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ABSTRACT

Cleavage factor | mammalian (CFIm) complex, com-
posed of cleavage and polyadenylation specificity
factor 5 (CPSF5) and serine/arginine-like protein
CPSFB6, regulates alternative polyadenylation (APA).
Loss of CFIm function results in proximal polyadeny-
lation site usage, shortening mRNA 3’ untrans-
lated regions (UTRs). Although CPSF6 plays addi-
tional roles in human disease, its nuclear translo-
cation mechanism remains unresolved. Two pB-
karyopherins, transportin (TNPO) 1 and TNPO3, can
bind CPSF®6 in vitro, and we demonstrate here that
while the TNPO1 binding site is dispensable for
CPSF6 nuclear import, the arginine/serine (RS)-like
domain (RSLD) that mediates TNPO3 binding is crit-
ical. The crystal structure of the RSLD-TNPO3 com-
plex revealed potential CPSF6 interaction residues,
which were confirmed to mediate TNPO3 binding
and CPSF6 nuclear import. Both binding and nuclear
import were independent of RSLD phosphorylation,
though a hyperphosphorylated mimetic mutant failed
to bind TNPO3 and mislocalized to the cell cyto-
plasm. Although hypophosphorylated CPSF6 largely
supported normal polyadenylation site usage, a sig-
nificant number of mMRNAs harbored unnaturally ex-
tended 3’ UTRs, similar to what is observed when
other APA regulators, such as CFlim component pro-
teins, are depleted. Our results clarify the mechanism
of CPSF6 nuclear import and highlight differential
roles for RSLD phosphorylation in nuclear translo-
cation versus regulation of APA.

INTRODUCTION

Posttranscriptional regulation of gene expression by alter-
native pre-mRNA splicing and alternative polyadenylation
(APA) greatly increases the coding capacities of metazoan
genomes, and several members of the serine/arginine (SR)
superfamily of proteins play important roles in these criti-
cal metabolic processes. Canonical SR proteins, which are
referred to as SR-rich splicing factors (SRSFs), harbor one
or two RNA recognition motif (RRM) domains followed
by a C-terminal arginine/serine domain (RSD) that is en-
riched in Arg-Ser dipeptide repeats [reviewed in (1,2)]. SR
proteins are prominent components of nuclear speckles,
which are sites for splicing factor storage and modification
[reviewed in (3,4)]. In particular, phosphorylation of Ser
residues within RSDs regulates the intranuclear movement
of SR proteins (5,6) and their pre-mRNA splicing function-
alities (7-9). RSD phosphorylation also plays a key role
in the nuclear import of SR proteins by providing a bind-
ing platform for the B-karyopherin nuclear transport fac-
tor transportin-SR2, which is also known as transportin 3
(TNPO3) (10-12).

The SR superfamily also consists of several related pro-
teins, which will be referred to herein as SR-like proteins,
that differ from the canonical SRSF proteins in domain
organization, RRM content, and/or peptide repeat signa-
ture within the RSD (13,14). The SR-like protein cleavage
and polyadenylation specificity factor (CPSF) 6 in particu-
lar harbors a Pro-rich domain (PRD) situated between an
N-terminal RRM and C-terminal RS-like domain (RSLD)
that is enriched in Arg-Asp/Glu repeats (15) (Figure 1A).

Polyadenylation of pre-mRNA is mediated by the cleav-
age and polyadenylation (CPA) complex that is composed
of four multiprotein complexes, cleavage factor I mam-
malian (CFIm), CFIIm, CPSF and cleavage stimulatory
factor (CstF), as well as additional subunits including
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Figure 1. NLS function maps to the RSLD of CPSF6. (A) CPSF6[551] schematic and analyzed mutants. CPSF6 domains are noted by colored box,
with numbers indicating amino acid positions of domain boundaries. The blue box within the PRD marks the position of the PY-NLS. (B) Experimental
strategy to assess CPSF6 nuclear localization. CKO cells were transfected with CPSF6 variants based in pLB(N)CX or pIRES2-eGFP, and 24 h later
cells were analyzed by immunofluorescence staining and confocal microscopy (panel C) or subcellular fractionation and western immunoblotting (panel
D). Alternatively, GFP+ HEK293T cells transfected with pIRES2-eGFP-based vectors were sorted by flow cytometry and either lysed to monitor total
CPSF6 expression level by western blot (panel E) or infected with HIV-1 (panel F). (C) Confocal microscopy of WT and mutant CPSF6 proteins. Cell
nuclei and cytoplasm are demarcated by staining with DAPI and anti-atubulin antibody, respectively. The results are representative of those observed in a
minimum of three independent experiments. Bars indicate 5 pwm. (D) Cytoplasmic (C) and nuclear (N) fractions were immunoblotted for CPSF6; a-tubulin
and Lamin B were blotted as representative cytoplasmic and nuclear markers, respectively. Results are representative of those observed in minimally three
independent experiments. See Supplementary Figure S1 for quantitation of WT and mutant CPSF6 nucleocytoplasmic distributions and Supplementary
Table S5 for associated statistics. (E) WT and mutant CPSF6 expression levels from whole cell extracts. As a protein loading control, B-actin was blotted
after removal of the CPSF6 signals by strip washing. Results are representative of those observed in minimally three independent experiments. (F) WT
HEK?293T cells expressing the indicated CPSF6 variants were infected with HIV-Luc, and levels of virus infection were graphed relative to cells transfected
with the empty expression vector (EV) control, which was set at 100%. Mean values are written on the top of individual bar graphs. Error bars represent
standard error of the mean for n > 3 independent experiments, with infections conducted in duplicate within each experiment. NS, not significant (P >

0.05); ****P < 0.0001 (two-tailed Student’s 7 test). Numbers to the right of blots (panels D, E) mark migration positions of mass standards.

poly(A) polymerase [reviewed in (16)]. CFIm is a heterote-
tramer composed of an obligate dimer of CPSF5 and two
copies of either CPSF6 or CPSF7 (15,17). Most human
genes are regulated by APA and depletion of either CPSF5
or CPSF6, yet curiously not CPSF7, greatly enhances the
use of proximal polyadenylation sites (PASs) within 3" end
regions and, consequently, the shortening of mRNA 3 un-
translated regions (UTRs) (18,19). Depletion of other CPA
components such as small nucleolar RNA SNORDS0A,
which in turn interferes with the interaction of FIP1L1 (fac-
tor interacting with poly(A) polymerase and CPSF1; a com-
ponent of the CPSF complex) with PASs (20), or CFIIm
component cleavage and polyadenylation factor subunit
(PCF11) (21), yields the opposing phenotype of distal PAS
overutilization and the lengthening of mRNA 3’ UTRs.
CPSF6 is implicated in various human ailments in-
cluding cancer (22-26) and human immunodeficiency
virus/acquired immunodeficiency syndrome (HIV/AIDS)
(27). CPSF6 interacts with the HIV-1 capsid protein (28,29)
to regulate preintegration complex (PIC) nuclear import

(30-32) and the targeting of PICs to active chromatin for in-
tegration (33-35). CPSF6 at steady-state is nuclear (36) and
its predicted ~60 kDa mass places it near the upper limit for
passive diffusion into the nucleus (37). Although this is con-
sistent with an active nuclear import mechanism (36), the
mechanistic basis for CPSF6 nuclear import remains un-
resolved. Two different members of the B-karyopherin su-
perfamily of nuclear import factors, TNPO1 and TNPO3,
have been shown to interact with CPSF6 sequences in vitro.
TNPOI can bind a part of the PRD that harbors its asso-
ciated interaction site, the nuclear localization signal (NLS)
motif (R/H/K)X, sPY (PY-NLS) (38), while TNPO3 can
bind the C-terminal RSLD (12). Although RSLD-TNPO3
binding occurred irrespective of RSLD phosphorylation
(12), a Drosophila melanogaster CPSF6 mutant that har-
bored Ser>Ala substitutions at predicted RSLD phospho-
acceptor sites mislocalized to the cytoplasm of fly cells
(39), highlighting a potential role for B-karyopherin pro-
teins other than TNPO3 in Drosophila CPSF6 nuclear im-
port. Analysis of green fluorescent protein (GFP)-CPSF6



fusion proteins previously revealed that while the RSLD of
human CPSF6 harbored a functional NLS, deletion of the
PRD and most of the downstream linker region rendered
the RSLD-containing fusion protein pan-cellular, suggest-
ing that sequences within the central region of CPSF6, such
as the PY-NLS, also contribute to nuclear import (36).
While C-terminal truncation mutants that remove both the
PY-NLS and RSLD of human CPSF6 are predominantly
cytoplasmic and potently restrict HIV-1 infection (28,40),
such constructs fail to address the individual contributions
of previously identified B-karyopherin interaction sites to
CPSF6 nuclear import.

