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Abstract
Heterogeneous nuclear ribonucleoprotein A1 (hnRNP A1) is one of the most abundant RNA
binding proteins. hnRNP A1 is localized prevalently in the nucleus but it can relocate to the
cytoplasm in response to specific stimuli shuttling between nuclear and cytoplasmic
compartments. The cellular localization of this protein is regulated by a short C-terminus motif
(M9) and other less defined sequences. The RNA binding specificity of this protein is dependent
on multiple RNA binding domains (RBDs), which regulate its role in RNA processing and
expression. hnRNP A1 plays multiple roles in gene expression by regulating the biogenesis and
translation of messengers RNAs, the processing of miRNAs, affecting transcription and
controlling telomere maintenance. The multiple functions of this protein correlate with diverse
roles in genetic disease, cancer and the replication of viral pathogens. Utilizing a tagged hnRNP
A1 deletion library we have shown that the three hnRNP A1 RBDs contribute to the prevalent
nuclear distribution of the protein. Our data also indicate that a truncated form of the protein,
lacking one of the RBDs, the RGG-box, can regulate splicing of a splicing reporter minigene and
down-regulate replication of the HIV-1 virus with efficiency comparable to the wild type protein.
This functional hnRNP A1 deletion mutant is similar to a predicted hnRNP A1 isoform, which had
not been previously experimentally characterized.
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1. Introduction
hnRNP A1 is one of the most abundant and ubiquitously expressed nuclear proteins and
plays a major role in the biogenesis and expression of messenger RNAs. The
characterization of specific RNA sequences recognized by this protein and evidence of its
functions in both DNA and RNA metabolism quickly defined its role as a major regulator of
gene expression. hnRNP A1 contributes to the processing of microRNAs, telomere
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maintenance and transcription regulation although it is its function as a constitutive and
alternative splicing factor that is the most studied and better understood (reviewed in [1]).
Several coding and non-coding transcripts have been predicted for hnRNP A1, nevertheless
only two alternatively spliced isoforms have been characterized; A1-B (372 aa, 38 kDa,
ENSEMBL ID ENST00000340913), and A1-A (320 aa, 34 kDa, ENSEMBL ID
ENST00000546500), which, in most tissues, is over 20-times more abundant than the larger
isoform [2].

hnRNP A1 is composed by structurally and functionally independent domains. The N-
terminus contains two closely-related RNA binding domains (RBDs) of the RRM type
(RRM1 and RRM2), followed by a highly flexible glycine-rich (Gly-rich) C-terminal region
(Fig. 1A) [3]. The Gly-rich domain has been shown to have both protein and RNA binding
properties, the latter mostly due to the presence of a third RBD characterized by closely
spaced clusters of Arg-Gly-Gly tripeptide repeats with interspersed aromatic (Phe, Tyr)
residues, named the RGG-box [4]. The M9 nucleo-cytoplasmic shuttling sequence [5],
which is required for the protein shuttle between the nucleus and the cytoplasm [6, 7], is
located within the C-terminal Gly-rich domain. Furthermore, a recent report showed that the
Gly-rich region also harbors a prion-like domain (PrLD), which, if mutated, might induce
the aggregation of hnRNP A1 into fibrils [8].

Much of hnRNP A1 functions are dependent on its ability to recognize specific nucleic acid
sequences. The two RRMs, despite their sequences and structural similarities, are neither
redundant nor functionally equivalent, [9]. The precise contribution of the RGG-box to the
overall RNA binding activity of hnRNP A1 is not well understood, although in-vitro
experimental data indicates that it is responsible for the cooperative binding of the protein to
its target RNA [9, 10].

hnRNP A1 plays a prominent role in viral replication and pathogenesis. Biochemical and
functional studies aimed at the characterization of the complex mechanisms regulating the
expression of the HIV-1 genome, have shown that hnRNP A1 is part of a complex
regulatory network that regulates viral mRNA export, stability and splicing [1]. The
mechanisms that regulate HIV-1 gene expression utilize both, cellular and viral factors,
which interact with several cis-acting sequences located within the viral transcripts.
Transcription of the integrated viral genome is mediated by several cellular transcription
factors and the viral protein Tat, which binds a short sequence, named TAR, at the 5′ end of
the viral transcript [11]. The integrated viral genome is transcribed into a single primary
transcript, which undergoes a complex series of splicing events to generate several mRNAs
coding for the nine viral genes [12]. HIV-1 splicing regulation relies on the presence of
intronic and exonic sequences as well as cellular splicing factors that interact with these
elements [13].

