH2 do-
main protein was analyzed using GST-pulldown experi-
ments. Incubation of the purified RNAPII fraction with
baculovirus-expressed P-TEFb strongly increased Ser2
phosphorylation in vitro (Fig. 2B, cf. lanes 1 and 2), and
significantly enhanced binding to the wild-type (Fig. 2B,
cf. lanes 3 and 4), but not R1358K mutant (Fig. 2B, lane
5) GST-Spt6 SH2 proteins. Incubation of purified
RNAPII with FCP1a converted most of the Rpb1 subunit
to the hypophosphorylated RNAPIIa species (Fig. 2B, cf.
lanes 6 and 7), and eliminated binding to GST-Spt6 (Fig.
2B, cf. lanes 8 and 9). Incubation of the FCPla-treated
core RNAPII with recombinant P-TEFb restored Ser2
phosphorylation (Fig. 2B, lanes 10,11) as well as binding
of the wild-type (Fig. 2B, cf. lanes 12 and 14), but not the
mutant (Fig. 2B, lane 13), GST-Spt6 proteins. Interest-
ingly, the GST-Spt6 SH2 domain protein did not recog-
nize RNAPII complexes phosphorylated in vitro with the
c-Abl tyrosine kinase (Baskaran et al. 1997), which pre-
sumably targets Tyrl in the heptad repeats, in either the
GST pulldown or Far-Western assays (Fig. 2C, lanes 6,9,
respectively). Similarly, Spt6 did not bind to RNAPII
complexes phosphorylated by TFIIH/CDK7, a Ser5-spe-
cific CTD kinase, in vitro (Supplementary Fig. S1B), in-
dicating that Spt6 recognizes the RNAPII CTD in a Ser2
phospho-specific manner.

To confirm that Spt6 binds directly to the RNAPII
CTD, the binding studies were repeated using a recom-
binant GST-CTD protein. Far-Western blots indicated
that the GST-Spt6 SH2 domain binds avidly to P-TEFb-/
Ser2-, but not c-Abl-/Tyrl-phosphorylated GST-CTD
(Fig. 2D, cf. lanes 5 and 6). As observed with the native
RNAPII, Spt6 did not recognize the bulk of intermediate-
phosphorylated GST-CTD proteins in the P-TEFb-phos-
phorylated mixture, but rather selectively bound to a
highly phosphorylated form of the protein (Fig. 2D, lane
2, cf. top and bottom panels). Collectively, these data
indicate that Spt6 preferentially binds the heavily phos-
phorylated Ser2-P RNAPII CTD, in vivo and in vitro.

Transcripts formed in the presence of Spt6 R1358K
contain splicing defects

To assess whether binding of Spt6 to the Ser2-P RNAPII
CTD is required for transcription, we tested the ability of
the recombinant R1358K Spt6 proteins to stimulate
transcription elongation of the HIV-1 template in vitro.
As shown in Figure 3A, the mutant Spt6 protein was as
active as wild-type Spt6, both in run-off transcription
experiments (cf. lanes 24 and 5-7) as well as in pulse-
chase experiments that examine the transcription rate of
preassembled EECs (cf. lanes 9,10 and 11,12) on the
HIV-1 template.

To test the activity of the mutant R1358K Spt6 protein
in vivo, HeLa P4 cells were first treated with Spt6-siRNA
to knockdown the endogenous Spt6 protein. Depletion
of the native Spt6 protein caused a dramatic loss of HIV-
1:LacZ transcription by Flag-Tat101 (Fig. 3B, cf. lanes 4
and 5). In contrast, loss of Spt6 levels did not affect
GAPDH RNA levels (Fig. 3B, bottom panel, cf. lanes 4
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and 5), indicating that Spt6 is not essential for the ex-
pression of all cellular genes. Neither HIV-1:LacZ nor
GAPDH RNA levels were affected in cells expressing a
nonsilencing siRNA (si-con) (Fig. 3B, lane 4), indicating
that these effects are specific to Spt6. The striking loss of
stable HIV-1 RNA was unexpected, given that depletion
of Pafl, which recruits Spt6 (Adelman et al. 2006), has a
much more modest and transient effect on the expres-
sion of the RARRB 2 or fly HSP70 genes in vivo (Adelman
et al. 2006; Pavri et al. 2006). Nevertheless, Spt6 strongly
contributes to HIV-1 gene transcription, perhaps due to
the mechanism of Tat and P-TEFb-regulated transcrip-
tion elongation. To evaluate the activity of the R1358K
mutant Spt6 protein, Spt6-siRNA-treated HeLa P4 cells
were cotransfected with vectors that express Flag-Tat101
and the murine (siRNA-resistant) wild-type or R1358K
Spt6 proteins, and transcription of the integrated HIV-
1:LacZ reporter gene was monitored by Northern blot.
Interestingly, HIV-1:LacZ RNA levels were comparable
in cells expressing the wild-type or R1358K mutant Spt6
proteins (Fig. 3B, cf. lanes 6 and 7), indicating that the
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mutant Spt6 protein was not impaired for transcription
elongation in vivo. However, the HIV-1:LacZ transcripts
produced in the presence of the R1358K Spt6 protein
were larger and migrated more slowly than those in nor-
mal cells (Fig. 3B, cf. lanes 6 and 7), which suggested that
these mRNAs contain processing defects.

