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ABSTRACT

In eukaryotic cells, various classes of RNAs are ex-
ported to the cytoplasm by class-specific factors. Ac-
cumulating evidence has shown that export factors
affect the fate of RNA, demonstrating the importance
of proper RNA classification upon export. We pre-
viously reported that RNA polymerase Il transcripts
were classified after synthesis depending on their
length, and identified heterogeneous nuclear ribonu-
cleoprotein (hnRNP) C as the key classification fac-
tor. HhRNP C inhibits the recruitment of PHAX, an
adapter protein for spliceosomal U snRNA export, to
long transcripts, navigating these RNAs to the mRNA
export pathway. However, the mechanisms by which
hnRNP C inhibits PHAX recruitment to mRNA re-
main unknown. We showed that the cap-binding com-
plex, a bridging factor between m’G-capped RNA and
PHAX, directly interacted with hnRNP C on mRNA.
Additionally, we revealed that the tetramer-forming
activity of hnRNP C and its strong RNA-binding ac-
tivity were crucial for the inhibition of PHAX binding
to longer RNAs. These results suggest that mRNA
is wrapped around the hnRNP C tetramer without
a gap from the cap, thereby impeding the recruit-
ment of PHAX. The results obtained on the mode of
length-specific RNA classification by the hnRNP C
tetramer will provide mechanistic insights into hn-
RNP C-mediated RNA biogenesis.

INTRODUCTION

In eukaryotic cells, different classes of RNAs are exported
from the nucleus after synthesis by distinct sets of ex-
port factors (1). The composition of the export complex
influences the fate of the RNA, such as its functions,
stability and cytoplasmic localization, demonstrating the
importance of proper RNA classification upon export

(2-7). Nascent spliceosomal U small nuclear RNA
(snRNA) and mRNA, which are synthesized by RNA
polymerase II, share common features at their 5’ termini;
they receive a 7-methyl guanosine (m’G) cap structure.
The cap structure recruits the cap-binding complex (CBC)
and induces their nuclear export (8,9). Notably, different
export factors for U snRNA and mRNA are recruited
for their export (Figure 1A). In U snRNA export, the
adapter protein PHAX is recruited to the cap-proximal
region through a direct interaction with both CBC and
RNA (10). PHAX subsequently recruits the nuclear export
receptor CRM1-RanGTP (10). In bulk mRNA export,
the transcription and export (TREX) complex, rather
than PHAX, is recruited to the same region through an
interaction with both CBC and RNA (11). SR proteins
and the exon junction complex (EJC) are also recruited to
mRNA (12,13). These complexes/proteins in turn recruit
the mRNA export receptor TAP/NXF1 (14,15). U snRNA
export factors, such as PHAX, do not bind to mRNA,
despite the common cap structure (2,10), suggesting the
existence of other features that distinguish these two classes
of RNAs.

We previously identified RNA length as one of the fea-
tures that distinguish classes of RNAs for correct nuclear
export (2,16,17). When different lengths of unstructured
exonic sequences were artificially inserted into U snRNA,
PHAX binding to elongated RNA was inhibited and the
elongated RNA was exported by the mRNA export ma-
chinery. When intronless mRNA was artificially truncated,
the shortened mRNA was bound by PHAX and exported
by the U snRNA export machinery. The threshold length of
export pathway switching was ~200-300 nucleotides (nt).
We also identified the heterogencous nuclear ribonucleo-
protein (hnRNP) C1/C2 as a key classification factor (18).
HnRNP C selectively bound to unstructured RNA regions
>200-300 nt and inhibited PHAX binding to these RNAs.
We further found that hnRNP C directly interacted with
CBC. These findings led us to propose the following model
for the inhibition of PHAX recruitment onto long tran-
scripts by hnRNP C (18) (Figure 1A). When a transcript
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of >200-300 nt is synthesized, hnRNP C stably binds to
the RNA, and the RNA-bound hnRNP C interacts with
CBC. This cap-proximal RNP formation consequently in-
hibits PHAX recruitment to RNA, leading to mRNA-type
nuclear export. When a transcript is <200-300 nt, hn-
RNP C cannot stably bind to the transcript, thereby allow-
ing PHAX recruitment and subsequent U snRNA-type ex-
port. However, the molecular mechanisms underlying the
PHAZX-inhibitory and length-specific RNA-binding activi-
ties of hnRNP C have not yet been elucidated.

HnRNP C1/C2 is one of the most abundant pre-mRNA-
binding proteins in the nucleus (19), which, together with
hnRNP A/B proteins, packages nascent RNA into a repeat-
ing array of regular particles—40S hnRNP particles (20—
23). In addition to RNA packaging, hnRNP C1/C2 has im-
portant functions in mRNA maturation, such as in the reg-
ulation of splicing (24-26) and RNA sorting (18). C1 and
C2 are alternatively spliced gene products that only differ
by the presence of 13 amino acids in C2 (27). HnRNP C
contains several functional regions: the RRM, BASIC, ZIP-
PER and ACIDIC regions (Figure 1B). Its RNA-binding
activity is mainly attributed to two distinct RNA-binding
regions: a consensus RNA recognition motif (RRM) and a
region rich in basic residues (BASIC). The well-conserved
RRM, also referred to as the RNA-binding domain (RBD),
is a ~90-amino-acid domain located in the N-terminus of
hnRNP C. The RRM has two conserved octa- and hexapep-
tide sequences termed RNP1 and RNP2 (28,29). HnRNP C
preferentially binds to uridine stretches via the two RNPs
(30-32). An auxiliary region (AUX) is located between the
RRM and BASIC regions. The BASIC region provides ad-
ditional sequence-independent RNA-binding activity (33—
35); this region of 40 amino acids consists of 11 basic
residues (Arg/Lys) and no acidic residues (36). Together
with the adjacent leucine zipper (ZIPPER) domain, the BA-
SIC region forms a bZIP-like motif, as seen in transcrip-
tion factors (25). HnRNP CI and C2 form a 3:1 heterote-
tramer (37,38). The tetramer is highly stable in solution be-
cause of the ZIPPER domain (35,39); it retains its tetramer
structure in 2 M NaCl and does not disassociate at pH
5.5 or 11.5 (37). This stability is supported by the pres-
ence of hydrophobic residues at every seventh position in 30
amino acids (Figure 2B) and its location at the center of the
tetramer complex, forming an antiparallel four-helix coiled-
coil structure (27). Additionally, the C-terminal acidic re-
gion (ACIDIC) stabilizes tetramer formation (35,39). One
tetramer binds RNA 230-240 nt in length (23,38), which
notably is the threshold length of export pathway switch-
ing between U snRNA and mRNA (16). While it is possible
that tetramer formation contributes to the binding to long
RNAs, there is no evidence to prove this possibility.