In this study, we analyzed mutant CPSF6 proteins deleted
specifically for the PY-NLS or RSLD, which revealed that
human CPSF6 nuclear import is mediated by the RSLD
without any apparent contribution from the PY-NLS. The
X-ray crystal structure of the RSLD-TNPO3 complex was
solved to ascertain critical CPSF6 interacting residues, and
multiple approaches were subsequently used to pinpoint
four positively charged amino acids that are conserved in
SRSF1 as critical for TNPO3 binding and CPSF6 nuclear
import. Unlike the SRSFI-TNPO3 interaction, which we
show depends critically on phosphoserine, nonphospho-
rylated RSLD protein efficiently bound TNPO3 in vitro,
and hypophosphorylated mutant CPSF6 was efficiently im-
ported into cell nuclei. By contrast, hyperphosphorylated
mimetic RSLD mutant protein failed to bind TNPO3 in
vitro, and the corresponding full-length CPSF6 mutant was
defective for nuclear import in cells. Although hypophos-
phorylated CPSF6 functioned in APA, a significant number
of mRNAs harbored longer 3’ UTRs, similar to what was
previously observed when other CPA components, such as
PCF11, were depleted. Our results clarify the mechanism
of CPSF6 nuclear import and highlight different roles for
RSLD phosphorylation in nuclear translocation and the
regulation of pre-mRNA APA.

MATERIALS AND METHODS
Plasmid DNAs

CPSF6 RSLD was expressed in Escherichia coli as a fu-
sion protein containing either an N-terminal glutathione
S-transferase (GST) tag from pGEX6P3 (GE Healthcare)
or a hexahistidine-SUMO (HissSUMO) tag from pSMT3,
which was derived from pET-28b (41). CDC like kinase 1
(CLK1) was expressed in bacteria using pPCDF-CLK1 (12).
Full-length CPSF6 was expressed in human cells from the
retroviral transduction vector pLB(N)CX-CPSF6[551] (33)
or from pIRES2-eGFP-CPSF6[551], which was created by
inserting CPSF6[551] coding sequences between the Pstl
and BamHI restriction sites of bicistronic expression vec-
tor pIRES2-eGFP (42). Single-round HIV-1 carrying the
gene for firefly luciferase (HIV-Luc) was expressed from
pNLX.Luc.R-. AAvrlI (43) while the G glycoprotein from
vesicular stomatitis virus was expressed using pCG-VSV-G
(44). RSLD fusions with bacterial B-galactosidase (B-gal)
were based in pGM-LacZ (45). Plasmid DNAs were built
and mutagenized using standard PCR-based methodolo-
gies, and all protein coding regions that were amplified by
PCR were verified by DNA sequencing. Supplementary Ta-
ble S1 lists all plasmids used in this study.
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Expression and purification of recombinant proteins

Details of the expression and purification of TNPO3 as well
as GST- or HisgSSUMO-tagged proteins were described pre-
viously (12). Briefly, GST-CPSF6-RSLD variants were ex-
pressed in E. coli strain BL21-CodonPlus(DE3)-RP (Ag-
ilent technologies) at 30°C for 4 h in the presence or
absence of pCDF-CLKI1 using 0.01% (w/v) isopropyl-
B-D-thiogalactoside. Cell pellets were washed once with
phosphate-buffered saline (PBS) and lysed by sonication
in lysis buffer (500 mM NaCl, 1 mM phenylmethylsulfonyl
fluoride, 0.25 mg/ml lysozyme, 25 mM Tris—HCI, pH 7.4).
Cell debris was removed by centrifugation at 27 000 x g
for 30 min at 4°C, and soluble fractions were loaded onto
Glutathione-Sepharose 4 Fast Flow columns (GE Health-
care). Following extensive washing with 500 mM NaCl, 25
mM Tris—HCI, pH 7.4, the columns were developed with
elution buffer (25 mM reduced glutathione, 500 mM NaCl,
25 mM Tris—HCI, pH 7.4). As an exception, GST-CPSF6—
RSLD-WT expressed in the absence of pCDF-CLK1 was
isolated and purified in 1M NaCl-containing buffers. Elu-
ates concentrated by ultrafiltration using Amicon Ultra-4
centrifugal concentrators (Millipore) were further purified
by size exclusion chromatography (SEC) over a HilLoad
16/60 Superdex-200 column in buffer containing 200 mM
NaCl, 25 mM Tris—HCI, pH 7.4. Hiss SUMO-CPSF6RSLD
expressed in the presence of pCDF-CLK1 was purified by
Ni-nitrilotriacetate agarose beads, followed by SEC on a
Superdex-200 column in the presence of 500 mM NaCl.
GST protein was expressed and purified as described (46).

TNPO3-RSLD complex formation, X-ray crystallography
and structure determination

Purified TNPO3 protein was supplemented with 2.3-fold
molar excess of HissSUMO-CPSF6 RSLD protein in the
presence of 150 mM NaCl, and the mixture was incubated
overnight at 4°C with Hisg-tagged SUMO protease. To de-
plete the protease and the released Hisg SUMO tag, the ma-
terial was supplemented with 20 mM imidazole and passed
through a 1-ml Ni HiTrap column (GE Healthcare) equili-
brated in 20 mM Tris—HCI, pH 7.5, 150 mM NacCl, 20 mM
imidazole. Following concentration of the flow-through by
ultrafiltration, the complex was purified by SEC through a
Superdex-200 column in the presence of 25 mM Tris—HCI,
pH 7.5, 150 mM NacCl. Peak fractions, supplemented with
5 mM dithiothreitol (DTT), were concentrated by ultrafil-
tration to ~9 mg/ml.

Crystals of the TNPO3-RSLD complex were grown in
hanging drops by vapor diffusion by mixing 1 p.l of protein
and 1 pl reservoir solution containing 11% (v/v) polyethy-
lene glycol (PEG) methylether (MME) 500, 5.5% (w/v)
PEG 20 000, 2% (w/v) benzamidine-HCI, 2% (v/v) 1,6-
hexanediol, 50 mM MgCl,, 0.1 M Tris-bicine pH 8.0 (Buffer
system 3, Molecular Dimensions). Crystals, cryoprotected
in 10% (v/v) glycerol, 12.8% PEG MME 500, 6.4% PEG
20000, 4% 1,6-hexandiol, 1.5% benzamidine, 75 mM NaCl,
40 mM MgCl,, 6 mM DTT, 80 mM Tris-bicine, pH 8.0,
were frozen by plunging in liquid nitrogen. X-ray diffraction
data were collected on the Diamond Light Source beamline
103 (Oxfordshire, UK) at 100K and wavelength 0.97625 A,
and the data were processed using Mosflm (47) and Scala
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(48); diffraction data from two crystals were merged to ob-
tain the final dataset. The structure was solved by molecu-
lar replacement in Phaser (49) using TNPO3 structure as a
search model (12,50). The structure was built in Coot (51)
and refined using Phenix (52). The model comprised two,
nearly identical, copies of the TNPO3-RSLD complex in
the asymmetric unit. While both TNPO3 chains were nearly
complete, only octapeptides of CPSF6 could be built in the
electron density. As discussed in the Results section, there is
a redundancy where multiple sequences within the RSLD
are capable of interacting with TNPO3. The D3 sequence
(CPSF6 residues 520-528; see below) was used in the final
model. X-ray data collection and model refinement statis-
tics are given in Supplementary Table S2. Diffraction data
used to detect anomalous scattering from sulfur and phos-
phorus atoms was collected using low energy X rays (A =
2.41 A) at the Diamond beamline 104; to obtain a high re-
dundancy set, data from five crystals were merged to obtain
a multiplicity of 28 and the anomalous map was calculated
using model phases to 5.8 A resolution.

GST pull down assay

Details of the GST pull down procedure were previously de-
scribed (46). Briefly, GST or GST-CPSF6-RSLD variants
were pre-bound to glutathione sepharose (1 pg of protein
per 1 pl resin). Ten pl loaded resin was incubated with 4
wg TNPO3 and 3 pg bovine serum albumin (BSA) in GST
pull down buffer [GST-PDB; 500 mM NaCl, 0.5% (3-((3-
cholamidopropyl) dimethylammonio)-1-propanesulfonate)
(CHAPS), 2 mM DTT, 20 mM Tris-HCI, pH 7.4]. Fol-
lowing 2 h of rocking at 4°C, the beads were washed with
three changes of 1 ml GST-PDB. Bound proteins, eluted
in sodium dodecyl sulfate (SDS)-containing sample buffer,
were separated by SDS-polyacrylamide gel electrophore-
sis (PAGE), and proteins were detected by staining with
Coomassie brilliant blue. Percent TNPO3 recovery was
quantified using ImagelJ software.

Human cells and HIV-1 restriction assay

Wild type (WT) and CPSF6 knockout (CKO) HEK293T
cells were previously described (33). HeLa cells and Jurkat T
cell clone E6-1 were purchased from America Type Culture
Collection. HEK293T and HeLa cells were cultured in Dul-
becco’s modified Eagle’s medium supplemented to contain
10% fetal bovine serum (FBS), 100 IU/ml penicillin, and
0.1 mg/ml streptomycin. Jurkat T cells were cultured with
these same supplements in RPMI 1640 medium. CD4+ T
cells purchased from Lonza were cultured in RPMI 1640
medium containing 20% FBS, 100 IU/ml penicillin, 0.1
mg/ml streptomycin, 1X non-essential amino acids, 1x
sodium pyruvate and 5 mM HEPES. Where indicated,
CD4+ T cells were propagated in the presence of 5 wg/ml
phytohemagglutinin (PHA).