As indicated in the schematic diagram, the HIV-
1:LacZ gene contains a single 3'-splice site and two pos-
sible polyadenylation sites (A’, A). To test for splicing
defects, total HIV-1:LacZ RNA was annealed to a probe
within the 3’ intron of the HIV-1:LacZ gene and analyzed
by means of RNase protection assay (RPA) (Supplemen-
tal Material). As shown in Figure 3B, relatively high lev-
els of unspliced transcripts accumulated in cells express-
ing the R1358K Spt6 protein (cf. lanes 8 and 9). To ana-
lyze the HIV-1:LacZ transcripts in greater detail, the 3’
ends of the mRNAs were amplified by RT-PCR using
oligo-dT anchor and LacZ-specific primers, and the am-
plified products were subcloned and sequenced (Supple-
mental Material). Expression of the mutant Spt6 protein
strongly enhanced the use of a premature polyadenyla-
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elongation in vitro. Reactions contained 10 ng (lanes
2,5), 25 ng (lanes 3,6), or 50 ng (lanes 4,7) of wild-type
(lanes 2-4) or mutant (lanes 5-7) Spt6 protein. The rate
of transcription elongation by recombinant full-length
wild-type (lane 10) or R1358K mutant Spt6 (lane 12) was
analyzed by pulse-chase analysis of isolated EECs (lane
8). (Lanes 9,11) Where indicated, the HIV-1 EEC was
End - incubated with 100 ng of wild-type Spt6, R1358K Spt6,
or GST control, and transcripts were extended follow-
ing a chase with excess ribonucleotides. (B) siRNA-me-
diated depletion of endogenous Spt6 blocks transcrip-
tion of the integrated HIV-1 reporter gene in HeLa P4
cells. Cells treated with control (si-con) or Spt6 (si-Spt6)
siRNAs for 84 h were analyzed by immunoblot (lanes
1,2), or by Northern blot for expression of HIV-1:LacZ
or GAPDH RNA (lanes 3-5). The bottom panels show
Northern blot analyses of HIV-1:LacZ transcripts in
HeLa P4 cells expressing siRNA-resistant wild-type
(lane 6) or R1358K mutant (lane 7) Spt6 proteins. In this
experiment, cells were first treated with an Spt6-siRNA
to deplete endogenous Spt6, and HIV-1 transcription
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was induced by cotransfection with an HIV-1 Tat ex-
pression construct. Levels of spliced and unspliced HIV-
1:LacZ transcripts were assessed by RPA (lanes 8,9) and
RT-PCR (lanes 10,11). (Bottom panel) Quantitative
RT-PCR using primers within the exon in HIV-1:LacZ
served as an RNA input control. The schematic dia-

gram depicts the integrated HIV-1:LacZ gene in HeLa P4 cells. The HIV-1:LacZ transcripts were amplified using LacZ gene-specific
(arrow) and a oligo-dT anchor primers. (S) Spliced transcripts; (US) unspliced transcripts; (A) major polyadenylation sites; (A') prema-

ture polyadenylation sites; (E) Northern probes; (RPA) RPA probes.

tion site (US-A’) (Fig. 3B, lane 9). Consistent with the
Northern and RPA data, a strong increase in unspliced
HIV-1:LacZ RNA (both US-A and US-A’) was observed in
cells expressing the mutant R1358K Spt6 protein (Fig.
3B, cf. lanes 10 and 11), along with lower levels of cor-
rectly spliced HIV-1:LacZ RNAs (S-A). Quantitative RT-
PCR using primers within the exon (E) ensured that iden-
tical amounts of mRNA were analyzed in each reaction
(Fig. 3B, exon panel, lanes 10,11). Thus, these data indi-
cate that transcripts with splicing defects accumulate in
cells expressing the R1358K mutant Spt6 protein. We
cannot exclude that these transcripts may also contain
polyadenylation or termination defects, which could
contribute to the use of the upstream polyadenylation
site.

Characterization of the human Iws1 protein

In yeast, Spt6 associates with Iws1/SPN1 (FLJ10006), an
essential protein of largely unknown function (Fischbeck
et al. 2002; Lindstrom et al. 2003). To characterize the
mammalian Iwsl protein, we isolated a full-length hu-
man Iwsl ¢cDNA from HeLa total RNA that encodes an
819-amino-acid protein from a 3 kB mRNA (Fig. 4A, lane
2). The predicted human Iwsl is much larger than its
yeast ortholog, but contains a homologous 262-amino-
acid domain at the C terminus (Fig. 4A, see schematic at

the bottom). A fragment of hIwsl spanning the con-
served region (amino acids 523-819) was expressed as a
bacterial His-tagged protein and used to generate rabbit
polyclonal antisera. The anti-Iws1 antisera recognized a
140-kDa protein in immunoblots of HeLa nuclear ex-
tracts as well as the ectopically expressed Iwsl protein
(Fig. 4A, lanes 3,4), and immunoblots confirmed that
hIws]1 is a nuclear protein (Fig. 4A, cf. lanes 6 and 7).
To examine whether hIwsl is required for the accu-
mulation or processing of HIV-1:LacZ transcripts, HeLa
P4 cells were treated with Iwsl-siRNAs or control
siRNAs, and HIV-1 RNAs were analyzed by Northern
blot. The specificity and efficiency of the knockdown
was confirmed by immunoblot (Fig. 4B, cf. lanes 1 and 2).
Ongoing transcription was blocked by treating the cells
with ActD, which allowed us to examine the stability of
HIV-1:LacZ transcripts in the presence or absence of
hIwsl (Fig. 4B). Unlike Spt6, Iwsl was not required for
the accumulation of stable HIV-1:LacZ RNAs. However,
the viral transcripts produced in the absence of hIwsl
(Fig. 4B, lanes 9-14) were larger and migrated more
slowly than RNAs synthesized in control siRNA-treated
cells (Fig. 4B, lanes 3-8). The aberrant HIV-1:LacZ tran-
scripts were somewhat more stable and persisted longer
in the presence of ActD (Fig. 4B). RT-PCR analysis indi-
cated that unspliced polyadenylated (US-A) and prema-
turely polyadenylated (US-A’) HIV-1:LacZ transcripts
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predominate in cells depleted of hIwsl (Fig. 4B, cf. lanes
15 and 16). Thus, these data indicate that hIwsl is not
required for elongation of HIV-1 transcription in vivo,
and we also found that recombinant hIws] has no effect
on basal or HIV-1 Tat-induced transcription of nonchro-
matin HIV-1 templates in vitro (data not shown). Thus,
we were unable to detect an elongation defect in cells
lacking hIws1; however, transcription of Spt6-dependent
genes yielded mRNA processing defects similar to those
seen in cells expressing the R1358K mutant Spt6 protein.