To obtain a more detailed understanding of RNA classi-
fication mechanisms, we investigated the regions in hnRNP
C that are essential for the correct classification of RNAs for
nuclear export. We found that the interaction between CBC
and hnRNP C occurred on RNA, and an N-terminal region
was necessary for the direct interaction. We also showed
that the BASIC and ZIPPER regions were both required for
hnRNP C to inhibit PHAX binding to longer RNAs and
that these regions contributed to strong binding to longer
RNAs. Furthermore, our results suggested that the forma-

tion of tetramers was crucial for the RNA-binding activity
of hnRNP C both in vitro and in vivo. From the current re-
sults, the following model was proposed: RNA longer than
a certain threshold is wrapped around the tetramer without
a gap from the cap through a direct interaction with CBC
via the N-terminal region, thereby inhibiting the access of
PHAX. The present results demonstrate how hnRNP C in-
hibits PHAX recruitment by interacting with CBC in an
RNA-length-specific manner.

MATERIALS AND METHODS
DNA constructs

To generate hnRNP C1 plasmids, the full-length hnRNP
C1 fragment was inserted into the BamHI-Xhol sites
of pGEX-6p-1 (pGEX-6p-1-C1) or pET28a (pET28a-C1)
(18). For the hnRNP C1 mutants N-half, C-half, Middle,
RRM, AUX, BASIC, ARRM, ABASIC, ARRMABASIC,
AZIPPER and ZIP-MT4, pGEX-6p-1-C1 and pET28a-C1
were used as the templates for mutagenesis. To generate
the Raly plasmid, the Raly fragment was inserted into the
BamHI-Xhol sites of pET28a (pET28a-Raly). To gener-
ate plasmids to express chimeric proteins, pET28a-C1 and
pET28a-Raly were used as the template for the polymerase
chain reaction (PCR).

Recombinant proteins

Recombinant His-CBC (His-CBP80 and His-CBP20) and
glutathione S-transferase (GST)-PHAX were prepared as
previously described (18). To purify His-T7-C1 wild-type
(WT) and mutant proteins, plasmids were first transformed
into Escherichia coli BL21-Gold (DE3). The expressed pro-
tein in the bacterial lysate was bound to Ni Sepharose
beads (GE Healthcare) at 4°C for 1-3 h. Bound beads
were washed five times with Buffer-1 [20 mM Tris—HCI,
pH 8.0, 0.5 M NacCl, 50 mM imidazole, 10% glycerol, 1
mM 2-mercaptoethanol and 0.1% Nonidet P-40 (NP-40)],
while beads bound with C1 WT, ARRM, ABASIC and
ARRMABASIC were washed with Buffer-1 containing 150
mM imidazole. Proteins were eluted in Buffer-1 containing
500 mM imidazole. Eluted proteins were dialyzed against
Buffer-2 [20 mM Tris—HCI, pH 8.0, 0.25 M NacCl, 10% glyc-
erol, 1 mM dithiothreitol (DTT) and 0.2 mM EDTA] at4°C
overnight, while AACIDIC was dialyzed against Buffer-3
(20 mM Tris—HCI, pH 8.0, 0.5 M NaCl, 10% glycerol, 1 mM
DTT and 0.2 mM EDTA). His-T7-Raly and chimeric pro-
teins were purified using the same methods as for His-T7-C1
proteins. To purify GST-C1 WT and mutant proteins, the
plasmids were transformed into E. coli BL21-Gold (DE3).
The expressed protein in the bacterial lysate was bound
to Glutathione Sepharose 4B (GE Healthcare) at 4°C for
1-3 h. Bound beads were washed five times with Buffer-
3 containing 0.1% NP-40. Proteins were eluted in Buffer-3
containing 10 mM reduced glutathione and then dialyzed
against Buffer-3 at 4°C overnight.

In vitro transcription

32P-Labeled RNAs were transcribed in a 10 pl volume con-
taining 20 U of T7 RNA polymerase (Promega), Tran-
scription Buffer (Promega), | mM DTT (Promega), 12 U



of RNasin Plus (Promega), NTP mixture (0.5 mM ATP,
0.5 mM CTP, 0.1 mM UTP and 0.1 mM GTP), 1 pg of
DNA template, 1 mM m’G(5)ppp(5)G RNA Cap Struc-
ture Analog (New England Biolabs) and 2.96 TBq/mmol
[a-*P]JUTP (Perkin Elmer). Cap Structure Analog was not
added for U6 snRNA or unlabeled 700 nt RNA. After a
60 min incubation at 37°C, RNA was recovered from the
supernatants by phenol/chloroform extraction and purified
using G-50 microcolumns (GE Healthcare). RNA was then
precipitated with ethanol and dissolved in H,O.

Splint ligation of RNA

Splint ligation of RNA was performed as previously de-
scribed (40). In vitro transcribed, unlabeled and uncapped
dihydrofolate reductase (DHFR; 700 nt) RNA was dephos-
phorylated with calf intestine alkaline phosphatase (TOY-
OBO) and then phosphorylated with T4 polynucleotide ki-
nase (TOYOBO). The RNA fragment and in vitro tran-
scribed, 3?P-labeled and m’G-capped RNA (80 nt) were
mixed with bridging DNA oligonucleotide and incubated
with T4 DNA ligase (TOYOBO). The ligation product was
separated by denaturing polyacrylamide gel electrophoresis
(PAGE) and extracted from the gel.