We have previously identified a complex cis-acting element located within the first tat
coding exon that is required for the splicing regulation of tat coding mRNAs [14, 15].
hnRNP A1 binds a short regulatory sequence, named exonic splicing silencer 2 (ESS2), to
repress splicing of the tat messenger. A similar regulatory mechanism has been also
characterized within the second tat coding exon [16, 17]. Over-expression of hnRNP A1 in
an ex-vivo cellular system down-regulates expression of the transcriptional transactivator
Tat, which results in a sharp reduction in the transcription of the viral genome and a 100 fold
drop in the production of new virions [18].

The understanding of how each structural domain and sequence motif of hnRNP A1
contribute to the functions of the proteins is key in understanding a number of molecular
mechanisms and contribute to the development of novel therapies for genetic and viral
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diseases. We set up to study the role that the different domains and functional motifs of this
protein play in cellular localization, splicing and viral replication.

Furthermore, we wanted to determine if a minimal truncated isoform of this protein could
recapitulate the effect of the full-length protein in HIV-1 splicing and replication. Here we
report that additional sequence motifs other than the M9 domain are required for the proper
cellular localization of the protein and that the RGG-box is not essential for the protein
functions in alternative splicing. An hnRNP A1 clone lacking the RGG-box and a portion of
the PrLD is properly localized and can functionally substitute for the ubiquitously expressed
A1-A isoform. Furthermore, analysis of protein and gene sequence databases indicates that
an isoform of hnRNP A1 lacking the RGG-box, similar to the functional deletion clone we
characterized, may be expressed in specific human tissues.

2. Materials and methods
2.1. Plasmids and cell transfections

The hnRNP A1 deletion clones library was obtained by PCR amplification and cloning into
the pEGFP-N1 vector (Clontech) of hnRNP A1-A fragments from the pGT7-A1 expression
vector (donation from Dr. A. Krainer, CSHL). Single hnRNP A1-A domains and
subdomains were amplified utilizing primers F1 (agctccgcggtcttcaccctgccgtcatgtctaag), F2
(agctccgcggatgcccgaacagctgaggaagctcttc), F3 (atgcccgcggatgggaagcaattttggaggtggtg), F4
(agctccgcggatggtctccagagaagattctcaaagac), F5 (atgcccgcggatggctagtgcttcatccagccaaag), R1
(atgcggatccccaaatcttctgccactgccatagctac), R2 (atgcggatccccaccgccatagccaccttggtttcg), R3
(atgcggatccccgtaattcccaaaatcattgtagc), R4 (atgcccgcggcccacttcaatttttccatactgttc), R5
(atgcccgcggggcacctggtctttgagaatcttc), R6 (atgcccgcggtccagaaccacttcgacctctttg), R7
(atgcccgcggcctttctgaatgacaatcttatccac) and cloned following the diagram shown in figure S1.
HEK-293 cells were maintained at below 80% confluence in D-MEM (Gibco BRL)
supplemented with 8% fetal calf serum and gentamicin. Cells were transfected in 24 well
plates with Lipofectamine 2000 (Invitrogen) with 0.1 μg of the hnRNP A1 constructs and
0.4 μg of the reporter plasmid pLTR-S1Xm-R (REF) or the HIV-1 molecular clone pNL4-3
(NIH AIDS Research & Reference Reagent Program). Western blot analysis was carried out
with the following antibodies: hnRNP A1 (mAb 9H10) (provided by Dr. G. Dreyfuss,
University of Pennsylvania), GFP (B-2, Santa Cruz Biotech), β-Tubulin (Sigma).