For HIV-Luc production, WT HEK293T cells were
plated (4 x 10°/10 cm dish) 1 day prior to co-transfection
with 7.5 wg pNLX.Luc.R-.AAvrIl and 1.5 pg pCG-VSV-
G using PolyJet (SignaGen Laboratories). After 48 h, virus
supernatants were filtered through 0.45 pwm filters and con-
centrated ~50-fold by ultracentrifugation at 53 000 x g

for 2 h at 4°C. HIV-Luc yield was assessed by p24 ELISA
(Beckman Coulter). For the restriction assay, HEK293T
cells were plated in six-well plates at 6-8 x 10° cells per
well 1 day prior to transfection with 2 pg pIRES2-eGFP or
CPSFo6-expressing derivative using Effectene (Qiagen). At
24 h post-transfection, GFP-positive cells were selected in
basic sorting buffer (1 mM EDTA, 25 mM HEPES, pH 8.0,
1% FBS, Mg?*/Ca’"-free PBS) by fluorescence-activated
cell sorting (FACS). Approximately 3-5 x 10° sorted cells
were lysed for immunoblotting while ~2 x 10° cells were in-
fected in duplicate with HIV-Luc (0.1 pg p24 per cell) in the
presence of 4 pg/ml polybrene. At 48 h post-infection, cells
were lysed and luciferase activity was determined as previ-
ously described (53). Luciferase values were normalized to
the level of total protein in cell lysates as determined by the
BCA assay (Pierce).

Western immunoblotting

Cell pellets were resuspended in lysis buffer (50 mM Tris—
HCI, pH 8.0, 150 mM NaCl, 1% IGEPAL CA-630, 0.5%
sodium deoxycholate, 0.1% SDS) supplemented with pro-
tease inhibitor cocktail (Roche), incubated on ice for 30
min with rigorous vortex at 10 min intervals, and then cen-
trifuged at 14 000 x g at 4°C for 20 min. Protein concen-
trations in supernatants were determined using the BCA
assay, and samples (5-10 pg of total protein) were sepa-
rated by SDS-PAGE, transferred to polyvinylidene diflu-
oride (PVDF) membranes, and reacted with primary an-
tibody, followed when indicated by horse radish peroxi-
dase (HRP)-conjugated secondary antibody. Membranes
were developed using ECL prime reagent (Amersham Bio-
sciences) and imaged with a ChemiDoc MP imager (Bio-
Rad). Quantification of western blot signal intensities was
done by ImagelJ software. Supplementary Table S3 lists all
antibodies used in this study as well as associated dilution
factors.

Subcellular fractionation and immunoprecipitation

Cells were washed twice with ice-cold PBS and gently re-
suspended in hypotonic buffer (20 mM Tris—-HCI, pH 7.4,
10 mM NaCl, 3 mM MgCl,) supplemented with protease
inhibitor cocktail followed by incubation on ice for 15 min.
IGEPAL CA-630 was subsequently added to the final con-
centration of 0.5%, and mixtures were immediately flicked
by hand 3-5 times. Supernatants (cytoplasmic fractions)
were isolated following centrifugation at 900 x g for 10
min at 4°C. Pellets were resuspended in nuclear extrac-
tion buffer (NE buffer; 10 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 1% Triton X-100, 10% glycerol, 0.1% SDS, 0.5%
deoxycholate) supplemented with protease inhibitor cock-
tail and PhosSTOP phosphatase inhibitor cocktail (Sigma-
Aldrich), incubated on ice for 30 min with intermittent rig-
orous vortex as above, and then centrifuged at 14 000 x
g for 20 min at 4°C. Resulting supernatants (nuclear frac-
tions) and cytoplasmic fractions were analyzed by western
immunoblotting as described above. CPSF6 levels in nu-
clear and cytoplasmic fractions were assessed using ImageJ
software and calculated as relative percentage of their west-
ern blot signal intensity from total, which was set as 100%.



For immunoprecipitation, nuclear fractions were isolated
from 5-10 x 107 WT HEK293T or CKO cells that were
transfected with hemagglutinin (HA)-tagged CPSF6 ex-
pression vectors based in pIRES2-eGFP for 48 h at 50—
70% transfection efficiency as assessed by FACS. Isolated
nuclear fractions (200400 pg of total protein) were incu-
bated with 1-2 g anti-CPSF5 or anti-HA antibody for 2 h
at 4°C, followed by addition of 20 wl protein G-Dynabeads
(Invitrogen). To assess CPSF6 phosphorylation status by
mass spectrometry (MS), nuclear fractions (0.5-1 mg to-
tal protein) were reacted with 1-2 wg of rabbit monoclonal
anti-CPSF6 antibody (Abcam). Following 2 h of rocking
at 4°C, the beads were washed with three changes of 1 ml
NE buffer. Bound proteins eluted in SDS-containing sam-
ple buffer were analyzed by SDS-PAGE and western im-
munoblotting.

Cellular fractions (10-20 pg total protein) treated with
200 U of N phosphatase protein at 30°C for 30 min were
separated by SDS-PAGE in gels containing 50 wM Phos-tag
(Wako) and 50 wM MnCl,. Phos-tag-containing gels were
equilibrated at room temperature in transfer buffer contain-
ing 1 mM EDTA for 20 min to remove Mn?>*, followed by
20 min with transfer buffer lacking EDTA before transfer
to PVDF membranes for western immunoblotting.

Immunofluorescence-based detection of CPSF6 expression

CKO cells (~6 x 10°) were plated on glass coverslips in 12-
well plates prior to transfection with 0.5-1 ng pLB(N)CX-
CPSF6[551] or CPSF6 mutant expressing derivative using
Effectene or PolyJet. At 24 h post-transfection, cells were
fixed in 4% paraformaldehyde (PFA) for 15 min at room
temperature, washed three times with PBS, permeabilized
with 0.5% triton X-100 for 15 min at room temperature,
and rewashed three times with PBS. The cells were then
blocked by adding 5% nonfat dry milk in PBS contain-
ing 0.1% Tween 20 (PBST) for 1 h at room temperature,
followed by staining with rabbit monoclonal anti-CPSF6
antibody and mouse monoclonal anti-a-tubulin antibody
(Santa Cruz). After overnight incubation at 4°C, cells were
washed three times with PBST, and then stained with sec-
ondary Alexa Fluor 488 conjugated-anti-rabbit IgG (Ab-
cam) and Alexa Fluor 594 conjugated-anti-mouse IgG (Ab-
cam) antibodies (see Supplementary Table S3) for 1 h at
room temperature. After rinsing three times with PBST, the
cells were covered with mounting Prolong Gold antifade
reagent containing 4’,6-diamidino-2-phenylindole (DAPI;
Life Technologies) and analyzed using a 100x objective lens
under oil with lasers (405 nm, DAPI; 488 nm, Alexa Fluor
488; 561 nm, Alexa Fluor 594) on a Yokogawa spinning disk
confocal microscope at the Dana-Farber Cancer Institute
(DFCI) Confocal and Light Microscopy Core Facility.

Assay for transferable NLS function

HelLa cells were cultured in 12-well plates (~2—4 x 10* per
well) 1 day prior to transfection with 1 pg pGM-LacZ-
based plasmids using Effectene. At 24 h post-transfection,
cells were fixed in 4% PFA for 15 min at room temperature,
rinsed twice with PBS, and stained with 0.4 mg/ml X-gal
(5-bromo-4-chloro-3-indolyl-B-galactopyranoside) in PBS
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containing 4 mM potassium ferrocyanide, 4 mM potas-
sium ferricyanide, and 2 mM MgCl,. After 1 h incuba-
tion at 37°C, cells were rinsed twice with PBS and ob-
served through a 20x objective lens for transmitted light mi-
croscopy using a Nikon Eclipse-Ti microscope.

Fluorescence polarization (FP) spectroscopy

CPSF6 peptides labeled with FITC-Ahx were synthesized
by GenScript. Increasing concentrations of TNPO3 were
mixed with 50 nM labeled peptide in 10 wl buffer contain-
ing 200 mM NaCl, 20 mM HEPES pH 7.5, 0.5% CHAPS,
2mM DTT for 10 min at room temperature in a black 384-
well non-binding surface coated microplate (Corning). The
level of fluorescence polarization (mP) was measured using
a SpectraMax M5 microplate reader (Molecular Devices).
Excitation and emission wavelengths were fixed at 488 and
526 nm (cut off, 515 nm), respectively. Unlabeled peptides
were used as competitors by increasing their concentrations
into pre-mixtures of fixed concentrations of 50 nM labeled
SRSF1 RSP peptide and ~1.0 uM TNPO3, the concentra-
tion of which was determined based on the equilibrium dis-
sociation constant (Ky) value of 1.3 +0.19 uM for the RSP-
TNPO3 complex. Ky was estimated by nonlinear regression
analysis with an equation for one-site specific binding using
GraphPad Prism 7 software.

RNA-Seq and bioinformatics analyses

Approximately 0.5-1 x 10° cells that had been transfected
for 24 h with pIRES-eGFP or derivatives expressing HA-
tagged CPSF6 protein were sorted by FACS for GFP ex-
pression level and plated in 12-well plate and allowed 48 h
for cell recovery prior to cell lysis. Total RNA was isolated
using the Quick-RNA miniprep (Zymo Research), prepped
for 75-bp paired end Illumina HiSeq and sequenced on
a NextSeq500 sequencer by the DFCI Molecular Biology
Core Facilities as described (54). Two independent experi-
mental sample sets were sequenced on separate NextSeqS500
sequencer runs.