RNA co-immunoprecipitation (co-IP)

RNA co-IP assay was performed as previously described
(18). The 3?P-labeled RNAs were mixed with purified re-
combinant His-T7-C1 and incubated at 30°C for 20 min.
The mixture was then rotated at 4°C for 1-3 h with Pro-
tein A-Sepharose beads (GE Healthcare) that were pre-
bound to an anti-T7 tag antibody (Novagen). Beads were
then washed five times with RSB100N buffer (10 mM Tris—
HCI, pH 7.5, 100 mM NaCl, 2.5 mM MgCl, and 0.1%
NP-40) and incubated in Homomix [S0 mM Tris—HCI, pH
7.5, 5 mM EDTA, 1.5% sodium dodecylsulfate (SDS), 300
mM NaCl and 1.5 mg/ml proteinase K (Nacalai Tesque)]
at 50°C for 30 min. RNA was recovered from the super-
natant by phenol/chloroform extraction and ethanol pre-
cipitation, and then analyzed by denaturing PAGE and au-
toradiography.

GST-PHAX pull-down assay

GST-PHAX pull-down assay was performed as previously
described (18). The *2P-labeled RNAs were mixed with pu-
rified recombinant His-T7-C1, His-CBC and GST-PHAX,
and the mixture was incubated at 30°C for 20 min. The reac-
tion mixture was added to Glutathione Sepharose 4B equi-
librated with RSB100N buffer and incubated on a rotat-
ing platform at 4°C for 1 h. Beads were then washed five
times with RSB100N buffer and incubated in Homomix
at 50°C for 30 min. RNA was recovered from the super-
natant by phenol/chloroform extraction and ethanol pre-
cipitation. The samples were then analyzed by denaturing
PAGE and autoradiography.

In vitro protein—protein interaction

Purified recombinant His-CBC and GST-C1 WT or mu-
tants were incubated in the presence of RNase A. The mix-
ture was rotated at 4°C for 1 h with Glutathione Sepharose
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4B beads. After the beads were washed five times with
RSB100N buffer, the bound material was recovered and an-
alyzed by SDS-PAGE and western blotting (WB).

Gel filtration chromatography

Size exclusion chromatography of recombinant C1 proteins
was performed with Superdex 200 (SMART System; GE
Healthcare) equilibrated with Buffer-2 or Buffer-3.

Electrophoretic mobility shift assay (EMSA)

The 3?P-labeled RNAs were incubated with recombinant
His-T7-C1 proteins in Buffer-2 at 30°C for 20 min. Samples
were subsequently fractioned by native 5% PAGE followed
by autoradiography. Data were analyzed using GraphPad
Prism.

Ultraviolet (UV) cross-linking assay

The *P-labeled RNAs (3000 cpm/ 1) were mixed with puri-
fied recombinant His-T7-C1 and/or His-CBC in a 20 plvol-
ume containing 8§ mM Tris—-HCI (pH 8.0), 125 mM Nacl,
1.6 mM MgCl,, 4% glycerol and RNasin. After an incuba-
tion at 30°C for 15 min, the mixture was irradiated by 254
nm UV light (FUNA-UV-LINKER FS-800; Funakoshi,
Tokyo, Japan) at 100 mJ/cm? on ice. The irradiated sam-
ple was treated with RNase A (1 mg/ml; Nacalai Tesque)
at 37°C for 15 min and cross-linked proteins were analyzed
by SDS-PAGE and autoradiography.

Chemical cross-linking assay

Reaction mixtures containing 2 pg of purified recombinant
His-T7-C1 in 30 p.l of cross-linking buffer (20 mM HEPES-
KOH, pH 7.9, 250 mM NacCl, 10% glycerol, 1 mM DTT
and 0.2 mM EDTA) were incubated with glutaraldehyde to
a final concentration of 0.005% at room temperature for 1,
2 and 5 min. Cross-linking was terminated by adding Tris—
HCI (pH 8.0) to a final concentration of 150 mM. Reaction
mixtures were mixed with SDS-PAGE sample buffer and
heated at 85°C for 3 min. Samples were analyzed by 7.5%
SDS-PAGE.

Protein—protein interactions in HEK293T cells

Huan embryonic kidney (HEK)293T cells were transfected
with pCI-FLAG-C1 WT or AZIPPER plasmids. Cells were
lysed in RSB10ON buffer and lysates were rotated at 4°C
for 1 h with anti-FLAG M2 affinity agarose gel (Sigma-
Aldrich). After washing five times with RSB100N buffer,
the bound material was recovered and analyzed by SDS—
PAGE and WB.

Protein—-mRNA interactions in HEK293T cells

In vivo protein-mRNA interaction assay was performed as
previously described (41,42). HEK293T cells were trans-
fected with pCI-FLAG-C1 WT or AZIPPER plasmids.
Cells were irradiated by 254 nm UV light (FUNA-UV-
LINKER FS-800) at 200 mJ/cm? on ice. Cells were lysed
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in lysis/binding buffer (100 mM Tris-HCI, pH 7.5, 500
mM LiCl, 10 mM EDTA, 1% lithium-dodecylsulfate and
5 mM DTT) and homogenized using a narrow-gauge nee-
dle. The supernatants were added to oligo(dT),s Dynabeads
(Thermo Fisher) and rotated at room temperature for 1
h. After washing three times with lysis/binding buffer and
three times with NP-40 washing buffer (50 mM Tris—-HCI,
pH 7.5, 140 mM LiCl, 2 mM EDTA, 0.5% NP-40 and
0.5 mM DTT), protein-mRNA complexes were heat eluted
from beads in 10 mM Tris—HCI (pH 7.5) for 2 min at 80°C.
The samples were treated with RNase T1 and RNase A
(Thermo Fisher). The released proteins were analyzed by
SDS-PAGE and WB.

Xenopus oocyte microinjection

Xenopus oocyte microinjection was performed as previously
described (1,16). Briefly, a 3*P-labeled RNA mixture was
injected alone or with either His-T7-hnRNP C1 WT or
AZIPPER into the nucleus. The nuclear fraction was pre-
pared after 45 min, and IP was performed. The precipitated
RNA was recovered and analyzed.