Human Iws1 interacts directly with Spté
and the REF1/Aly mRNA export factor

The yeast Iwsl/SPN1 shows strong genetic and bio-
chemical interactions with Spt6, but the interacting re-
gions have not been identified. Consequently, the inter-
acting domains of mammalian Iwsl and Spt6 were
mapped using GST pulldown experiments with HeLa
nuclear extract and purified recombinant factors. Immu-
noblot analysis of the GST-pulldown reactions revealed
that the N-terminal region of murine Spt6 (GST-Spt6,
amino acids 1-485) (Fig. 5A, lane 3) interacts with Twsl,
whereas RNAPIIo interacts with the C-terminal SH2 do-
main fragment (amino acids 1162-1726) (Fig. 5A, lane 5).
No binding was observed to RNAPIIa or Spt5, or the
Rrp6 in this experiment, indicating that the binding con-
ditions are specific. In reciprocal pulldown experiments
using different GST-Iws1 proteins, endogenous Spt6é and
RNAPIIo bound avidly to the conserved CTD of hIwsl
(amino acids 523-819) (Fig. 5A, lane 8). As expected, the
GST-Iwsl (amino acids 523-819) protein did not associ-
ate with RNAPIIa or Spt5. Competition experiments fur-
ther suggested that the binding of hIwsl to RNAPII is
indirect and mediated through Spt6 (Supplementary Fig.
S1Q).

The observation that depletion of hIwsl, or mutation
of Spt6, gives rise to mRINA processing defects suggested
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to us that these factors may associate with THO or Pafl
complexes, which have been implicated to couple
RNAPII elongation to mRNA processing and export. Al-
though neither Spt6 nor hiwsl associated with Pafl or
with the human THO/TREX subunits, Thocl or Thoc2,
we noted that both GST-Spt6 (amino acids 1-485) and
GST-Iwsl (amino acids 523-819) interacted strongly
with the RNA export adaptor protein, REF1/Aly (Fig. 5B,
lanes 3,6). Moreover, both hIwsl and REF1/Aly recog-
nize the same region of Spt6 (amino acids 1-485), sug-
gesting that Spt6 recognizes REF1/Aly indirectly,
through Iwsl. In contrast, hIwsl appears to contain dis-
tinct binding sites for Spt6 (Fig. 5C, lane 3) and REF1/Aly
(Fig. 5C, lane 4). Reciprocal GST-pulldown experiments
showed that GST-Aly strongly associates with hIwsl,
but not with Spt6 (Fig. 5C, lane 8), in HeLa nuclear ex-
tracts. Interestingly, GST-REF1/Aly did not interact
with nuclear Thocl or Thoc2 under the stringent condi-
tions used in these assays, whereas both of these THO
complex subunits bound avidly to the GST-UAP56 beads
(Fig. 5C, lane 9). Although Spt6 colocalizes in vivo with
the nuclear exosome subunit Rrp6 (Andrulis et al. 2002),
Spt6 did not bind Rrp6 in our pulldown experiments (Fig.
5B, lanes 4-8), indicating that this association is not di-
rect. However, low levels of nuclear Rrp6 were recovered
in pulldown experiments with GST-Iws1 beads (Fig. 5C,
bottom panel, lanes 4,5) and significantly higher levels
were recovered with GST-REF1/Aly beads (Fig. 5C, lane
8), indicating that REF1/Aly may bridge the association
between Spt6 and Rrp6 in vivo.

To determine whether hIwsl interacts directly with
Spt6 and REF1/Aly, the recombinant proteins and puta-
tive interacting domains were purified and tested in GST
pulldown experiments in vitro. These studies showed
that the N-terminal half of mSpt6 (His-Spt6, amino acids
1-916) interacts with hlwsl (amino acids 523-819) (Fig.
5D, lane 4), but not with the GST control (Fig. 5D, lane
3). In contrast, the C-terminal half of Spt6, which in-
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cludes the SH2 domain, did not recognize Iws1 (Fig. 5D,
lane 5), indicating that Spt6 has distinct binding sites for
RNAPIIo and Iwsl. Moreover, recombinant hIws1 (His-
Iwsl, amino acids 523-819) bound tightly to GST-Aly
(Fig. 5D, lane 9), but did not recognize the GST (Fig. 5D,
lane 7) or GST-UAP56 (Fig. 5D, lane 8) proteins. We con-
clude that Iwsl interacts directly with Spt6 and REF1/
Aly, both in vivo and in vitro.