Percent distal polyadenylation usage index (PDUI) anal-
ysis was performed by DaPars software as described pre-
viously (55) using aligner hisat2 version 2.1.0 with de-
fault options (56) and human genome build hgl19. Results
parsed for significance across biological replicates (see be-
low) were compared with prior reports documenting mR-
NAs with significantly longer 3* UTRs following knock-
down of SNORDS0A (20), PCF11 (21), or CstF64/64r
(57) as follows. For SNORDS50A, 95 genes with significant
shift from distal to proximal PAS and 68 genes with signif-
icant change from proximal to distal PAS usage were as-
sessed. PCF11 knockdown datasets were parsed in two sep-
arate ways to yield two gene lists. Three independent knock-
down experiments identified 647 significantly affected genes
(631 and 16 with longer and shorter 3’ UTRs, respectively).
Analysis of stage 4S neuroblastoma samples revealed an ad-
ditional 721 genes that we parsed into shorter and longer 3’
UTR bins based on P value (<0.05) and longer-to-shorter
mRNA isoform ratio (if >0, mRNAs were partitioned to
longer 3’ UTR bin; vice versa for <0). CstF64 datasets were
likewise parsed in two different ways depending on whether
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the knockdown experiment targeted CstF64 (85 genes at
high confidence with altered PASs) or both CstF64 and
CstFo64t (201 genes at high confidence). For both datasets,
genes were assigned shorter or longer 3’ UTRs based on
ratio of proximal-to-distal PAS usage compared to control
conditions. In all, this provided 10 gene lists, five each com-
posed of genes with shorter versus longer 3’ UTRs. The lists
were then compared in pairwise fashion for overlap with our
experimental CPSF6 mutant dataset.

Alignment of sequencing reads from ref. (21) was
performed as follows: raw data in fastq format was
accessed (SRR5271230_2. fastq, SRR52714272. fastq,
SRR5271428_2. fastq, and SRR5271429 2. fastq for PCF11
knockdowns; SRR52712262. fastq for CPSF6 knock-
down, and SRR5271412_2. Fastq and SRR5271413_2. fastq
for mock1.7 and mock2 knockdowns) and reads with five
or more consecutive A residues were selected and trimmed.
Trimmed reads were aligned to human hgl9 using bowtie2
aligner in default option (58) and aligned reads were nor-
malized by bamCoverage (59). Density plots were visual-
ized using the WashU Epigenome Browser (60).

MS and in silico analyses of CPSF6 phosphorylation

GST-RSLD proteins purified from E. coli and full-length
CPSF6 derivatives immunoprecipitated from nuclear ex-
tracts of WT HEK293T or CKO cells were fractionated
by SDS-PAGE and stained with Coomassie blue. Protein-
containing gel slices were excised and digested by Asp-
N protease (proteins produced in bacteria) or trypsin fol-
lowed by peptide extraction (61). The eluting peptides were
detected, isolated, and fragmented to produce a tandem
mass spectrum of specific fragment ions for each peptide
by the Taplin Mass Spectrometry Facility at Harvard Med-
ical School using an LTQ Orbitrap Velos Pro ion-trap mass
spectrometer (Thermo Fisher Scientific). Phosphorylation
assignments were determined by the Ascore algorithm (62).

Sites of predictive CPSF6 phosphorylation (Ser, Thr, Tyr)
were tabulated from different web-based databases includ-
ing PhosphoSitePlus (63), dbPAF (64), and Phosida (65).
Supplementary Table S4 lists the results of these analyses.
Kinases predicted to interact with specific CPSF6 sequences
were assessed using two different computational tools in-
cluding Netphorest version 2.1 (66) using a minimum score
cutoff of 0.18 and Scansite version 4.0 (67) with medium
stringency option.

Statistical analyses

Results of HIV-1 restriction assays and nucleocytoplasmic
CPSF6 localization by subcellular fractionation were com-
pared using two-tailed Student’s -test assuming equal vari-
ances in Microsoft Excel. Results of GST pulldown and
coimmunoprecipitation assays were analysed by unpaired
t-test calculated using two-tailed P value (critical P value
< 0.05) in GraphPad Prism 7 software; results of FP spec-
troscopy Ky values were similarly analysed by paired z-test.

The DaPars algorithm (55) uses Fisher’s exact test ad-
justed for multiple testing by Benjamini-Hochhberg at
5% false discovery rate to assess significance differences
of mean PDUI values. Messenger RNAs with significant

changes were scored using the following criteria: absolute
APDUI value (IAPDUII) >0.2 and absolute value of log,
change in PDUI > 1 (llog[PDUIgmpie/PDUIw]l > 1),
which equates to a 2-fold change. The hypergeometric test
was used to assess statistically significant differences in
numbers of overlapping genes between samples assuming
a total population of 25 000 human genes (68).

RESULTS

The RSLD confers CPSF6 nuclear import without any con-
tribution from PY-NLS

PY-NLS and RSLD sequences within CPSF6 mediate
binding to respective B-karyopherin proteins TNPO1 and
TNPO3 in vitro (12,38). However, the contribution of each
of these sequences to CPSF6 nuclear import is unclear
(28,36,39,40). Human CPSF6 is expressed as two major iso-
forms, the larger of which contains 588 residues; the smaller
splice variant, composed of 551 amino acids, lacks internal
residues upstream from the PY-NLS and RSLD (28). We
have analyzed NLS function in the context of CPSF6[551]
(bracketed information denotes C-terminal amino acid po-
sition or mutant name; single missense mutants are named
alongside [551]) because it is the predominant isoform ex-
pressed in cells (33) (also see below). Two site-specific dele-
tion mutants, CPSF6[APY], which lacked residues 376-390
but retained the RSLD, and CPSF6[481], which removed
the RSLD but retained PY-NLS (Figure 1A), were com-
pared to the previously described CPSF6[375] mutant that
lacked both the PY-NLS and RSLD. CPSF6[375] aber-
rantly localized to the cytoplasm and potently inhibited
HIV-1 infection (40).

Figure 1B summarizes the different assays that were used
to assess CPSF6 nuclear localization. To avoid compli-
cations from co-detection of endogenous protein, confo-
cal microscopy (Figure 1C) and biochemical fractionation
(Figure 1D) were analyzed in CPSF6 knockout (CKO) cells
that were transiently transfected with test constructs. These
techniques were performed 24 h post-transfection to min-
imize the number of cell divisions and hence potential nu-
clear accumulation of NLS-defective mutants due to bind-
ing to cellular components other than B-karyopherins. To
be consistent with prior reports, restriction of HIV-1 infec-
tion, which was used as an indirect readout of cytoplasmic
CPSF6 accumulation, was analyzed in WT cells (28,40).

As expected (36,40), CPSF6[551] and CPSF6[375] local-
ized to the cell nucleus and cytoplasm, respectively (Fig-
ure 1C, D; see Supplementary Figure S1 and Supplemen-
tary Table S5 for quantitation of biochemical fraction-
ation data and associated statistics, respectively). While
CPSF6[APY] displayed the WT phenotype, CPSF6[481],
like CPSF6[375], was retained in the cytoplasm. Thus, un-
der these conditions, CPSF6 NLS function mapped to the
RSLD, with no discernible contribution from PY-NLS. The
results of HIV-1 infection were completely consistent with
this interpretation. Cells expressing WT CPSF6[551] sup-
ported marginally (~30%) less infection than cells trans-
fected with the empty vector (EV) control (Figure 1E, F),
which was likely due to a modicum of WT protein that lo-
calized to the cell cytoplasm under these conditions of pro-
tein overexpression (Supplementary Figure S2). Expression



of the CA binding-defective mutant CPSF6[551]F284A (33)
failed to elicit the infection reduction, revealing, as ex-
pected, that the WT phenotype depended on the inter-
action of CPSF6 with HIV-1 CA. Also as expected (40),
CPSF6[375] expression significantly restricted HIV-1 infec-
tion (Figure 1E, F). Cells expressing CPSF6[481] restricted
infection to a level that was indistinguishable from the
CPSF6[375] control, whereas cells expressing CPSF6[APY]
supported the same level of infection as cells expressing WT
CPSFo6[551] (Figure 1E, F; see Supplementary Table S6 for
study-wide statistical comparisons of constructs analyzed
in the HIV-1 restriction assay).