Antibodies

The antibodies were as follows: anti-CBP80 (43) and anti-
PHAX (16) antibodies (generated in our laboratory), T7
for the T7 tag, M2 for the FLAG tag, 4F4 for hnRNP C,
9H10 for hnRNP Al and 11GS5 for ALY (Sigma-Aldrich),
and anti-Lamin B1 and anti-TATA-binding protein (TBP)
polyclonal antibodies (ProteinTech).

RESULTS
CBC stimulates the RNA binding of hnRNP C

We previously showed that hnRNP C selectively binds un-
structured RNA regions longer than 200-300 nt and that
it directly interacts with CBC (18). On the basis of these
findings, we hypothesized that hnRNP C interrupts CBC—
PHAX interaction on m’G-capped long RNA (Figure 1A).
However, whether CBC-hnRNP C interaction occurs on
m’G-capped long RNA is unclear. Therefore, we first per-
formed an in vitro RNA-protein binding assay. A mixture
of 3P-labeled in vitro transcribed RNAs containing intron-
less DHFR mRNA (700 nt), three shortened DHFR RNAs
(300-120 nt) and Ul and U6 snRNAs was incubated with
purified recombinant CBC and T7-tagged hnRNP C pro-
teins (Supplementary Figure SIA, B). All RNAs were m’G
capped, except for U6 snRNA. After the incubation, the
hnRNP C protein was precipitated with the anti-T7 tag
antibody, and co-precipitated RNA was analyzed by de-
naturing PAGE (RNA co-IP). When hnRNP C alone was
used, DHFR mRNA (700 nt) was co-precipitated, whereas
shorter RNAs were not (Figure 1C, lane 2), supporting the
previous finding showing that hnRNP C per se has an intrin-
sic property of selective binding to long RNAs (17). When
an increasing amount of recombinant CBC was added, hn-
RNP C binding to DHFR mRNA (700 nt) was increased
and that to DHFR (300 nt) and DHFR (200 nt) became
detectable (Figure 1C, lanes 3 and 4; Supplementary Fig-
ure S2), suggesting that hnRNP C directly interacted with

CBC on RNA. Notably, CBC did not affect the selectivity
of hnRNP C binding to longer RNAs.

To analyze whether CBC and hnRNP C interact on the
cap-proximal region, we performed a UV cross-linking as-
say (Figure 1D). First, m’G-capped RNA, 3>P-labeled only
near the cap-proximal region, was generated by the splint
ligation method (40). The RNA was incubated with purified
recombinant hnRNP C and then irradiated by UV light. If
hnRNP C binds to the cap-proximal region of labeled RNA,
it is cross-linked to the RNA and labeled by *’P. After incu-
bation with RNase A to digest the RNA moiety, the sample
was separated by SDS-PAGE and analyzed by autoradio-
graphy. A band corresponding to 43 kDa was increased by
the addition of CBC (Figure 1D), indicating that hnRNP C
interacted with CBC on the cap-proximal region.

To identify the regions responsible for the interaction of
hnRNP C with CBC, we constructed a series of mutants
in which the C-terminal, N-terminal and both the RRM
and ACIDIC regions of C1 were deleted, named N-half, C-
half and Middle, respectively (Figure 1B). Mutants and WT
C1 with an N-terminal GST tag were expressed in E. coli
and purified. A pull-down assay using purified recombinant
CBC and GST-tagged proteins was performed in the pres-
ence of RNase A. CBP80, a component of CBC, was pulled
down with WT, N-half and Middle, but not with GST or
C-half (Figure 1E, lanes 2-6). To narrow down the inter-
action regions, we constructed the deletion mutants RRM,
AUX and BASIC regions (Figure 1B). CBP80 was slightly
pulled down by RRM, but not by AUX or BASIC (Figure
1E, lanes 7-9). The specific region in Middle for the inter-
action with CBC could not be determined, possibly because
fragmentation changed the tertiary structure, including the
interaction sites. These results suggest that multiple interac-
tion sites in the N-terminal region of hnRNP C contribute
to the direct interaction with CBC.

Mutations in the ZIPPER domain, but not the RNA-binding
domains, disrupt tetramer formation of hnRNP C

To systematically analyze the regions of hnRNP C in-
volved in PHAX-inhibitory activity, we constructed a se-
ries of mutants deleted for the RRM, BASIC, ZIPPER and
ACIDIC regions of hnRNP C1, named ARRM, ABASIC,
AZIPPER and AACIDIC, respectively (Figure 2A). We
also constructed ARRMABASIC, a mutant deleted for
both RRM and BASIC, to evaluate the function of RNA-
binding domains in the inhibition of PHAX (Figure 2A).
Additionally, the site-directed mutant ZIP-MT4, which has
four amino acid substitutions in ZIPPER, was designed to
analyze the importance of oligomer formation of hnRNP
C in PHAX-inhibitory activity (Figure 2A, B) (2). While
hnRNP C exists as a heterotetramer of C1 and C2 in cells,
C2 was not used in the present study because we previ-
ously demonstrated that the C1 homotetramer also inhib-
ited PHAX binding to longer RNAs as a heterotetramer
(18). The five mutants and WT C1 with N-terminal His and
T7 tags were expressed in E. coli and purified (Supplemen-
tary Figure S1A).