Nuclear retention of bulk poly(A)* RNAs in cells
depleted of hIws1

The observation that Iwsl affects mRNA processing of
HIV-1 transcripts, and interacts with the REF1/Aly
nuclear mRNA export factor led us to ask whether global
polyadenylated RNAs accumulate in the nucleus in cells
lacking endogenous Iwsl protein. To address this ques-
tion, HeLa cells were transfected with hIwsl-siRNA to
deplete endogenous hlwsl, as assessed by immunoblot
(Fig. 6A), and cellular RNA trafficking was analyzed by
fluorescent in situ hybridization (RNA-FISH), using an
oligo(dT) probe to detect endogenous polyadenylated
RNA. To reduce the RNA signal from ongoing transcrip-
tion, cells were treated with ActD for 2 h prior to analy-
sis by RNA-FISH. Interestingly, higher levels of poly(A)*
RNA were detected in the nuclei of Iws1-siRNA-express-
ing cells as compared with the nuclei of control siRNA-
treated cells [Fig. 6A, poly(A) RNA panels]. The panels at
the far right in Figure 6A show the accumulation of
poly(A)" RNA in Iwsl-siRNA-expressing cells at higher

or GST-Iwsl (amino acids 523-819; lanes 4,5)
beads, and binding was assessed by immunoblot.
For the right panel, His-Iwsl (amino acids 523—
819) protein was incubated with GST (lane 7),
GST-UAP56 (lane 8), and GST-Aly (lane 9) beads,
and binding was examined by immunoblot.

resolution. Immunoblot analysis confirmed that ActD
induces a similar decline in global Ser2-phosphorylated
(Ser2P) RNAPII levels in cells expressing either the con-
trol- or the hlwsl-specific siRNAs (data not shown).
Thus, these data indicate that hIwsl is required for effi-
cient mRNP assembly or export.

For comparison, the magnitude of the nuclear mRNA
accumulation defect was analyzed in cells lacking
UAP56, a putative RNA helicase required for global
mRNA export. As shown in Figure 6B, siRNA-mediated
depletion of either hIwsl or UAP56 in HeLa cells in-
duced poly(A)* RNAs to accumulate in the nucleus, as
visualized by RNA-FISH. However, loss of Iwsl did not
significantly impair the activity of an intronless HIV-
I:luciferase reporter gene at 48-h post-transfection (data
not shown), indicating that the HIV-1 transcripts pro-
duced in these cells are eventually exported and trans-
lated. To examine the kinetics of expression of the Tat-
dependent HIV-1:luciferase gene reporter, luminescence
was monitored in real time at 10-min intervals over a
22-h period in HeLa cells expressing either hlwsl-
siRNAs or UAP56-siRNAs. As shown in the graph in
Figure 6B, the maximum rate of luciferase gene expres-
sion was significantly reduced in cells lacking hIwsl1, as
compared with cells expressing a control siRNA. In con-
trast, very little luciferase activity was detected in cells
depleted of UAP56 during this time interval. Although
hIwsl is not essential for mRNA export and translation,
as is UAP56, these data indicate that it is nevertheless
broadly required for efficient mRNA processing or
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Figure 6. Depletion of endogenous hiwsl im-
pairs export of bulk polyadenylated mRNAs. (A)
Hela cells were transfected with control or
hIws1-siRNAs and analyzed by immunoblot
(lanes 1,2), immunofluorescence microscopy
(DAPI stain), or RNA-FISH to detect poly(A)*
RNAs, as indicated. Cells were either untreated
(top panels) or treated with ActD (5 ng/mL) for 2
h (bottom panels) prior to RNA-FISH. The panels
on the far right show the fixed nuclei at higher
magnification. Bar, 10 um. (B) HeLa cells were
transfected with si-control, si-Iwsl, or si-UAP56,
and analyzed by immunoblot (lanes 1-3) or by
RNA-FISH for poly(A)* RNAs (bottom panels).
Cells were treated with ActD for 1 h prior to
RNA-FISH. Graph at the far right compares the
rate of expression of an HIV-1:luciferase reporter
gene in Tat-expressing HeLa cells treated with
control-, Iwsl-, or UAP56-specific siRNAs. Lu-
ciferase levels were measured by luminescence
in counts per second over a 22-h time period. (C)
Overexpression of the GAL4-Spt6 SH2 domain
blocks the nuclear export of poly(A)* RNAs in
HeLa cells. (Lanes 1-3) Transiently expressed
wild-type or mutant GAL4-Spt6 SH2 domain
proteins were immunoprecipitated with an anti-
GAL4 antibody, and binding to RNAPIIo was de-
termined by immunoblot. The panels show
RNA-FISH analysis of HeLa cells transfected
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nuclear export of many polyadenylated RNAs. In addi-
tion, transcripts formed in cells lacking Iwsl may be
more stable and accumulate to higher levels in the nucleus
as a result of impaired transport to the cytoplasm.

To assess whether binding of Spt6 to the Ser2-P
RNAPII is similarly required for optimal export of poly-
adenylated RNAs, we examined the levels of nuclear
poly(A)" RNA in cells expressing high levels of the
GAL4-Spt6 SH2 domain (amino acids 917-1726). As ex-
pected, endogenous RNAPIIo efficiently coimmunopre-
cipitated with the wild-type, but not R1358K mutant,
GAL4-Spt6 proteins (Fig. 6C, cf. lanes 2 and 3). To deter-
mine whether the GAL4-Spt6 SH2 domain affects
nuclear RNA levels, cells were treated with ActD to
block ongoing transcription, and nuclear poly(A)* tran-
scripts were analyzed by RNA-FISH. As shown in Figure
6C, poly(A)* RNAs accumulated to high levels in HeLa
nuclei expressing the wild-type GAL4-Spt6-SH2 protein
as determined by costaining with anti-GAL4 antibody,
as compared with neighboring untransfected cells (Fig.
6C, top, right panel). In contrast, the distribution of
poly(A)* RNAs in cells expressing the GAL4-Spt6
R1358K mutant (amino acids 917-1726) protein, was in-
distinguishable from that observed in untransfected cells
(Fig. 6C, bottom right panel). We conclude that the
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GAL4-Spt6 SH2 domain protein effectively competes
with the endogenous Spt6 protein for binding to
RNAPIIo, and disrupts the timely nuclear export of bulk
poly(A)* RNAs in vivo.