Structure of the CPSF6—RSLD complex

To gain insight into the structural basis for CPSF6 NLS
function, we crystalized the TNPO3-RSLD complex. Al-
though we showed previously that nonphosphorylated
RSLD protein (CPSF6 residues 404-551) interacted with
TNPO3, phosphorylation greatly enhanced the binding of
SRSF1 to TNPO3 (12). The RSLD construct used here
(residues 481-551; Figure 2A) was accordingly co-expressed
in bacteria with human CLK1 (12). Purified TNPO3 and
RSLD proteins were combined, and the complex was pu-
rified by SEC (Supplementary Figure S3). Crystals of the
TNPO3-RSLD complex diffracted X-rays to 2.7 A resolu-
tion (Supplementary Table S2). As with prior crystal struc-
tures (12,50), the vast majority of full-length TNPO3 could
be built into the electron density map (Figure 2B). Similar to
the TNPO3-SRSF1 co-crystal structure, only a fraction of
the input CPSF6 RSLD (9 of the 70 residues) was ordered
in the density map. The core interacting SRSF1 RSD se-
quence 2*RSRpSRpSRSR?!? was unambiguously assigned
in the prior structure because the protein construct con-
tained the upstream RRM2 domain and featured a well-
ordered RRM2-RS linker region (Figure 2B) (12). The in-
put CPSF6 fragment by contrast comprised the RSLD with
only 9 upstream linker residues. Not unexpected due to
the repetitive nature of the RSLD sequence (see Figure 4A
below), three different, though sequence-related stretches,
termed D1, D2 and D3, could be modeled as phosphory-
lated peptides to fit the omit Fo-Fc difference map (Figure
2C, D). The electron density strongly suggested phosphory-
lation at position 6 of the bound peptide, and the presence
of a phosphorous atom was supported by anomalous X-ray
scattering at a wavelength of 2.41 A (Figure 2C; Supplemen-
tary Figure S4). Alignment of the D1, D2 and D3 sequences
with the core SRSF1 NLS revealed that positions 5-7 and 9
were invariant across the four sequences, whereas positions
3, 4 and 8 were chemically related considering the functional
similarity of Asp/Glu residues with phosphoserine (69,70).
Position 2 of the CPSF6 sequences, the first position with re-
solvable side chain, harbored a relatively bulky amino acid
(Arg, His, or Tyr) as compared to Ser in SRSF1. The re-
solved CPSF6 RSLD region importantly engaged TNPO3
helices 15-17, including the critical R-helix (orange in Fig-
ure 2A-C) that mediated direct contacts with the SRSF1
RSD (12).

As expected, the interactions involving the residues of
TNPO3 and CPSF6 are highly similar to those observed in
the TNPO3-SRSF1 complex (12) (see below). However, the
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overall conformation of the B-karyopherin in the TNPO3—
RSLD complex is less open, allowing the terminal car-
boxyl group of TNPO3 (residue Arg923) to make a salt
bridge with Argl66 (Supplementary Figure S5). In all prior
TNPO3 structures, the distance between the C-terminus
and Argl66 ranged from 21 to 27 A (Supplementary Fig-
ure S5), underscoring adaptability of the karyopherin fold.

RSLD sequences critical for CPSF6 NLS function

Due to the inherent ambiguity in assessing a specific CPSF6
sequence to the electron density map, a series of cell-based
and biochemical assays were performed to ascertain RSLD
sequences that contributed to nuclear import and TNPO3
binding, paying particular attention to modeled D1-D3 re-
gions. A set of internal deletion and C-terminal trunca-
tion mutants that spanned the RSLD was analyzed initially.
Sequences downstream from D3 were removed in the C-
terminal truncation mutant CPSF6[531], the CPSF6[520]
truncation additionally lacked the D3 region, and mutant
CPSF6[503] lacked both D2 and D3 regions (Figure 3A).
Three internal deletion mutants AD1-D3 collectively re-
moved all RSLD sequences upstream from residue Arg532.

Biochemical fractionation revealed that CPSF6[503] was
largely cytoplasmic, indicating that sequences downstream
from D1 played a critical role in nuclear import (Figure
3B; Supplementary Figure S1 and Table S5). Indeed, the
level at which CPSF6[503] restricted HIV-1 infection was
indistinguishable from the CPSF6[481] control that lacked
the entire RSLD (Figure 3C, 3D). In repeat experiments,
about 26% of CPSF6[520] fractioned to the nucleus while
~33% of CPSF6[531] was nuclear (Supplementary Figure
S1). Thus, while D2 and D3 sequences play important roles
in CPSF6 nuclear import, they themselves are insufficient
to impart full nuclear import function in the context of
the CPSF6[531] deletion. The three internal deletion AD1-
AD3 mutants behaved similarly to one another in biochem-
ical fractionation (Figure 3B; Supplementary Figure S1 and
Table SS5) and HIV-1 restriction assays (Figure 3C, D and
Supplementary Table S6). We conclude that different re-
gions of the RSLD, including sequences downstream from
D3, can contribute to CPSF6 nuclear import.

A series of 10 Ala substitution mutant proteins was
constructed to further delinecate RSLD sequences
critical for CPSF6 nuclear import. CPSF6[DlallA],
CPSFo6[D2allA] and CPSF6[D3allA] contained eight
contiguous Ala residues in place of the WT D1, D2 and
D3 sequences, whereas CPSF6[D12allA], CPSF6[D13allA]
and CPSF6[D23allA] harbored all pairwise combinations
of the 8-mer mutant constructs. To test the contributions
of residues downstream from D3, 5-Ala block substitution
mutants 1A-4A, which targeted residues 532 through
551, were analyzed (Figure 4A). Due to the throughput
nature of the approach, the Ala substitution mutants were
assessed initially in the HIV-1 restriction assay.

CPSFo6[D1allA], CPSF6[D2allA] and CPSF6[D3allA]
restricted HIV-1 infection ~2- to 3-fold as compared to
WT CPSF6[551]. Whereas all three 16-mer combination
mutant proteins restricted infection to greater extents than
their 8-mer counterparts, the two mutants with altered D3
sequences, CPSF6[D13allA] and CPSF6[D23allA], were
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Figure 2. Structure of the TNPO3-CPSF6 RSLD complex. (A) Crystallized proteins and fragments are shown schematically. Full-length TNPO3 (923
residues) is segmented to highlight « helices; the R-helix (helix 15), which interacts intimately with cargo substrate, is highlighted in orange. CPSF6 and
SRSF1 fragments are indicated by horizonal line and amino acid coordinates. (B) Left, TNPO3 is green, with helices 15-17 highlighted. The modeled
RSLD D3 region is shown as magenta sticks. The structure of the TNPO3-SRSF1 complex (pdb code: 4c0o0), shown to the right, highlights positions
of the RRM2 domain (blue) and RSD (magenta). The RRM2-RSD linker is in yellow. (C) Close up view of omit difference map, with CPSF6 residues
520-528 modeled as sticks. Light blue and black meshes display the omit F,, — Fc map contoured at 20 and 8a, respectively. (D) Sequence alignment of
modeled D1, D2 and D3 peptides with analogous SRSF1 RS repeat region. Ser residues modified by phosphorylation in the SRSF1-TNPO3 structure are
in red (12). Asterisks mark unresolved side-chains in the RSLD-TNPO3 structure.

consistently more potent, blocking HIV-1 to levels that
were indistinguishable from the control RSLD deletion
CPSF6[481] mutant protein (Figure 4B). Of the down-
stream 5-Ala mutant proteins, CPSF6[1A] and CPSF6[3A]
restricted infection to levels similar to the 8-mer D1-D3allA
substitution mutants, where CPSF6[2A] and CPSF6[4A]
were significantly less potent, behaving more like WT
CPSF6[551] (Figure 4B and Supplementary Table S6).
From this analysis we inferred that D3 sequences con-
tributed significantly to CPSF6 NLS function.

D2 and D3 sequences were further targeted by mutage-
nesis in an attempt to define the smallest number of amino
acid changes that disrupted CPSF6 NLS function. SRSF1
residues Arg206 and Arg208 mediate multiple contacts with

TNPO3 residues Asp750 and Glu660/Asp751, respectively
(12). As Arg or Lys occur at analogous D1-D3 positions
(Figure 2D) and mediate similar contacts with TNPO3
(Figure 5A), targeted Glu substituents were made, yielding
a set of constructs that ranged in complexity from the sin-
gle missense mutant CPSF6[551]KS510E to CPSF6[4Glul],
with all four D2 and D3 positions changed (Figure 5A).
Whereas CPSF6[551]1KS10E restricted HIV-1 infection less
than two-fold compared to WT CPSF6[551], double mu-
tants CPSF6[D2EE] and CPSF6[D3EE] behaved similarly
to their respective CPSF6[D2allA] and CPSF6[D3allA]
counterparts (compare Figure 5B with Figure 4B). Im-
portantly, CPSF6[4Glu] behaved indistinguishably from
CPSF6[481] and CPSF6[D23allA] controls in assays for
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both HIV-1 restriction (Figures 4B and 5B) and CPSF6 nu-
clear import (Figure 5C).

Transferable CPSF6 NLS function

Several types of NLSs, including the relatively compact ba-
sic element from simian virus (SV) 40 large T antigen (71)
as well as the RSDs of SRSF1 and SRSF3 (72), are trans-
ferrable, as they confer karyophilic behavior to otherwise
non-nuclear proteins. To test whether the CPSF6 RSLD
was sufficient to target a large heterologous protein into the
nucleus, we fused it to either the N-terminus or C-terminus
of bacterial B-galactosidase (gal), and examined the cellu-
lar localization of the fusion proteins in transfected HeLa
cells. As expected (45), the unmodified bacterial enzyme lo-
calized throughout the cell. Also as expected (45), fusing
the SV40 large T antigen NLS to the N-terminus of B-
gal conferred nuclear import (Supplementary Figure S6).
Regardless of which terminus received the CPSF6 RSLD
fusion, it too conferred nuclear localization to B3-gal, re-
vealing relatively context independent transferrable NLS
function. These findings are in line with the prior report
of GFP-RSLD nuclear localization (36). Importantly, the
4Glu amino acid substitutions negated transferable RSLD
NLS function (Supplementary Figure S6).