To analyze the oligomer formation of the purified re-
combinant proteins, gel filtration chromatography was per-
formed (Figure 2C; uncropped images are shown in Sup-
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Figure 1. CBC stimulates RNA binding of hnRNP C. (A) A model of the classification of RNA polymerase II transcripts by hnRNP C. Refer to the
Introduction. (B) Schematic representation of the deletion constructs. (C) The 32P-labeled RNAs, recombinant His-T7-C1 and His-CBC were incubated,
and IP assays were performed using an anti-T7 monoclonal antibody. Precipitated RNA was analyzed. (D) m’G-capped RNA, 32P-labeled only near the
cap-proximal region, was generated through the splint ligation method. The RNA was incubated with purified recombinant hnRNP C and then irradiated
by UV light. The cross-linked hnRNP C was separated by SDS-PAGE and analyzed by autoradiography. (E) Top: recombinant His-CBP80 and GST-
tagged proteins were incubated in the presence of RNase A and pull-down assays were performed. Proteins were detected by WB using an anti-CBP80
antibody (top) or Coomassie Brilliant Blue staining (bottom).
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Figure 2. Effects of the ZIPPER domain of hnRNP C on oligomer forma-
tion. (A) Schematic representation of the deletion and site-directed con-
structs. “*’ indicates an amino acid substitution. (B) The ZIPPER sequence
(amino acids 180-208) and substituted amino acids in the site-directed mu-
tant ZIP-MT4 are shown. Numbers 1-7 above the sequence denote the
position of each amino acid in the heptad repeat. (C) Purified recombi-
nant WT and mutant hnRNP Cl1 proteins were subjected to gel filtration
chromatography. The molecular weight of each marker protein is denoted
above the ruler. Uncropped images are shown in Supplementary Figure
S3. (D) Coomassie-stained SDS-PAGE of chemically cross-linked recom-
binant hnRNP C1 WT and ZIPPER mutant proteins. Proteins were treated
with glutaraldehyde for 0, 1, 2 and 5 min. ‘I’ indicates the unshifted band
(monomers), while ‘II’ ‘III’ and ‘IV’ indicate the expected sizes of the
dimers, tetramers and larger oligomers of the recombinant proteins, re-
spectively.

plementary Figure S3). WT C1 was eluted with an elu-
tion volume corresponding to an apparent molecular mass
of 400-440 kDa, which is consistent with previous stud-
ies that analyzed hnRNP C tetramers (18,37,44). Dele-
tion mutants of RNA-binding domains (ARRM, ABASIC
and ARRMABASIC) were eluted with similar volumes to
WT Cl1, indicating that these mutants formed tetramers
as did WT C1. ZIPPER domain mutants (AZIPPER and
Z1P-MT4) were eluted in fractions for apparent molecu-
lar masses of 100-120 kDa, strongly indicating deficient
oligomerization of these two ZIPPER mutants, which was
also consistent with previous studies (35,39). Addition-
ally, the ACIDIC region mutant (AACIDIC) was eluted
in fractions with smaller sizes than the WT and the dele-
tion mutants of RNA-binding domains (ARRM, ABASIC
and ARRMABASIC), but it was still larger than the ZIP-
PER mutants (AZIPPER and ZIP-MT4), indicating that
AACIDIC was eluted as dimers, as previously reported
(35). AACIDIC was not used in subsequent RNA-protein
binding assays, because it was unstable in the assays.

Oligomer formation was also analyzed using a chemical
cross-linking assay (Figure 2D). When recombinant WT C1
was incubated in the presence of the effective protein cross-
linking reagent glutaraldehyde, proteins were detected at the
sizes of the dimers and tetramers on SDS-PAGE. In the
case of ZIPPER mutants, only weak dimer signals and no
tetramer signals were observed. These results further con-
firmed that the ZIPPER domain mutants were deficient in
oligomerization.

The BASIC domain of hnRNP C is required for PHAX-
inhibitory activity

To evaluate the inhibitory effects of hnRNP C on PHAX
binding to longer RNAs, we utilized an in vitro system that
we previously developed for the identification of RNA clas-
sification factors (18). This system recapitulates the remod-
eling of RNA-—protein export complex formation in accor-
dance with RNA length. The same RNA mixture as that in
Figure 1C was incubated with purified recombinant CBC
and GST-tagged PHAX proteins (Supplementary Figure
S1B, C), and a GST pull-down assay was performed to ex-
amine U snRNA export complex formation. WT C1 and
mutants were added to the GST-PHAX pull-down assay,
and the RNA binding of PHAX was examined (Figure 3).
An RNA co-IP assay using the anti-T7 tag antibody, simi-
lar to that in Figure 1C, was also performed to observe the
RNA binding of hnRNP C1 WT and mutants (Figure 3).

We confirmed that all m’G-capped RNAs were pulled
down in the absence of C1 (Figure 3A, lane 2) (18). When in-
creasing amounts of recombinant C1 were added to the sys-
tem, PHAX binding to longer RNAs was inhibited, while
binding to shorter RNAs was not (Figure 3A, lanes 3-5,
and B) (18). We also confirmed that recombinant C1 pref-
erentially bound to longer RNAs, suggesting that PHAX-
inhibitory activity by hnRNP C depended on its RNA-
binding activity (Figure 3F, lanes 3-5, and G) (18).

We then examined the contribution of RNA-binding do-
mains to PHAX-inhibitory activity. The ARRM mutant in-
hibited PHAX binding to longer RNAs almost as efficiently
as WT Cl1 (Figure 3A, lanes 6-8, and C). The strength of its



Nucleic Acids Research, 2023, Vol. 51, No. 3 1399

A GST-PHAX pull-down F IP: recombinant C1 (a-T7-tag)
10% ARRM 20% ARRM
input () WT ARRM ABASIC ABASIC input () WT ARRM ABASIC ABASIC

DHFR (700nt) [ws| |~ — - - - - —=mm| m=| ==
DHFR (300nt) [es| | = = - B il B b | IR
DHFR (200nt) | - |- - i B - -
U1 (160nt) [m] |on oo o onffon o oo o oo oo [
DHFR (120nt) |wm| [« e o - - - - - - - -
U6 (uncapped) || ™ |
1 2345 6 7 8 9 1011121314 1 2345 678 91011 121314
B 6 HO0 00.1 0.3 01.0 pM hnRNP C1 G 30 H0 00.1 0.3 O01.0 uM hnRNP C1
c
X 4 A 2 20 -
2. 3 S
o 0 .0
£5 2 g 10
28 14 o
D700 D300 D200 U1 D120 D700 D300 D200 U1 D120
(o 5 H0 00.1 0.3 01.0 uM ARRM H 30 H0 00.1 0.3 01.0 yM ARRM
2 4 3 20 -
2. 3 o
o © L
28 27 5107
28 14 o
D700 D300 D200 U1 D120 D700 D300 D200 U1 D120
D 6 HO D0.1 0.3 1.0 uM ABASIC | 30 HQO ©0.1 0.3 O01.0 uM ABASIC
c
g8 51 S
©
= 4 ? 20 ~
S > 31 ks
25 21 £ 10
S5 1 4 3
0 E o
o o - 0 4
D700 D300 D200 U1 D120 D700 D300 D200 U1 D120
E 6 H(QO 00.1 m0.3 01.0 uM ARRMABASIC J HQ0 00.1 0.3 01.0 uM ARRMABASIC
c ~ 30
L 4 g 20 1
a5 3 .g
) S
25 2 £ 10 A
o2 11 o
o g | 0 It Zfer soee geee e |
D700 D300 D200 U1 D120 D700 D300 D200 U1 D120