hIws1 facilitates recruitment of REF1/Aly and Rrp6
to Spt6-responsive genes in vivo

Based on these findings, we speculated that hIwsl might
help recruit REF1/Aly to Spt6-responsive genes. Al-
though Spt6 is critical for Tat-regulated HIV-1 transcrip-
tion, it is not essential for expression of all RNAPII
genes, and may be most important for genes regulated at
the level of RNAPII elongation. As shown in Figure 7A,
we determined that transcription of the endogenous hu-
man c-myc gene is highly impaired in 293T cells treated
with Spt6-siRNA (lane 2), indicating that c-myc tran-
scription requires Spt6. Moreover, RT-PCR analysis re-
vealed that unspliced c-myc mRNAs accumulate in cells
depleted of endogenous hlwsl protein (Fig. 7A, cf. lanes
3 and 4) by RNA interference (RNAi), or in cells that
overexpress the R1358K Spt6 mutant protein (Fig. 7A, cf.
lanes 5 and 6). Immunoblots confirmed specific deple-
tion of hIwsl protein in cells treated with Iwsl-siRNA
(see Fig. 6A). Chromatin immunoprecipitation (ChIP) ex-
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periments at the endogenous active c-myc gene in 293T
cells revealed a strong decline in hIwsl levels, both at
the promoter and within exon 2, in cells treated with the
Iwsl-siRNA, whereas levels of RNAPII, Spt6, or FACT
were unaffected (Fig. 7B). Interestingly, cells treated with
the Iws1-siRNA contained significantly reduced levels of
REF1/Aly within the c-myc exon2 region, and an appar-
ent decline in levels of exon-associated Rrp6 as well.
Immunoblots confirmed that neither REF1/Aly nor Rrp6
protein levels were reduced in lysates from cells express-
ing the Iwsl-siRNA (data not shown). Thus, these data
indicate that binding of Spt6 to the RNAPIIo CTD may
facilitate the recruitment of hIwsl, REF1/Aly, and asso-
ciated mRNA splicing, surveillance, or export factors to
active transcription complexes, as illustrated in the
schematic shown in Figure 7C.

Discussion

In this study, we show that the Spt6 elongation factor
(Kaplan et al. 2000) binds with high affinity and speci-
ficity to the Ser2-P RNAPII CTD in vivo and in vitro.
Spt6 promotes transcription elongation at many, but not

enhancer promoter

Rrp6

enhancer promoter

exon2

Figure 7. The hIwsl protein recruits REF1/Aly to
the c-myc gene in vivo. (A) RT-PCR analysis of
c-myc mRNA levels in 293T cells expressing con-
trol siRNA (lanes 1,3), Spt6-siRNA (lane 2), hIws1-
siRNA (lane 4), or the mutant R1358K Spt6 protein
(lane 6). The schematic shows RT-PCR products
of spliced (S), unspliced (US), and total (E3) c-myc
mRNA. (B) ChIP analysis of the c-myc gene in
293T cells treated with control or hIws1-siRNAs.
Chromatin was immunoprecipitated with the in-
dicated antisera and analyzed by Q-PCR using
primers specific for the enhancer, promoter, or sec-
ond exon of the human c-myc gene. (C) Working
model depicting the association of hlwsl with
Spt6 bound to the Ser2-P RNAPII CTD. Our data
indicate that this complex is required to facilitate
steps required for proper mRNA processing and ex-
port, and may also serve to recruit REF1/Aly to
Spt6-dependent genes.

exon2

all, RNAPII genes, and interacts with histone H3
(Bortvin and Winston 1996) to facilitate nucleosome dis-
assembly in conjunction with the FACT complex
(Kaplan et al. 2003; Saunders et al. 2003; for review, see
Reinberg and Sims 2006). Mutations that prevent bind-
ing of Spt6 to histone H3 severely disrupt the repressive
chromatin structure at promoters and bypass the need
for transcriptional activators (Adkins and Tyler 2006),
resulting in high levels of spurious intragenic transcrip-
tion (Kaplan et al. 2003). The role of Spt6 as a histone
H3:H4 chaperone also likely contributes to its role in
elongation-associated trimethylation of histone H3K36
(Xiao et al. 2003; Kizer et al. 2005). In addition, Spt6
connects RNAPII elongation with mRNA surveillance
through its association with Rrp6 (Andrulis et al. 2002),
a subunit of the nuclear exosome. Interestingly, we find
that Spt6 is essential for Tat-regulated HIV-1 and c-myc
gene transcription in vivo, but is not required for expres-
sion of other genes (e.g., B-actin, GAPDH). Similarly,
Spt6 strongly enhances HIV-1 transcription elongation
in vitro, but has only a minimal effect on the adenovirus
major late promoter (data not shown). Thus, the role of
Spt6 in transcription elongation is gene specific. Our
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findings indicate that after recruitment, Spt6 is eventu-
ally transferred to the Ser2P RNAPII CTD and functions
there to coordinate elongation with later steps in gene
expression, including mRNA processing, surveillance,
and assembly of mRNP export complexes.