Ser phosphorylation and CPSF6 nuclear import

As Ser phosphorylation is critical for the interaction be-
tween SRSF1 and TNPO3 (12) (see below), we next tested
to what extent phosphorylation might contribute to CPSF6
NLS function. Due to the importance of D2 and D3 se-
quences (Figures 4, 5, Supplementary Figure S6), respective
Ser residues Ser511, Ser513, and Ser525 were mutated in-
dividually to Ala or in S2A or S3A combinations (Figure

6A). Fractionation of transfected cells revealed that each
single S>A mutant protein as well as the multi-mutated
CPSF6[S2A] and CPSF6[S3A] proteins were, like the WT
CPSF6[551] control, predominantly nuclear (Figure 6B;
Supplementary Figure S1 and Table S5). We therefore ex-
tended the mutagenesis to a total of 9 predicted phosphoac-
ceptor sites encompassing residues Ser487 to Ser525, which
included all predicted sites within the RSLD (Figure 6A;
Supplementary Table S4). The resulting CPSF6[S8§YA] mu-
tant protein also localized to the nucleus (Figure 6B, C,
Supplementary Figure S1), indicating that CPSF6 nuclear
import may occur independent of RSLD phosphorylation.
To mimic the effect of constitutive RSLD phosphorylation
(69,70), we assessed the S8YD mutant that carried aspartic
acid in place of the predicted Ser and Tyr phosphoaccep-
tor sites (Figure 6A). In stark contrast to the CPSF6[S8YA]
mutant, CPSF6[S8YD] was defective for nuclear localiza-
tion (Figure 6B, C, Supplementary Figure S1 and S7).
Due to the recent report that the nuclear transloca-
tion of Drosophila CPSF6 required RSLD phosphoryla-
tion (39), we next monitored the phosphorylation sta-
tus of WT human and mutant CPSF6 proteins. Initially,
SDS-PAGE patterns of predicted phosphoacceptor site mu-
tants were analyzed in the presence of co-polymerized
alkoxide-bridged dinuclear Mn?*, also known as Phos-
tag (73). This reagent interacts with phosphate groups of
modified Thr, Ser or Tyr residues, retarding the mobil-
ity of phosphoproteins through the polyacrylamide ma-
trix. Under baseline SDS-PAGE conditions, CPSF6[551]
co-migrated with a 70 kDa molecular mass standard (Fig-
ures 1, 3-6). HEK293T cell CPSF6 as well as CPSF6[551]
expressed in CKO cells however appeared as slowly mi-
grating species in the presence of Phos-tag, indicating that
most if not all cellular CPSF6 is phosphorylated (Figure
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and F.

6D). Ser513 appeared to be the dominant phosphoaccep-
tor site within D2 and D3, as the migration pattern of the
CPSF6[551]S513A mutant protein in the presence of Phos-
tag differed more from WT CPSF6[551] than did either
the CPSFo6[551]S511A or CPSF6[551]S525A pattern. As
the migration pattern of CPSF6[S3A] in turn differed more
from the CPSF6[551]S513A pattern than did CPSF6[S2A],
it seemed that Ser525 could also be phosphorylated un-
der these conditions. Because the migration patterns of
CPSF6[S8YA] and CPSF6[S8Y D] mutant proteins were the
same in the presence and absence of Phos-tag (Figure 6D),
we concluded that RSLD phosphorylation determined the
SDS-PAGE mobility shift of endogenous CPSF6 protein.
Consistent with this interpretation, WT CPSF6[551] co-
migrated with the 70 kDa marker in the presence of Phos-
tag if nuclear extracts were pretreated with N\ phosphatase,

and the migration pattern of CPSF6[481], which lacked
the RSLD, was independent of phosphatase treatment or
Phos-tag reagent (Supplementary Figure S§A). Patterns of
CPSF6 expression across cell types, including Jurkat T cells
as well as resting and stimulated primary CD4+ T cells, mir-
rored those observed in HEK293T cells in the absence and
presence of Phos-tag (Supplementary Figure S§B-D).

We next utilized MS to assess the phosphorylation sta-
tus of CPSF6. Anti-CPSF6 antibodies recovered endoge-
nous CPSF6[551] from HEK293T cell nuclear extracts and
exogenously expressed CPSF6[551] and mutant derivatives
from CKO cell extracts at similar levels (Figure 7A). Im-
munoblot analysis prior to immunoprecipitation impor-
tantly revealed expected migration patterns of WT and mu-
tant proteins in the presence of Phos-tag (Figure 7B). We
note that the assessment of potential CPSF6 phosphory-
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lation sites varied widely across prediction program (Sup-
plementary Table S4). Of 31 total sites, 8 were predicted by
two programs and just two sites, Thr404 and Thr407, were
predicted by all three (Supplementary Table S4). Indeed,
Thr404 and Thr407 at virtual absolute certainty were iden-
tified by MS as phosphorylated across experimental sam-
ples (Figure 7C). Thr157 in the RRM domain was also
phosphorylated in all samples, while Thr235 in the PRD
was phosphorylated only in exogenously expressed proteins.
Four sites in the RSLD, Ser494, Ser500, Ser511 and Ser513,
were phosphorylated in both endogenous CPSF6 and ex-
ogenously expressed CPSF6[551] protein. Thus, while con-
served Ser residues within D1 (Ser500) and D2 (Ser511
and Ser513) were identified at high confidence as modified,
phosphoserine at residue Ser525 in D3 was not detected.
The S513A substitution in CPSF6[551]S513A counteracted
phosphorylation of both Ser511 and Ser513, indicating po-
tential cooperativity in the modification of these two sites.
As predicted from the Phos-tag analysis, RSLD phospho-
rylation was fully abrogated in the CPSF6[S8YA] mutant
protein (Figure 7C).

To assess if the PY-NLS might cryptically activate and
assume NLS function in the absence of RSLD phospho-

rylation, the APY and S8YA mutations were combined.
CPSF6[APYS8YA] protein was nuclear as assessed by both
confocal microscopy and cellular fractionation (Supple-
mentary Figure S1 and S7).

Assessment of direct TNPO3—-CPSF6 RSLD binding

GST pulldown assay. The results of previous experiments
suggested that whereas the interaction between TNPO3 and
the CPSF6 RSLD would depend on D2 and D3 sequences,
it would be largely phosphorylation independent. To test
these ideas, GST-RSLD fusion proteins containing the WT,
D23allA or 4Glu mutant sequences were expressed in E.
coli in the absence or presence of co-expressed CLK1 ki-
nase. Following purification by glutathione sepharose and
SEC, the proteins were analyzed by SDS-PAGE in the pres-
ence of Phos-tag, which confirmed that proteins expressed
in the presence of CLK1 were indeed phosphorylated (Fig-
ure 8A). MS analysis of the WT protein expressed in the
absence of CLK1 confirmed the lack of RSLD phospho-
rylation. By contrast, CLK1 co-expression resulted in the
phosphorylation of four RSLD residues at >90% certainty,
including Ser494, which was phosphorylated in endogenous
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CPSF6 (Figures 7C and 8B). Phosphorylation of the GST-
RSLD-WT protein at residues Ser487, Ser489 and Ser525,
which was not detected in the endogenous protein sample,
could be due to several reasons, including the lack of pro-
tein phosphatases in the bacterial system, expression of just
the RSLD fragment of CPSF6, and/or co-expression of a
non-physiologically relevant kinase. We do note that CLK2,
which was not studied here, was predicted by the Scansite
program (67) to modify CPSF6 RSLD residues in cell nuclei
(Figure 7C).

TNPO3 binding was assessed by GST pulldown in the
presence of BSA to address binding specificity. In repeat ex-
periments, the non-phosphorylated GST-RSLD-WT pro-
tein recovered ~30% of input TNPO3 without any evi-
dence for BSA pulldown. The levels of TNPO3 recovery

with GST-RSLD-D23allA and GST-RSLD-4Glu were im-
portantly reduced to the background level observed with
GST alone control protein (Figure 8C, D). TNPO3 bind-
ing moreover was independent of RSLD phosphorylation,
as the recovery of TNPO3 by GST-RSLD-S8YA and phos-
phorylated GST-RSLD-WT was indistinguishable from the
level recovered by the non-phosphorylated GST-RSLD-
WT protein (Figure 8C-F). In sharp contrast, GST-RSLD-
S8YD failed to bind TNPO3 (Figure 8E, F). We conclude
that TNPO3 binding profiles of recombinant GST-RSLD
fusion proteins correlate succinctly with the nuclear im-
port profiles of full-length CPSF6 counterpart proteins in
HEK293T cells.

Peptide binding as assessed by FP. Our results highlight
the contribution of D2 and D3 sequences in binding to
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kinase.

TNPO3 and CPSF6 nuclear import (Figures 4, 5 and 8).
While D2 residues Ser511 and Ser513 were phosphorylated
in HEK293T cell nuclei, Ser525 in D3 scored as unmodified
(Figure 7C). Binding affinities of synthetic RSLD peptides
to recombinant TNPO3 were next measured by FP spec-
trometry to further investigate the contributions of phos-
phorylation, as well as specific D3 amino acid residues,
to the protein-protein interaction. The canonical SRSF1
RS sequence was synthesized as an unmodified 8-mer pep-
tide or with key Ser positions (analogous to Ser207 and
Ser209) phosphorylated (RSP). While RS peptide failed to
bind TNPO3 (K4 > 1 mM), RSP revealed a K4 of 1.3 £
0.19 uM (Figure 9A; P = 0.002—see Supplementary Ta-
ble S7 for study-wide comparisons of Ky value significance).
CPSF6 peptides were initially synthesized as 8-mers that ini-
tiated with the first fully resolvable residue across D1-D3
sequences (Figure 2C). A wide range of binding affinities,
which spanned 8.7 wM to >1 mM, were recorded for these
unmodified peptides. Phosphorylation modestly enhanced
the binding affinities of D1 (from 141 pM to 28 pM; P =
0.03) and D3 (from 8.7 wM to 3.4 uM; P = 0.005) peptides,

while phosphorylation significantly enhanced the binding
affinity of the D2 peptide, from undetectable to 2.3 pM
(Figure 9A). Thus, the presence of Glu in D1 and D3 at
the position analogous to Ser207 in SRSF1 reduced the de-
pendency on phosphorylation for binding to TNPO3 from
all-or-none, in the cases of RS and D2 peptides, to ~5- and
2.5-fold for DI and D3, respectively.