2.2. RNA extraction and PCR analysis
Total RNA was extracted 48 after transfection with the Total RNA Isolation Kit (Agilent)
and DNase treated with Turbo DNase (Ambion). RNA was reverse transcribed utilizing a
random pd(N)6 primer and Superscript II RT (LifeTechnologies). Quantitative PCR analysis
of the viral transcripts was obtained as previously described [18] utilizing primers pGagF
(ttcttcagagcagaccagagc) and PGagR (gctgccaaagagtgatctga) for gag/pol specific mRNA,
Pex8F (ttgctcaatgccacagccat), Pex8R (tttgaccacttgccacccat) for total viral mRNA, PTatF
(aggggcggcgactgaattgggt), PTatR (gattgggaggtgggttgctttg) for tat specific mRNA. Each
sample was normalized for the relative content in the housekeeping gene GAPDH. qPCR
was performed utilizing a Stratagene Mx3005P real time PCR system, SYBR green dye and
analyzed with MxPro V3.0 software. Each assay was carried out with a minimum of three
independent transfections while qPCR assays were carried out in duplicates. Semi-
quantitative RT-PCR analysis of the pLTR-mS1X-R transcripts was performed with the
primer pair PFL1 (aaagcttgccttgagtgcttca), PRL1 (gatgagctcttcgtcgctgt) and 29 cycles of
amplification.
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2.3. Viral replication assays
TZM-bl cells (NIH AIDS Research & Reference Reagent Program) were seeded 24 hours
before infection in 96 well plates at 20% confluence in 200 μL of D-MEM supplemented
with 8% fetal calf serum and gentamicin. Supernatant collected from the HEK-293 cells 72
hours after the transfection carried out with the proviral constructs pNL4-3 and each hnRNP
A1 coding construct was utilized to infect the TZM-bl cells. At 48 hours post infection cells
were lysed and luciferase expression was assayed and quantified utilizing a BMG PolarStar
Omega reader and MARS data analysis software.

2.4. Fluorescence Microscopy
HEK-293 cells were transfected with the EGFP tagged clones and cultured on poly-Lysine
coated glass coverslips. At 24 hours post-transfection, cells were fixed with 4% p-
formaldehyde in PBS for 30 min. For cytosol labeling the cells were permeabilized with
0.2% Triton X-100 for 10 min and washed three times with PBS. The cells were incubated
with Alexa Fluor-594 Phalloidin (Life-Technologies) at room temperature for 30 min and
washed three times with PBS. Cells were mounted onto slides using Vectastain (Invitrogen).
For immunofluorescence assays cells were permeabilized with 0.2% Triton X-100 for 10
minutes and washed three times with PBS. Cells were blocked in blocking buffer (10%
normal goat serum and 1% BSA in PBS) for 1 hour at 37 °C and incubated with anti-SC35
antibody (a gift from Dr. J. Stevenin, INSERM, Strasbourg, France) or anti-hnRNP A1
antibody 4B10 (SC Biotech). Cells were washed three times with PBS, and then incubated
with Alexa Fluor 647 secondary IgG (Invitrogen) 1:2000 in PBS containing 1% normal goat
serum and 1% BSA) for 30 minutes at room temperature. Cells were washed three times
with PBS, and mounted onto slides using Vectastain (Invitrogen). Samples were visualized
and analyzed using a laser confocal microscope (Zeiss LSM700) and image analysis was
performed using the ImageJ software.