Spté6 is a Ser2-specific RNAPII CTD-binding protein

In vitro, Spt6 binds with strict specificity to Ser2-P (P-
TEFb-phosphorylated) RNAPII, and does not recognize
RNAPII complexes phosphorylated by the CDK7/TFIIH
(Ser5-specific) or c-Abl (Tyrl-specific) CTD kinases (Fig.
2). Surprisingly, this Ser2-P-specific binding to the CTD
is mediated by the highly conserved SH2 domain of Spt6,
and a conservative point mutation (R1358K) within the
Spt6 SH2 phospho-amino acid-binding pocket eliminates
binding to RNAPIIo in vivo and in vitro. Interestingly,
the Spt6 SH2 domain of the protein is the only SH2 do-
main in yeast (Maclennan and Shaw 1993), indicating
that it originally evolved to recognize phosphoserine,
rather than phosphotyrosine, protein substrates. Indeed,
several examples of non-phosphotyrosine-binding mam-
malian SH2 domains have been reported, which may
turn out to bind phosphoserine substrates as well. Thus,
it will be important to identify the structural features of
SH2 domains that specify binding to Ser-phosphorylated
rather than Tyr-phosphorylated targets. Moreover, it
would be interesting to learn whether the Spt6 SH2 do-
main could be engineered to bind phosphotyrosine CTD
substrates, which could provide a useful reagent for
monitoring P-Tyr RNAPII complexes in vivo.

In Far-Western binding experiments, Spt6 recognizes a
highly phosphorylated form of the RNAPII CTD, despite
the fact that this is a minor species in the in vitro P-TEFb
phosphorylation reaction. Thus Spt6 may bind preferen-
tially to the extended conformation of the highly phos-
phorylated RNAPII CTD (Meinhart et al. 2005), or it may
need to recognize multiple phosphoheptad repeats. Our
preliminary data indicate that Spt6 cannot bind a single
CTD repeat (S. Yoh, unpubl.), and further studies are
needed to determine whether it binds multiple repeats
through an induced fit mechanism, as observed for cer-
tain CTD-interacting proteins, like Set2 (Meinhart and
Cramer 2004).

The Spt6 SH2 domain is unique among the various
types of protein interaction motifs that have been shown
to interact directly with the RNAPII CTD. For example,
the Pcfl1 3’-processing/transcription termination factor
specifically binds Ser2-P RNAPII through a CTD inter-
action domain (CID) (Licatalosi et al. 2002; Meinhart and
Cramer 2004), whereas the Set2 histone methyltransfer-
ase, which mediates H3K36 trimethylation during elon-
gation, contains a novel SRI domain that binds to tan-
dem heptad repeats that are doubly phosphorylated at
the Ser2 and Ser5 positions (Kizer et al. 2005). Given that
the CTD phosphorylation pattern can vary widely
among the different imperfect heptad repeats, and that
this pattern changes significantly as transcription
progresses (for review, see Phatnani and Greenleaf 2006),
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it will be interesting to learn how the Spt6 is packaged
onto the CTD relative to other mRNA processing and
histone-modifying complexes, and how the actions of
these different complexes are integrated during tran-
scription.

Binding of Spt6 to the RNAPII CTD is required
for mRNA processing and exit from the nucleus

Two lines of evidence indicate that the binding of Spt6 to
the RNAPII CTD is not required for its ability to pro-
mote transcription elongation. First, we found that the
R1358K mutant Spt6 protein, which is unable to bind
RNAPIIo, retains the ability to stimulate HIV-1 tran-
scription elongation rates in vitro. Second, the mutant
Spt6 protein is able to rescue production of HIV-1 and
c-myc gene transcription in vivo, in cells that have been
depleted of endogenous Spt6 by RNAi. However, the
RNAs produced by the R1358K Spt6 protein were longer
than normal transcripts and contained splicing defects.
Moreover, overexpression in HeLa cells of the isolated
Spt6 WT-SH2 domain induced bulk polyadenylated
mRNAs to be retained in the nucleus, as determined by
RNA-FISH, whereas RNA trafficking was unaffected in
cells expressing the Spt6 R1358K SH2 domain. Thus,
competitive displacement of the endogenous wild-type
Spt6 protein from the RNAPIIo CTD leads to a wide-
spread disruption in mRNA processing or assembly of
functional, export-competent mRNP particles, and sepa-
rates the function of Spt6 in transcription elongation
from subsequent downstream events.

Iws1 connects Spt6 to REF1/Aly

These new roles for Spt6 are further supported by the
observation that the Spt6-interacting protein, Iwsl, ap-
pears to play a dedicated role in mRNA processing or
formation of functional mRNP particles. In yeast, Iws1/
SPN1 was identified as an essential member of the SPT
family that interacts with Spt6, but affects transcription
of only a small subset of genes (Fischbeck et al. 2002;
Lindstrom et al. 2003). We find that the human Iwsl
protein is required for mRNA processing, but not tran-
scription, of the HIV-1 and c-myc genes in vivo, and that
recombinant hiwsl does not stimulate HIV-1 transcrip-
tion elongation in vitro. As expected for a broad-acting
mRNA processing activity, bulk poly(A)* mRNAs were
found to be retained in the nucleus in cells lacking Twsl,
and mRNA export and translation were delayed, but not
blocked, in these cells. In comparison, depletion of the
UAP56 RNA helicase causes a more profound block to
mRNA expression than does loss of either Iwsl or the
REF1/Aly RNA adaptor protein (Gatfield and Izaurralde
2002.).