Figure 3. Effects of the RNA-binding domain of hnRNP C on PHAX-inhibitory activity. (A) 3*P-labeled RNAs were incubated with purified recombinant
His-T7-C1(0.1,0.3 and 1 wM as the monomer unit), GST-PHAX (0.2 pM) and His-CBC (0.2 wM). GST pull-down assay was performed using glutathione
beads and pulled-down RNA was analyzed. (B) Quantitation of relative pull-down efficiency from nine independent experiments performed as in (A). (C—
E) Quantitation of relative pull-down efficiency from three independent experiments performed as in (A). The efficiency of the DHFR (700 nt) RNA of the
buffer control sample (lane 2) was set to 1. Averages and standard deviations (SDs) are denoted. (F) The same 32P-labeled RNAs, recombinant His-T7-C1
and His-CBC were incubated, and IP assay was performed using an anti-T7 monoclonal antibody. Precipitated RNA was analyzed. (G) Quantitation of IP
efficiency from nine independent experiments performed as in (F). (H-J) Quantitation of IP efficiency from three independent experiments performed as in
(F). Averages and SDs are denoted. Statistically significant differences compared with each buffer control are shown. *P <0.05, **P < 0.01, ***P <0.001.
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Figure 4. The uridine stretch contributes to the PHAX-inhibitory activity of hnRNP C. (A) Schematic representation of U1-Cwinner or U1-Cmut, in which
the high-affinity or control sequence of hnRNP C was inserted into Ul RNA. (B and D) GST-PHAX pull-down assay was performed using 32P-labeled
RNAs containing DHFR (700 nt), U1, U6 and Ul-Cwinner or U1-Cmut as described in Figure 3. (C and E) IP was performed as described in Figure 3.

binding to RNAs was equivalent to that of the WT (Figure
3F, lanes 6-8, and H), which was consistent with previous
findings on hnRNP C mutants lacking an RRM (35). In
contrast, ABASIC did not inhibit PHAX binding to DHFR
(300 nt) and weakly inhibited binding to DHFR (700 nt)
(Figure 3A, lanes 9-11, and D). Additionally, the RNA
binding of ABASIC was markedly weaker than that of the
WT or ARRM (Figure 3F, lanes 9-11, and I). The mu-
tant deleted for both RRM and BASIC (ARRMABASIC)
did not exhibit PHAX-inhibitory or RNA-binding activity
(Figure 3A, lanes 12-14, E, F, lanes 12-14, and J). RRM
or BASIC alone bound to RNAs, and the RNA binding of

BASIC was stronger than that of the RRM (Supplementary
Figure S4A, B). These results suggested that the BASIC do-
main was more critical than the RRM for hnRNP C binding
to longer RNAs and PHAX inhibition from RNAs. Neither
the RRM nor the BASIC domain alone was sufficient for
PHAX-inhibitory activity (Supplementary Figure S4C).
To analyze the contribution of RRM to PHAX-
inhibitory activity, we constructed two RNAs: Ul-Cwinner
and Ul-Cmut RNAs (Figure 4A). Ul-Cwinner was gener-
ated by the insertion of three copies of a high-affinity SE-
LEX winner sequence for hnRNP C into Ul RNA (33).
To generate the control Ul-Cmut RNA, the uridine stretch
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Figure 5. Effects of the ZIPPER domain of hnRNP C on PHAX-inhibitory activity. (A) GST-PHAX pull-down assay was performed as described in Figure
3. (B) and (F) are identical to Figure 3B and G, respectively. (C and D) Quantitation of relative pull-down efficiency from three independent experiments
performed as in (A). (E) IP was performed as described in Figure 1. (G and H) Quantitation of IP efficiency from three independent experiments performed
as in (E). Statistically significant differences compared with each buffer control are shown. *P <0.05, **P <0.01, ***P < 0.001.

in Ul-Cwinner, which is the preferred binding sequence
for hnRNP C (30-32), was replaced with adenine and cy-
tidine. HnRNP C was expected to bind to Ul-Cwinner
through its RRM owing to the uridine stretch. As ex-
pected, even though U1-Cwinner was short, hnRNP C effi-
ciently bound to the RNA, and PHAX was excluded (Fig-
ure 4B, C). In contrast, hnRNP C did not bind to Ul-
Cmut, and therefore PHAX was not excluded (Figure 4D,
E). These results suggested that the RRM also contributes

to PHAX-inhibitory activity when RNA contains a uridine
stretch.

The ZIPPER domain is required for PHAX-inhibitory
activity

We investigated the contribution of the oligomerization do-
main (ZIPPER) to the PHAX-inhibitory activity of hn-
RNP C. The AZIPPER and ZIP-MT4 mutants showed
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Table 1. A summary of PHAX-inhibitory and RNA-binding activities of
hnRNP C1 WT and mutants

PHAX-inhibitory RNA-binding

activity activity
WT +++ +++
ARRM ++ ++
ABASIC +/— +
ARRMABASIC - —
AZIPPER - ++
ZIP-MT4 - ++

Quantified PHAX-inhibitory and RNA-binding activities of hnRNP CI
WT and mutants at 0.1 uM on DHFR mRNA (700 nt) in the GST-PHAX
pull-down assay (Figures 3B-E and 5B-D) and IP assay (Figures 3G—
J and 5F-H) are summarized. PHAX-inhibitory activity was calculated
from pull-down efficiency and normalized to the buffer control. RNA-
binding activity was calculated from IP efficiency. ‘+++°, “++’ and ‘+’ in-
dicate strong, middle and weak activities, respectively. ‘- indicates almost
no activity.

little inhibition of PHAX binding to longer RNAs (Figure
SA, lanes 6-11, C, D). Their RNA-binding activities were
weaker than that of the WT (Figure SE, lanes 6-11, G, H).
These results suggested that oligomer formation strength-
ened the RNA-binding activity of hnRNP C, thereby sup-
porting PHAX-inhibitory activity. Notably, PHAX bind-
ing to RNA was not affected even when these mutants effi-
ciently bound to RNA (compare lanes 3, 7 and 10 in Figure
5A and E), suggesting that not only RNA binding but also
tetramer formation of hnRNP C was required for effective
PHAX-inhibitory activity (Table 1).