We next analyzed binding affinities of larger D2-D3 re-
gion peptides. Extending the N-terminus of D3 to include
the amino acids that lie between D2 and D3 did not im-
prove binding affinity over that seen with starting D3 pep-
tide (Figure 9B). The further extended D23 peptide how-
ever did bind TNPO3 at a significantly higher affinity than
starting D3 (P =0.039), indicating context-dependent influ-
ence of unmodified D2 sequence to the protein-protein in-
teraction. The affinity of D23 peptide-TNPO3 binding was
importantly reduced significantly (~25-fold) by the 4Glu
amino acid substitutions in the D23-4Glu peptide (Figure
9B; Supplementary Table S7). Results of competition assays
for binding of the positive control SRSF1 RSP peptide also
demonstrated the specificity of CPSF6 RSLD peptide bind-
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ing to TNPO3 (Supplementary Figure S9). Phosphoryla-
tion of the D23 peptide enhanced TNPO3 binding affinity
~3-4 fold, though this affect was independent of whether
D2, D3, or both sequences were modified (compare D2P-
D3, D2-D3P, and D2P-D3P binding affinities in Figure 9B).

Residue-by-residue alteration of the D3 peptide sequence
highlighted the relative importance of Tyr at position 1 over
phosphoserine at position 5 for TNPO3 binding. Substitut-

ing Glu for Tyr in the baseline D3 sequence significantly re-
duced binding, from 8.7 uM to >1 mM for the ER/S pep-
tide (P = 0.03), while the same substitution in the modi-
fied D3P peptide reduced binding ~5-fold, from 3.4 uM to
17.1 pM (P = 0.002). Similarly, incorporating Tyr at po-
sition 1 or phosphoserine at position 5 into the iterative
ERERERER backbone increased affinity for TNPO3 bind-
ing by ~10 and 5-fold, respectively, which was a statistically
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significant difference (Supplementary Figure S10 and Table
S7).

Regulation of APA function by CPSF6 RSLD phosphoryla-
tion

The CFIm complex plays a key role to regulate APA. In the
absence of CPSFS5 or CPSF6, polyadenylation occurs at up-
stream sites that are proximal to translational stop codons,
effectively shortening mRNA 3" UTRs (19,55). To assess
the role of CPSF6 phosphorylation in APA, RNA was iso-
lated from CKO cells expressing HA-tagged CPSF6[551]
or HA-CPSF6[S8YA]; added HA tags facilitated detection
of potential CPSF6 interacting proteins by immunoprecip-
itation (see below). Negative controls included CKO cells
transfected with EV or with vector expressing the RRM do-
main deletion mutant HA-CPSF6[A116-122], which is de-
fective for CPSF5 binding (34,74). Filtered RNA-Seq reads
were analyzed for percent distal polyadenylation usage in-
dex (PDUI) to assess 3’ UTR length changes. PDUI values

near zero indicate preferential use of proximal PASs while
values closer to 1 indicate distal site usage (75). Test case
PDUI values were compared to WT HEK293T cells trans-
fected with EV. Two independent experiments were per-
formed, and resulting data were parsed to highlight signifi-
cant findings in common to both experimental replicates.
As expected (33,76), numerous genes with significant
PDUI differences were evident in CKO cells transfected
with EV, including 327 mRNAs with significantly shorter
3’ UTRs (P < 1073%) and 2 mRNAs with longer 3’ UTRs
(P = 0.0002) from an average of 9,884 messages analyzed
(Figure 10A and Supplementary Figure S11A; see Supple-
mentary Table S8 for list of all mRNAs with significant 3’
UTR changes). Also as expected (33), HA-CPSF6[551] ex-
pression in large part restored the normal APA pattern to
CKO cells, reducing the number of mRNAs with shorter 3’
UTRs by approximately 10-fold (from 327 to 32; Figure 10).
Despite efficient HA-CPSF6[A116-122] expression (Sup-
plementary Figure S12A), the CPSF5 binding defective mu-
tant by contrast failed to rescue APA function, as 321 mR-
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Figure 10. Regulation of APA by CPSF6 RSLD phosphorylation. (A-D) Scatter plots of PDUI values for WT HEK293T cells transfected with empty
vector (EV; x-axes) versus CKO cells transfected with EV (A), WT HA-CPSF6[551] expression vector (B), mutant HA-CPSF6[A116-122] expression
vector (C), or HA-CPSF6[S8YA] expression vector (D). Each dot represents one gene. Genes with significantly different PDUI values compared with WT
HEK?293T cells+EV are shown in blue (upper left quadrant) or in red (lower right). Results of each experimental replicate are shown as independent scatter
plot; the number of genes with significantly different PDUI values compared with WT+EV in common to both replicates is shown below the plots (see

Supplementary Figure SI11A for associated P values).

NAs in this case harbored significantly shortened 3’ UTRs
(P < 1073%%) (Figure 10C, Supplementary Figure S11A).
We note significant overlap among mRNAs with shorter 3’
UTRs between samples (Supplementary Table S8): 240 of
the genes identified in CKO cells transfected with EV ver-
sus HA-CPSF6[A116-122] expression vector were the same
(P < 1073%%), and most of the messages (28 of 32) identified
in CKO cells expressing WT HA-CPSF6[551] were likewise
in common with either the EV or HA-CPSF6[A116-122]
sample (P =7 x 10~*!; Supplementary Figure S11B).
Expression of HA-CPSF6[S8YA] in CKO cells yielded
the unexpected phenotype of preferential utilization of dis-
tal PASs and, as a consequence, extended 3" UTRs. In this
case only 4 mRNAs harbored shorter 3 UTRs, which, al-
though a significant degree of overlap (P = 3.6 x 1077),
paled in comparison to the 36 genes between samples with
extended 3’ UTRs (P = 1.5 x 107%) (Figure 10D, Sup-
plementary Figure 11A, C). To investigate this phenotype
in detail, mRNAs with extended 3’ UTRs (Supplemen-
tary Table S8) were compared to those noted previously
through the depletion of CPA components SNORDS50A
(20), PCF11 (21), or CstF64/CstF64t (57), which revealed

one (P > 0.05), nine (P = 9.6 x 107%), and two (P = 0.02)
respective genes in common (Supplementary Figure S11D).
Two genes, POLR2E and MKLNI, were moreover com-
mon to three of the four datasets (Supplementary Figure
S11D). Alignment of select 3’ UTR regions between studies
revealed similarities in PAS usage under the different exper-
imental conditions (Supplementary Figure S11E).

We reasoned that CPSF6 RSLD phosphorylation could
be important for interaction with APA factors that when
depleted shift PAS site usage to downstream regions. To
test this hypothesis, nuclear extracts of WT HEK293T
cells, CKO cells, or CKO cells transfected with test con-
structs were immunoprecipitated using antibodies against
CPSF5 or the HA tag. Anti-CPSFS5 antibody recovered
similar levels of CPSF7 across samples, though, as ex-
pected, failed to coimmunoprecipitate CPSF6 from CKO
cells or from CKO cells expressing HA-CPSF6[A116-122]
(Supplementary Figure S12A). Similarly, anti-HA antibod-
ies failed to coimmunoprecipitate CPSFS5 from extracts of
HA-CPSF6[A116-122]-expressing cells. Similar levels of
FIPIL1 protein were recovered from cells expressing HA-
CPSF6[551] and RSLD mutant HA-CPSF6[S8YA] using



Nucleic Acids Research, 2019, Vol. 47, No. 9 4679

hypophosphorylated CPSF6

physiological CPSF6

hyperphosphorylated or
absence of CPSF6

cytoplasm

nucleus

@ CFlm complex

Pp
@P TNPO3
PP

No CPSF6

CPSF7-only CFIm complex

CPSF5 x
RNA 3’UTR S ry N RNA 3'UTR - e S RNA 3'UTR e Y ry
Proximal PAS Distal Proximal PAS Distal Proximal PAS Distal
PAS PAS PAS PAS PAS PAS

Figure 11. The role of RSLD phosphorylation in CPSF6 nuclear import and APA. The physiological condition is shown in the middle panel. As CPSF6 at
steady-state is a nuclear protein, it is unclear if the RSLD is phosphorylated when TNPO3 is engaged in the cytoplasm for nuclear transport (?). Following
CFIm complex formation in the nucleus, RSLD phosphorylation regulates the choice of pre-mRNA PAS. In the absence of RSLD phosphorylation (left
panel), nuclear import proceeds efficiently, but RSLD hypophosphorylation results in a significant number of unnaturally distal PASs. When CPSF6 is
absent from the nucleus due to gene knockout or expression of mutant protein unable to bind TNPO3 (right panel), PASs shift dramatically to proximal

positions. NPC, nuclear pore complex.

both anti-CPSF5 and anti-HA antibodies, as well as with
anti-HA antibody from extracts of cells expressing HA-
CPSF6[A116-122] (Supplementary Figure S12B, C). These
results are consistent with the observation that the interac-
tion between CPSF6 and FIP1L1 is mediated by the RSLD
in a phosphorylation independent manner (76). Despite
repeated attempts, we were unable to convincingly coim-
munoprecipitate PCF11 or CstF64/CstF64t from nuclear
extracts using either anti-CPSF5 or anti-HA antibodies.