In yeast, UAP56 (Sub2) and REF1/Aly (Yral) are re-
cruited to genes through interactions with THO elonga-
tion complex proteins, forming the TREX complex that
connects elongation with mRNA splicing and export.
The mechanism is complicated by the fact that REF1/
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Aly is recruited to both DNA (Abruzzi et al. 2004) and
RNA (Masuda et al. 2005), potentially through different
mechanisms. REF1/Aly and UAP56 associate with the
splicing EJC, and UAP56 is thought to recruit REF1/Aly
to spliced mRNAs independently of transcription. How-
ever, intronless genes also require REF1/Aly for export,
and thus far it has been unclear how it is recruited to DNA.

Biochemical interaction experiments shown here indi-
cate that Spt6 can bind simultaneously to Iwsl and
RNAPIIo, and we find that Iws] interacts directly with
REF1/Aly, but not with THO subcomplex proteins
(Thocl, Thoc2) or Pafl. Reciprocal pulldown experi-
ments in nuclear extracts confirmed that REF1/Aly in-
teracts strongly with Iwsl, but not Spt6, Thocl, or
Thoc2, whereas UAP56 preferentially binds Thocl,
Thoc2, and REF1/Aly, but not Iws1. These findings sug-
gested that Iwsl may connect Spt6 to REF1/Aly (Fig. 7C).
Indeed, ChIP experiments revealed that depletion of
Iwsl impairs recruitment of REF1/Aly to the c-myc gene
in 293T cells without affecting the binding of RNAPII,
Spt6, or FACT (Fig. 7B). Thus, the failure to recruit
REF1/Aly to Spt6-dependent genes, or its failure to trans-
fer to the growing mRNP, may underlie the widespread
accumulation of nuclear mRNAs observed in cells lack-
ing Iwsl.

Spt6 integrates transcription elongation
with downstream mRNA processing events

Recent studies have shown that export of nuclear
mRNAs is directly coupled to the mRNA surveillance
pathway (Vasudevan and Peltz 2003; Vinciguerra and
Stutz 2004; Saguez et al. 2005). The nuclear exosome
subunit, Rrp6, is required for release of nascent mRNAs
from sites of active transcription and for mRNA export,
and studies in Drosophila show that Rrp6 colocalizes
with Spt6 and active RNAPII transcription complexes in
vivo (Andrulis et al. 2002). Our data indicate that Rrp6
does not interact directly with nuclear or recombinant
Spt6, but rather that Rrp6 associates strongly with REF1/
Aly in HeLa nuclear extracts. These observations sup-
port a previous report that the yeast Yral (REF1/Aly)
protein associates with Rrp6 and Rrp45 to link exosome-
mediated degradation of incomplete mRNP particles
with nuclear mRNA export (Zenklusen et al. 2002). We
speculate that Iwsl could also play a role in this process
by bridging REF1/Aly and associated exosome compo-
nents to the DNA-bound Spt6:RNAPIIo transcription
complex. Pafl may also contribute to this regulation,
given its role in recruiting Spt6 to promoters (Adelman
et al. 2006), influence on poly(A) site utilization and
post-transcriptional events (Mueller et al. 2004; Pen-
heiter et al. 2005; Zhu et al. 2005) and ability to traffic
with nascent mRNAs as they exit from the nucleus (Por-
ter et al. 2005).

Taken together, our data suggest a mechanism for co-
transcriptional loading of mRNA processing and export
factors through Spt6 during RNAPII transcription elon-
gation in mammalian cells. This process would provide
an alternative route to loading of mRNA export factors

Spt6 binds Ser2-P RNAPII CTD

through the EJC splicing complex, with potential paral-
lels to yeast, where export factors are loaded through the
TREX elongation complex, or the promoter-bound
SAGA histone acetylation complex (Rodriguez-Navarro
et al. 2004). Additional evidence for cotranscriptional re-
cruitment of export factors in mammalian cells comes
from the observation that the herpes virus pUL69
mRNA export protein interacts directly with both Spt6
(Winkler et al. 2000) and UAP56 (Lischka et al. 2006) to
control the export of unspliced viral mRNAs. Thus, the
model described here provides a framework from which
to investigate whether the Spt6-Iwsl interaction has a
direct role in REF1/Aly-mediated mRNP export, and
whether binding to the RNAPII CTD plays a role in the
other important functions of Spt6, such as nucleosome
disassembly with the FACT complex or trimethylation
of H3K36 by the CTD-bound Set2 complex during tran-
scription elongation.

Materials and methods

Recombinant proteins and antibodies

Wild-type and mutant murine Spt6 proteins and human Cyclin
T1 were affinity-purified from recombinant baculovirus-in-
fected Sf9 cells using Talon metal resin (BD Bioscience) chro-
matography. CDK9 was affinity-purified from recombinant
baculovirus-infected Sf9 cell extracts using anti-Flag M2 agarose
(Sigma). The recombinant GST-CTD protein (from murine
Rpb1) was expressed in bacteria and purified using glutathione-
S-agarose chromatography. RNAPII and TFIIH/CDK?7 were pu-
rified from HeLa S3 nuclear pellet or extracts, respectively (Mal-
donado et al. 1996). Recombinant FCPla was purified from
baculovirus-infected Sf9 cells as described (Cho et al. 1999).
Rabbit polyclonal antibodies were raised against murine Spt6
(amino acids 1508-1726), human Spt5 (amino acids 1-215), and
human Iws1 (amino acids 523-819) at Pocono Rabbit Farm and
Laboratory, Inc. The following commercial antisera were used:
H5 (Ser2-P RNAPII), HI4 (Ser5P RNAPI), and 8WG16
(RNAPIIa; Covance); N20 (RNAPII) and GAL4-DBD (Santa Cruz
Biotechnology); THOC2 (CIM); REF1/Aly and THOCI1 (Gene
Tex); FACT/Sptl16 (Upstate Biotechnology); Myc-tag and y-tu-
bulin (Sigma).