3. Results
3.1. hnRNP A1 deletion library

We have previously shown that the hnRNP A1-A isoform, which is prevalently expressed in
most tissues, modulates viral splicing and replication. To study the roles played by the
functional domains of hnRNP A1 in viral replication we constructed a library of EGFP
tagged hnRNP A1 expression clones carrying single or multiple deletions of complete or
partial functional domains. In building the library we included protein-coding isoforms
predicted by the ENSEMBL database but lacking a functional characterization. The
expression level of the tagged clones was comparable to the one obtained with the clone
expressing the wild type A1-A isoform sequence (Fig. 1B and 1C), which we have
previously utilized to inhibit viral splicing and replication [18].

All clones were analyzed for their ability to properly localize within the nuclear
compartment, regulate a viral splicing substrate and inhibit HIV-1 replication. The 9 clones
shown in figure 1 are representative of the key findings obtained by analyzing the 31 clones
library (Fig. S1 and Tab. 1). Clones with deletions of partial domains that failed to
distinguish functionally from the deletion of the complete domain are not shown in figure 1.

3.2. The RBDs contribute to the nuclear localization of hnRNP A1
hnRNP A1 is predominantly localized in the nucleus at steady-state, but can shuttle between
the nucleus and the cytoplasm in response to specific signals [6, 7]. The nuclear import of
hnRNP A1 is mediated by the direct interaction of the M9 sequence with two transport
receptors of the karyopherin-β family, Transportin 1 and 2 (Trn1, Trn2) [19–21]. This
sequence also acts as a nuclear export signal, allowing export and cytoplasmic accumulation
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of hnRNP A1 in response to physiological signals [22]. Comparison of the cellular
localization of the endogenous hnRNP A1 with the transiently expressed A1-EG clone
showed that addition of the EGFP tag did not alter the predominant nuclear localization of
the protein (Fig. 2, A1 vs A1-EG).

In agreement with previous results [5] deletion of a fragment containing the M9 sequence
caused a loss of nuclear localization (Fig. 2, A1-Δ5-EG), nevertheless clones containing M9
but lacking other sequences failed to localize primarily within the nucleus (clone A1-Δ2-
EG). Thus, the sole presence of the M9 sequence was not sufficient to establish the prevalent
nuclear localization of the protein. Although previous reports indicated that the M9 sequence
was necessary and sufficient for the prevalent nuclear localization of hnRNP A1 [5],
sequences other than the M9 have also been shown to contribute to the cellular localization
of hnRNP A1.

The F-peptide (Fig. 1A) is a short sequence located at the C-terminus of the protein that
contains 7 serine residues, which are hypophosphorylated under normal physiological
conditions and became phosphorylated in response to osmotic shock. Phosphorylation of the
F-peptide weakens the interaction between hnRNP A1 and Trn1, thus increasing the
cytoplasmic localization of the protein [7, 23]. It is plausible that the presence of the F-
peptide in the A1-Δ2-EG clone could prevent nuclear import of hnRNP A1and cause its
accumulation in the cytoplasm. Nevertheless, deletion of the F-peptide from the A1-Δ1-EG
or other clones (data not shown) did not alter the cellular distribution of the protein,
indicating that F-peptide exerted no specific inhibition of nuclear import. Further analysis of
the deletion clones showed that addition of one or more RBDs to the M9 sequence could
partially restore nuclear localization. While addition of both RRMs or RRM2 and the RGG
box to the M9 induced the predominant nuclear localization of the protein (Fig. 2 clones A1-
Δ3-EG, A1-Δ6-EG), addition of the RRM1 in combination with the RGG box only partially
restored it (Fig. 2 A1–Δ9-EG). Addition of the sole RRM1 to M9 (A1-Δ7-EG) induced
localization of the protein into discrete sub-nuclear structures. Several RNA binding proteins
regulating mRNA processing have been shown to congregate in nuclear speckles, which are
nuclear domains enriched in pre-mRNA splicing factors. Nevertheless, the gene product
expressed by the A1-Δ7-EG clone does not colocalize with the nuclear speckles marker
SC35 (Fig. S2). Localization of the protein generated by the clone A1-Δ7-EG in nuclear
aggregates with perinuclear distribution suggests an association with specific subsets of
RNAs or RNA processing and export factors. Taken together, these data indicate that,
although the M9 sequence is essential for the prevalent nuclear localization of this protein,
one or multiple RBDs are also required.