DISCUSSION
Nuclear import mechanisms of SR and SR-like proteins

The nexus of the RSD-TNPO3 interaction and its role in
protein nuclear import is best understood for canonical SR
superfamily members. In these cases, the protein interaction
relies on RSD phosphorylation (10-12) (Figure 9). How-
ever, the roles of RSDs/RSLDs in SR-like protein nuclear
import are far less clear. Indeed, until this report it was not
known if an interaction with TNPO3 would underlie the
mechanism of SR-like protein nuclear import. The SR-like
protein Acinus, as one example, is expressed as three iso-
forms, all with a common C-terminal region harboring an
RRM domain and RSLD (77). A mutant of the S’ isoform

with its RSLD deleted was transported efficiently into cell
nuclei (78), indicating that Acinus nuclear import may very
well be TNPO3-independent. Although the RSLD within
SNRNP70 is karyophilic, nuclear import activity mapped
to basic amino acid residues within the RRM domain of this
splicing factor (79). Such observations highlight inherent
complications of analyzing localization properties of mod-
ular molecules such as SR proteins that contain RRM and
RSDs, each of which can influence nuclear targeting as well
as subnuclear localization (72,78,80).

Prior work mapped human CPSF6 nuclear import func-
tion to the RSLD as well as an internal region be-
tween the RRM and RSLD (36). As purified TNPO3
and TNPOI1 proteins were shown to bind these respec-
tive regions (12,38), we systematically assessed their con-
tributions. Nuclear import function mapped to the CPSF6
RSLD without any discernable role for PY-NLS. Substi-
tuting Glu for four basic residues in the RSLD that are
conserved within the core contact region of the phospho-
rylated SRSF1 RSD rendered CPSF6 cytoplasmic (Figure
5), disrupted transferrable NLS function (Supplementary
Figure S6), and ablated the RSLD-TNPO3 interaction in
vitro (Figure 8). Taken together, we conclude that the inter-
action detected in vitro between TNPO1 and residues 364—
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392 within the PRD is irrelevant to CPSF6 nuclear import
in cells. Although we have not examined the same construct
that was analyzed by Dettwiler and colleagues (36), we sus-
pect that the pan-cellular phenotype reported for this GFP
fusion could be due to protein folding issues related to the
removal of a relatively large internal chunk of CPSFe6.

Differing roles for phosphorylation in SR protein biology

The roles of phosphorylation in SR protein biology are
best understood for canonical family members such as
SRSF1 (also known as ASF/SF2) and SRSF2 (previously
called SC35), where the posttranslational modification reg-
ulates TNPO3 binding and hence nuclear import (10,11),
localization to nuclear speckles (4), movement from speck-
les to sites of transcription (5,81) and assembly into the
pre-mRNA spliccosome (7). Roles of phosphorylation in
assembly include suppression of non-specific interactions
with RNA as well as to orchestrate protein-protein in-
teractions with other SR protein slicing factors, such as
SNRNP70, through their RSDs [reviewed in (82)]. Catal-
ysis of pre-mRNA splicing by contrast requires SR protein
dephosphorylation (7), after which the proteins can recycle
through speckle storage, spliceosome recruitment and as-
sembly and catalysis of pre-mRNA splicing by additional
rounds of phosphorylation/dephosphorylation (82).

Potential roles for phosphorylation in the biology of SR-
like proteins are by comparison underdeveloped. The Aci-
nus RSLD can be modified by different kinases including
AKT (83) and SR protein-specific kinase 2 (SRPK?2) (84).
While the S453A /S604A phosphoacceptor site mutant like
WT Acinus localized to nuclear speckles, the contribution
of these two changes to the overall phosphorylation status
of the WT or mutant protein was not reported (78). Prior
findings differ as to whether the phosphomimetic S453D
mutant localized to speckles (78) or dispersed throughout
the nucleoplasm (84), which may have been influenced by
the different Acinus isoforms analyzed (78).

The substitution of 14 predicted Ser/Thr phosphoaccep-
tor sites in the PRD-RSLD linker and RSLD of Drosophila
CPSF6 rendered the mutant protein defective for nuclear
import (39). As that study discovered a link between CPSF6
and autophagy, nuclear import was conducted under con-
ditions of nutrient deprivation, which could account for
the differences between studies. We also note fairly differ-
ent RSLD sequences between species: whereas 63 residues
compose the human RSLD, the Drosophila domain harbors
132 residues. Sites of Drosophila RSLD phosphorylation
identified from in vitro kinase reactions mapped to the seg-
ment of the protein that lacked homology to human CPSF6
(Supplementary Figure S13), which could also contribute to
differences between studies. Treatment of nutrient-deprived
human cells with 50 .M TGO003, which at this concentration
is a pantropic inhibitor of CLK kinases as well as dual speci-
ficity tyrosine-phosphorylated-regulated kinase 1A and 1B
(85), reportedly inhibited human CPSF6 nuclear import
(39). As such treatment almost certainly dysregulated the
phosphorylation of numerous cellular proteins, additional
work is required to determine if RSLD phosphorylation is
specifically required for nuclear import of human CPSF6
under limited nutrient conditions.

MS identified CPSF6 RSLD D1 and D2 Ser residues as
phosphorylated in HEK293T cell nuclei, while Ser525 in
D3 was apparently unmodified. Phosphorylation of Ser525
in recombinant GST-RSLD-WT protein that was synthe-
sized in the presence of CLK1 (Figure 8B) accounts for the
anomalous X-ray scattering observed at position 6 of the
bound peptide (Supplementary Figure S4). Surely, phos-
phorylation of D2 residues Ser511 and Ser513 can signif-
icantly increase the affinity for binding of CPSF6 RSLD
sequences to TNPO3. However, our data clarify this af-
fect as highly context dependent. While all-or-none in the
context of the §-mer D2 peptide, D2 region phosphoryla-
tion increased the binding affinity of the 20-mer D23 pep-
tide circa 3.3-fold (Figure 9). We speculate that increased
local concentration of separate TNPO3 binding sites ac-
counts for the apparent avidity of D2 and D3 sequences in
peptide binding (Figure 9) and CPSF6 nuclear import (Fig-
ures 4, 5). While we cannot rule out with absolute certainty
some contribution from RSLD phosphorylation to TNPO3
binding in the context of the complete domain and/or
full-length CPSF6, we conclude that human CPSF6 is im-
ported into the nucleus in a largely RSLD phosphorylation-
independent manner under normal growth conditions.

Our data suggests caution may be warranted when in-
terpreting results of protein mobility shift in Phos-tag
gels. Though an excellent predictor of some modifications,
RSLD mutant CPSF6[S8YA] seemed fully dephosphory-
lated based on migration pattern and phosphatase sensitiv-
ity (Figures 6D and 7B). However, MS identified three up-
stream phosphothreonine residues in this protein (Figure
7C). Perhaps the relatively high Pro content in the central
portion of CPSF6 masked these residues from effectively
engaging the Phos-tag. Gel mobility patterns also suggested
that Ser525 could be phosphorylated (Figures 6D and 7B),
though this modification was not confirmed by MS in hu-
man CPSF6.

Regulation of APA by CPSF6 RSLD phosphorylation

The hypophosphorylated CPSF6[S8YA] mutant supported
significant distal PAS utilization (Figures 10, 11 and Sup-
plementary Figure S11), suggesting that RSLD phospho-
rylation may regulate the functionality of other CPA com-
plex components. The interaction between CPSF6 and
FIP1L1, which is mediated through their RSLDs (76),
occurs independent of phosphorylation (76) (Supplemen-
tary Figure S12). Because RSD phosphorylation is known
to regulate interactions between SR proteins (8,82,86), it
seemed possible that phosphorylation of the CPSF6 RSLD
could mediate its interaction with other nuclear factors
that regulate APA. Due to the overlap observed in some 3’
UTR signatures in the presence of CPSF6[S8YA] or when
CstF64/CstF64t or PCF11 expression is dysregulated, we
focused effort on potential interactions with these proteins.
Considering their participation in APA as CstF and CFIIm
complex components, it is not surprising that CPSF6 was
previously reported to co-fractionate with CstF64 and
PCF11 (87,88). However, we are unaware of any reports of
direct interactions between these proteins and CPSF6, and,
despite extensive effort, we were unable to coimmunopre-
cipitate PCF11, CstF64, or CstF64t from nuclear extracts



using antibodies direct against CPSF5 or CPSF6. Although
our results highlight a role for RSLD phosphorylation in
the regulation of APA, additional work is required to de-
cipher the precise mechanism that is provided by the post-
translational modification. The CPSF6[S8YA] mutant pro-
vides a valuable tool to further probe functionally relevant
intermolecular interactions among the myriad of players
that regulate APA of cellular pre-mRNA.
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