The ZIPPER domain strengthens the RNA-binding activity
of hnRNP C

RNA co-IP assays showed that the RNA binding of ZIP-
PER domain mutants was weaker than that of WT hnRNP
C (Figure 5E). To quantitatively assess the contribution
of the ZIPPER domain to RNA-binding activity, we per-
formed an EMSA using in vitro transcribed RNAs (DHFR
300 nt and 120 nt) and purified recombinant C1 proteins.
As shown in Figure 6, the RNA binding of ZIP-MT4 was
weaker than that of the WT. The WT preferentially bound
to longer RNA, as previously reported (18), whereas this
binding preference was not observed for ZIP-MT4. These
results strongly suggested that oligomer formation via the
ZIPPER domain strengthens RNA binding of hnRNP C
and is important for the classification of transcripts in ac-
cordance with their lengths.

The BASIC-ZIPPER domain of hnRNP C confers PHAX-
inhibitory activity on Raly, the closest relative of hnRNNP C

Raly, a member of the hnRNP family, shares high amino
acid sequence similarity with hnRNP C, except for the
C-terminal region (Figure 7A; Supplementary Figure S5).
This prompted us to investigate whether Raly also exhibits
PHAX-inhibitory activity. In GST-PHAX pull-down as-
says, Raly did not inhibit PHAX binding to RNAs (Figure
7B-D). RNA co-IP results showed that the RNA-binding
activity of Raly was markedly weaker than that of C1 (Fig-
ure 7G-I). To further confirm the importance of the BASIC

and ZIPPER domains of hnRNP C on PHAX-inhibitory
activity, we used a chimeric mutant of Raly in which the
BASIC-ZIPPER domains were substituted with those of
hnRNP C1 (R-C-R) (Figure 7A). GST-PHAX pull-down
assay showed that the PHAX-inhibitory activity of R-C-
R increased, but it was still less than that of C1 (Figure
7B, E). In contrast, when we used another chimeric mu-
tant in which the BASIC-ZIPPER domains of C1 were sub-
stituted with those of Raly (C-R-C), C-R-C almost com-
pletely lost PHAX-inhibitory activity (Figure 7B, F). These
results strongly support the importance of the BASIC and
ZIPPER domains of hnRNP C in the inhibition of PHAX
binding to longer RNAs.

Role of the ZIPPER domain of hnRNP C in vivo

The ZIPPER domain was required for tetramer forma-
tion of hnRNP C in vitro (Figure 2) (35,39), and our in
vitro assays suggested that tetramer formation of hnRNP
C was important for RNA-binding activity (Figures 5 and
6). To investigate whether this was also the case in vivo,
we performed IP assays using HEK293T cell lysates. In
HEK?293T cells transiently transfected with plasmid ex-
pressing FLAG-tagged WT hnRNP C1 (FLAG-WT) or
the ZIPPER deletion mutant (FLAG-AZIPPER), FLAG-
AZIPPER has much lower expression than FLAG-WT. En-
dogenous hnRNP C was co-precipitated with FLAG-WT
but not FLAG-AZIPPER in the presence of RNase A. This
result suggested that FLAG-WT formed a tetramer with en-
dogenous hnRNP C and that the ZIPPER domain was re-
quired for tetramer formation in vivo (Figure 8A, lanes 8,
9, 11 and 12). Two RNA-binding proteins, hnRNP Al and
ALY, were co-precipitated with FLAG-WT in the absence
of RNase A (Figure 8A, lanes 2 and 5). These interactions
were dependent on RNA because co-IP was not observed in
the presence of RNase A (Figure 8A, lanes 8 and 11). The
interaction between hnRNP C and CBP80 was also depen-
dent on RNA (Figure 8A, lanes 2, 5, 8 and 11). In contrast,
none of the RNA-binding proteins was co-precipitated with
FLAG-AZIPPER (Figure 8A, lanes 3, 6, 9 and 12).

To directly examine in vivo RNA-protein interactions,
we performed a UV cross-linking assay. HEK293T cells ex-
pressing FLAG-WT or FLAG-AZIPPER were irradiated
by UV light to cross-link RNA with RNA-binding proteins
in cells. Endogenous hnRNP C and FLAG-WT, but not
FLAG-AZIPPER, were pulled down with oligo(dT) beads,
indicating that endogenous hnRNP C and FLAG-WT, but
not FLAG-AZIPPER, directly bound to mRNA in cells
(Figure 8B). This suggested that tetramer formation of hn-
RNP C was required for RNA-binding activity in vivo.

The remodeling of RNA-—protein export complex forma-
tion in accordance with RNA length was originally iden-
tified in experiments using a Xenopus oocyte microinjec-
tion system (2,16). To investigate whether tetramer forma-
tion of hnRNP C is required for PHAX-inhibitory activ-
ity in vivo, we analyzed RNA binding of PHAX using the
Xenopus oocyte microinjection system (Figure 9A). A mix-
ture of 3>P-labeled RNAs was injected into the nucleus ei-
ther alone or together with purified recombinant hnRNP C
protein. After an incubation period of 45 min, the oocyte
was dissected into the nucleus and cytoplasm, and RNA
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co-IP assay was performed using the nuclear fraction. In-
jection of hnRNP C1 WT, but not AZIPPER, inhibited
RNA binding of PHAX (Figure 9B, C), suggesting the im-
portance of tetramer formation of hnRNP C in PHAX-
inhibitory activity in vivo. WT hnRNP C1 efficiently bound
to longer RNAs, whereas AZIPPER bound less effectively
to DHFR (700 nt) and hardly bound to other RNAs (Fig-
ure 9D, E). These findings were consistent with the observa-
tions in experiments with purified proteins and HEK293T
cells.