3.3 The RGG box is not required for the alternative splicing activity of hnRNP A1
hnRNP A1 is one of the main cellular factors regulating the alternative splicing of cellular
and viral genes. Biochemical and cellular studies have uncovered several mechanisms
utilized by hnRNP A1 to modulate splicing [1]. In previous work, we have identified a
complex splicing regulatory sequence within the first coding exon of the HIV-1 tat coding
mRNA, which is required for proper splicing of the viral transcript [15]. This regulatory
element is composed of overlapping exonic splicing enhancer (ESE) and silencer (ESS)
sequences (Fig 3A). A detailed biochemical analysis showed that hnRNP A1 binds the ESS
to repress splicing of the tat coding mRNAs while binding of SC35, a member of the SR
proteins family of splicing regulators, promotes it. hnRNP A1 binding to the ESS inhibits
recognition by the splicing machinery of the upstream, tat specific, 3′ splice site by masking
the SC35 binding site [15].

To study the effects that deletion of the multiple hnRNP A1 domains have on the protein
splicing regulatory functions, we have utilized a minigene derived from HIV-1 sequences

Jean-Philippe et al. Page 5

Biochim Biophys Acta. Author manuscript; available in PMC 2015 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



that mimics the splicing regulation of the viral mRNA. Co-transfection of the minigene
pLTR-S1Xm-R with the A1-EG clone in the absence of the viral transcriptional trans-
activator Tat resulted in a marked decrease of splicing to the tat specific splice site (Fig 3B).
A similar result was obtained with the clone A1-Δ1-EG indicating that the F-peptide was not
required for proper splicing activity.

A clone containing the RRM1 and RRM2 domains but lacking the RGG-box (A1-Δ6-EG)
induced a splicing pattern similar to the one obtained with the wild type sequence, thus
suggesting that the contribution of the RGG-box to splicing regulation is minimal. This is in
agreement with work showing that both RRM1 and RRM2 are required for hnRNP A1
splicing activity [9] and although previous reports indicated that the RGG-box conveys the
RNA affinity specificity to the Gly-rich domain [24, 25] the present data suggest a lesser
role for the Gly-rich domain and the RGG-box in splicing. Nevertheless, analysis of the
relative ratios of unspliced and spliced mRNAs showed that expression of the wild type and
A1–D1-EG mutant correlates with an increase in the amount of unspliced mRNA detected,
while expression of the A1-Δ6-EG does not. Thus, the A1-Δ6-EG clone might have distinct
functions in splicing than the full-length protein suggesting a role for the RGG-box in
splicing regulation.

3.4 hnRNP A1 deletion mutants can inhibit HIV-1 replication
hnRNP A1 has been shown to regulate viral transcription, mRNA processing and translation
through a number of independent mechanisms [1, 26–28]. Transcription of the HIV-1
genome is regulated by the viral protein Tat [29, 30] and over-expression of hnRNP A1
results in a decrease of the tat coding mRNAs, thus reducing the transcription rate of the
viral genome and the production of functional virions [18]. To study the role of the different
hnRNP A1 domains in HIV-1 replication we co-transfected human HEK-293 cells with the
proviral vector pNL4-3, which codes for a replication competent copy of the viral genome,
and the tagged expression library constructs. The transfection efficiency of HEK-293 cells
was estimated to be over 90% as monitored by fluorescence, thus ensuring co-expression of
the proviral and the tagged hnRNP A1 expression constructs. Viral replication was analyzed
by collecting the supernatant from the transfected HEK-293 cells and infecting TZM-bl cells
[31], which contain a copy of the luciferase gene under control of the HIV-1 LTR promoter.
Once HIV-1 is integrated into the cellular genome it expresses the viral protein Tat, which in
turn activates the viral LTR promoter. Thus, luciferase expression is utilized as a reliable
reporter for viral replication. Expression of the wild type hnRNP A1 sequence decreased
viral replication to 1–2% of the control (Fig 4B), this was consistent with our previous
results achieved by over-expressing the untagged protein [18]. A strong inhibition of viral
replication was also obtained with expression of the A1-Δ1-EG clone, which lacks the F-
peptide phosphorylation sites. Consistently with the data obtained in the splicing assay,
expression of the clone lacking the RGG-box (A1-Δ6-EG) resulted in a 10-fold decrease in
viral replication while only marginal changes were observed upon expression of the other
clones.