In vitro transcription experiments

Primer extension and run-off transcription assays with the
HIV-1 G-less template were carried out as described by Bres et
al. (2005). For pulse-chase experiments, the immobilized HIV-1
linear template (-340 to +400) was synthesized using a biotinyl-
ated forward primer and coupled to Streptavidin-coated para-
magnetic beads (Dynabeads M-280). Approximately 500 ng of
linear immobilized HIV-1 template was incubated with 20 uL of
HeLa nuclear extract in an 85-uL reaction (final volume) con-
taining transcription buffer (20 mM HEPES-Hcl at pH 7.9, 50
mM KCl, 6.25 mM MgCl,, 0.1 mM EDTA, 8.5% glycerol, 20
mM ZnCl,, 3 mM DTT) for 10 min at room temperature. The
preinitiation mixture was then pulsed for 30 sec with 600 pM
each rATP, tUTP, and rGTP and 1 pM [a-32P]rCTP and washed
with Sarkosyl buffer (50 mM Tris-Hcl at pH 7.9, 120 mM NaCl,
0.5% NP-40, 0.1% Sarkosyl, 4 mM DTT). One-tenth of the re-
action was incubated with 100 ng of either BSA or recombinant
Spt6 for 5 min at room temperature and chased with an rNTP
mixture (10 uM rUTP and 0.6 mM each rATP, rCTP, and rGTP).
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Protein—protein interaction experiments

The Far-Western procedure was as described by Nollau and
Mayer (2001). Briefly, aliquots of 10-50 ng of HeLa nuclear ex-
tract, 5 ng of the purified RNAPII fraction, or 1 pg of GST-CTD,
which had been irreversibly cross-linked to glutathione, were
separated on SDS-PAGE and transferred to a nitrocellulose
membrane. GST-Spt6 (amino acids 1162-1726) protein was la-
beled with glutathione-coupled horseradish peroxidase and
binding to the membrane was visualized by conventional che-
miluminescence (Marligen). For the GST pulldown experi-
ments, 5-10 pg of GST fusion proteins were coupled to gluta-
thione-S-agarose beads and incubated with either 100 pL of
HeLa nuclear extract or 50 ng of purified RNAPII fraction in a
final volume of 500 uL of buffer (10 mM HEPES-Hcl at pH 8.0,
300 mM KCl, 0.2 mM EDTA, 0.5% NP-40, 10% glycerol, ]l mM
DTT, 1 mM sodium orthovanadate, 1 mM sodium fluoride, 20
mM B-glycerophosphate, 1x protease inhibitor [Roche], 0.2 mM
PMSF, supplemented with 10 mg/mL of BSA). The beads were
washed extensively in buffer lacking BSA and analyzed by SDS-
PAGE and immunoblot.

RNAi

Human siRNAs for Spt6 (5-CUGCUCGGGAGUAAGC
CCAdTdT-3' and 5'-UGGGCUUACUCCCGAGCAGATAT-3’),
Iwsl (5-GGAUGAUGUAAAUGAGCAAATAT-3’ and 5'-UU
GCUCAUUUACAUCAUCCATAC-3'), or UAP56 (5'-GUCAC
ACUCGGGAGUUGGCATAT-3’ and 5'-GCCAACUCCCGAG
UGUGACATAT-3') were transfected into HeLa P4 cells. Vec-
tors expressing HIV-1 Tat, murine Spt6, or both were introduced
36-60 h post-transfection, and total RN A was isolated 24 h after
the second transfection.

RNA-FISH analysis of polyadenylated RNAs

For RNA-FISH and immunofluorescence staining, cells were
permeabilized for 10 min in PBS with 0.1% Triton X-100,
washed twice in PBS to remove cytoplasmic proteins, and fixed
with PBS containing 4% paraformaldehyde. Hybridization was
carried out overnight at room temperature in a buffer containing
4x SSC, 5x Denhart’s solution, 10% dexatransulfate, 50% form-
amide, 1 mg/mL tRNA, 0.5 mg/mL heparin-sulfate, 10 U/mL
RNase inhibitors (Invitrogen), and 1 pg/mL Texas red-oligo-dT
(18-mer). Images were collected either with an Axioplan2 fluo-
rescence-imaging microscope outfitted with an Axiophot 2
camera, or with a Leica TCS SP2 AOB confocal microscope, and
were processed with Openlab software. To analyze the rate of
reporter gene expression, HeLa cells expressing the siRNAs
were cotransfected with HIV-1 Tat and HIV-1 LTR:Luc vectors.
Four hours post-transfection, the cells were replaced with cul-
ture medium supplemented with 2 mM luciferin, and lumines-
cence was measured as counts per second for 30 sec at 10-min
intervals over a 22-h period using a Lumicycle (Actimatrics).
Excess luciferin was added to the culture medium to rapidly
quench luciferase activity and ensure that only newly synthe-
sized luciferase proteins were detected.

ChIP experiments

ChIP experiments were used to analyze the endogenous c-myc
gene in 293T cells by real-time quantitative PCR with SYBR
(Applied Biosystems). The following primer pairs were used:
enhancer (5'-CCCAAAAAAAGGCACGGAA-3' and 5'-TAT
TGGAAATGCGGTCATGC-3'), promoter (5'-TCCTCTCTC
GCTAATCTCCGC-3’ and 5'-CGTCCAGACCCTCGCATTA
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TA-3’), and exon2 (5'-CCCTCAACGTTAGCTTCACCA-3' and
5'-ACCGAGTCGTAGTCGAGGTCA-3’).
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