DISCUSSION

We previously demonstrated that hnRNP C classified
nascent RNA polymerase II transcripts into U snRNAs and
mRNAs by inhibiting PHAX binding to long transcripts
(18). In the present study, we performed in vitro RNA-
protein binding assays using hnRNP C mutants to iden-

tify the regions in hnRNP C essential for its RNA classi-
fication function. We found that PHAX-inhibitory activity
by hnRNP C largely depended on its RNA-binding activ-
ity (Figure 3). The BASIC region plays a more important
role in the inhibition of PHAX than the canonical RRM
because of its strong RNA-binding activity. While the ZIP-
PER domain per se did not exhibit RNA-binding activ-
ity, it contributed to the inhibition of PHAX by facilitat-
ing oligomer formation (Figures 2 and 5). The ZIPPER
domain markedly contributed to the RNA-binding activ-
ity of hnRNP C in vitro and in vivo (Figures 5, 6, 8 and 9).
In addition to RNA binding, oligomer formation was also
necessary for PHAX-inhibitory activity (Figure 5). RRM
contributed to the inhibition of PHAX when RNA con-
tained a uridine stretch (Figure 4). Additionally, hnRNP C
directly interacted with CBC on RNA (Figure 1). A long
stretch of N-terminal regions may provide a structured re-
gion for CBC to interact with hnRNP C (Figure 1). The
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period of 45 min, the oocyte was dissected into the nucleus and the cytoplasm. The nuclear fraction was subjected to RNA co-IP. (B) IP was performed
with either anti-PHAX or anti-mouse IgG antibodies. (C) Quantitation of IP efficiency from three independent experiments performed as in (B). (D) IP
was performed with anti-T7 antibody. (E) Quantitation of IP efficiency from three independent experiments performed as in (D). Averages and standard
deviations are denoted. n.d: not detected. (F) Refer to the Discussion for details.

interaction of hnRNP C with CBC may be relevant to the
inhibition of PHAX, which binds to m’G-capped RNA in
a CBC-dependent manner.

Model for the inhibitory effects of hnRNP C on the recruit-
ment of PHAX to mRNA

A model of the mechanism by which hnRNP C inhibits the
recruitment of PHAX to mRNA is shown in Figure 9F.
Tetramer formation of hnRNP C via the ZIPPER domain
and ACIDIC region presents four sequence-independent
RNA-binding BASIC regions. When RNA is sufficiently
long, RNA tightly winds around the tetramer, and all four
BASIC regions bind to RNA, thus stabilizing the RNP. If

the RNA contains a uridine stretch, RNP formation is fur-
ther strengthened, with the interaction between the uridine
stretch and the RRM. In the cap-proximal region, RNA
is wrapped around the hnRNP C tetramer without a gap
from the cap through a direct interaction with CBC via N-
terminal regions, thereby inhibiting the access of PHAX.
In contrast, if the RNA is short or hnRNP C is deficient
in tetramer formation, the tetramer or monomer cannot
stably bind to RNA, thereby allowing PHAX recruitment.
Monomers bound to RNA may provide PHAX with the
necessary space for recruitment.

While the ZIPPER and ACIDIC regions of hnRNP C,
both of which are required for its tetramer formation,
do not exhibit RNA-binding activity, tetramer formation



strengthens the RNA-binding activity of hnRNP C. RNA
binding of hnRNP C was previously shown to be weakened
by the phosphorylation of serine residues mainly within
the ACIDIC region (45-47). These findings suggested that
phosphorylation of the ACIDIC region induced the dis-
assembly of the tetramer, thereby decreasing RNA bind-
ing. A previous study indicated that the hnRNP complex,
in which hnRNP C is a core component, was assembled
and disassembled during cell cycle progression as a re-
sult of mitosis-specific phosphorylation of hnRNP C (48).
The phosphorylation-induced disassembly of the hnRNP C
tetramer may explain hnRNP disassembly from mRNA.

RNP remodeling by hnRNP C

The strong RNA-binding activity of the BASIC region and
the tetramer formation activity of the ZIPPER domain are
important for the PHAX-inhibitory activity of hnRNP C.
The mechanism underlying the inhibition of PHAX via the
BASIC and ZIPPER domains may also play a role in RNP
remodeling by hnRNP C. For example, hnRNP C inhibits
the splicing reaction by competing with the splicing fac-
tor U2AF, thereby protecting the transcriptome from ab-
normal exonization, such as uridine-rich Alu elements (26).
The RRM of hnRNP C should play an important role in
this competition because it exhibits a sequence preference
for the uridine stretch. In addition to the RRM, the BA-
SIC and ZIPPER domains wrap RNA around the hnRNP
C tetramer, allowing hnRNP C to tightly occupy a long
RNA region centering on the uridine stretch. This binding
mode may inhibit the recruitment of not only U2AF but
also other splicing factors, which effectively suppresses ex-
onization. Similar RNP remodeling by hnRNP C may be
important for telomerase RNP and/or telomere complex
formation through the direct interaction between hnRNP C
and the uridine-rich tract of telomerase RNA (49). The hn-
RNP C tetramer, together with hnRNP A /B proteins, binds
to RNA as a core component of 40S hnRNP particles (20—
23). Further studies are warranted to clarify whether hn-
RNP C-mediated RNP remodeling is executed by hnRNP
C or 40S hnRNP.

ARS2 is recruited to CBC on nascent m’G-capped RNA
(50). ARS2 stimulates 3'-end processing of m’G-capped
RNA (50-52) and RNA degradation (53). Our in vitro
RNA-binding assays using purified recombinant CBC, hn-
RNP C and ARS2 (54) showed that hnRNP C inhibited
RNA binding of ARS2 (Supplementary Figure S6). This
observation might suggest two functions of hnRNP C.
First, hnRNP C navigates nascent transcripts to the mRNA
export pathway more effectively by inhibiting the recruit-
ment of both ARS2 and PHAX to long RNA. Second, hn-
RNP C regulates the stability of capped RNA through sup-
pression of ARS2-mediated degradation and 3’-processing.
HnRNP C may broadly control the composition of RNPs
near the cap that influences the fate of RNA.
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