To determine the effect that the hnRNP A1 deletion clones have on the levels of total viral
mRNA and on the splicing of specific viral mRNA isoforms we performed RT-qPCR with
primers sets designed to anneal either to a region common to all viral mRNAs or to specific
spliced mRNAs species as previously described [18].

Expression of the wild type hnRNP A1 protein decreased total viral RNA production to 5%
of the control; a similar result was achieved by expressing the A1-Δ1-EG clone while the
A1-Δ6-EG clone reduced it to 15%, other clones did not induce significant changes. These
results are consistent with the role of hnRNP A1 in the repression of splicing of the tat
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coding mRNAs and the resulting decrease in the transcription rate of the viral genome and
impaired production of functional virions [18].

To confirm that the decrease in the amount of viral transcripts was caused by the relative
decline in the splicing of tat coding mRNAs, we quantified their relative abundance and
compared it with the unspliced gag/pol mRNAs. Since the total amounts of viral transcripts
varies upon over-expression of the hnRNP expression clones, the relative amount of the
single mRNA species (tat and gag/pol) was normalized for the total amount of viral mRNA
present in each reaction. Expression of the wild type A1 sequence, the A1-Δ1-EG and A1-
Δ6-EG clones caused a decrease of the spliced tat coding mRNAs and a corresponding
increase in the unspliced gag/pol mRNAs (Fig. 4C). The effects on viral replication and
splicing caused by expression of the clone lacking the RGG-box (A1-Δ6-EG) are similar but
less severe to the ones triggered by the wild type protein (Fig 4B and 4C). Since hnRNP A1
has been shown to play multiple roles in viral replication and to regulate viral splicing in
multiple regions of the viral transcript it is plausible that these additional functions might
require the RNA binding specificity or protein-protein interactions provided by the deleted
RGG-box or neighboring sequences.

3.5. The A1-Δ6-EG clone encodes for a predicted hnRNP A1 isoform
14 hnRNP A1 splicing variants, 9 of which coding, are predicted by the ENSEMBL
database. Two of the coding variants, isoforms A1-A and A1-B, have been experimentally
confirmed. A third isoform named isoform-2 (ENSEMBL ENST00000547276) is also
predicted by the Uniprot (Uniprot identifier P09651-3) and UCSC Genes databases (Fig. 5).
hnRNP A1 isoform-2 carries a central deletion of residues 203 to 307, which contains the
RGG-box. Our A1-Δ6-EG clone, which carries the deletion of residues 201 to 303, is highly
similar to the isoform-2 sequence. Our data indicate that a clone carrying sequences similar
to the isoform-2 of hnRNP A1 can partially substitute for the more abundant A1-A isoform.
Nevertheless, the isoform lacking the RGG-box is unlikely to exhibit the full range of
functions displayed by the main A1-A isoform. Since a cDNA clone corresponding to
isoform-2 has been isolated and sequenced from a human retinoblastoma (GenBank:
BC103707) it is plausible that this isoform might be present in a number of human tissues,
or under specific physiological conditions, possibly at a lower level and with different RNA
specificity and functionality, than the more abundant A1-A and A1-B.

4. Discussion
hnRNP A1 is a widely expressed, multifunctional protein with roles in several mechanisms
regulating cellular and viral gene expression. Studies aimed at the functional and
biochemical characterization of this protein indicated that multiple domains participate to
confer its RNA binding specificity and functionality. The structural and functional domains
of this protein have been mostly studied utilizing biochemical and biophysical approaches,
therefore less is known about the role that such sequences might play in a cell-based system.
We aimed at identifying the functions of single and partial domains in a cellular system and
isolate a minimal hnRNP A1 derived sequence that retained the splicing regulatory and
antiviral properties of the full-length protein.

Here we have shown that a minimal deletion mutant, lacking one of the protein RBDs, the
RGG-box, and a portion of the prion-like domain can functionally substitute for the wild
type protein. Furthermore, the truncated clone we isolated is similar to an isoform, which is
predicted by several databases and detected in human retinoblastoma. The RNA binding
properties of hnRNP A1 have been widely studied with focus on the N-terminal fragment,
composed of the RRM1 and RRM2 RBDs, which are required to confer proper RNA
binding specificity to the protein [9, 32]. Less is known about the third RBD, the RGG-box,
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and although its contribution to the overall binding specificity of the protein was considered
modest by some [33], other reports indicate that its role is significant [4, 10, 34].
Furthermore, since the RGG-box selectively interacts in vitro with itself and other hnRNPs
[35], it seems to be required for the cooperative binding profile of hnRNP A1 with itself and
hnRNP H [34, 36]. Our data indicate that splicing regulation of a HIV-1 derived minigene is
not impacted by the deletion of the RGG-box.

It is plausible that hnRNP A1 might regulate splicing through multiple mechanisms, as
previously summarized [1], therefore deletion of the RGG-box might impact this protein
splicing functions differently in different systems. Previous work indicated that the
predominant nuclear localization of hnRNP A1 was solely dependent on the short M9
sequence [5], and, although recent lines of evidence showed that proper nuclear trafficking
and cytoplasmic localization is also dependent on the phosphorylation of the F-peptide and
the binding to cognate RNAs [37], little is known about the role played by other sequences
on the cellular localization of the protein. Our results show that, although the M9 sequence
is essential for the nuclear localization of hnRNP A1, a key function is also played by the
RBDs. Clones lacking all three RBDs lack a prevalent nuclear localization similarly to
clones lacking the M9 sequence (Fig. 2 cfr. A1-Δ2-EG with A1-Δ5-EG), while addition of
one or more RBDs can either partially (RGG-box or RRM2) or completely (RRM1 alone or
RRM2 in combination with either RGG-box or RRM1) restore nuclear localization. It is
plausible that the discrepancies between our findings and those of others [5] could be due to
the different linkers or tag sequences utilized, which might have functionally substituted for
the protein RBDs.

The characterization of truncated, functionally active, hnRNP A1 isoforms could aid our
understanding of the molecular mechanisms underlying this protein functions in disease.
hnRNP A1 diverse activities in cellular metabolism and proliferation correlate with its
functions in human disease and pathogenesis. Variations in the relative abundance of hnRNP
A1 have been shown to alter the splicing pattern of key genes involved in apoptosis and
tumorogenesis [38–41]. Similarly, deregulation of hnRNP A1 expression relates to changes
in the expression of cellular factors regulating neural development and contribute to
neurodegenerative diseases, such as Alzheimer’s disease (AD), spinal muscular atrophy
(SMA) and multiple sclerosis (MS) [42]. hnRNP A1 can also act as a prion-like protein [8].
Families with inherited degeneration affecting muscle, brain, motor neuron and bone carry
distinctive mutations within the hnRNP A1 PrLD located within the Gly-rich region. The
mutated protein can oligomerize and enhances the ability of the wild-type hnRNP A1 to
polymerize into fibrils and, in an animal model, the formation of cytoplasmic inclusion. The
hnRNP A1 deletion clone A1-Δ6-EG we characterized in this work retains the splicing
functions of the protein but lacks a portion of the PrLD domain. The isolation of hnRNP A1
isoforms with a different range of functions and lacking portions of the Gly-rich domain that
contributes to its self-assembling properties and decreased solubility when synthesized in a
prokaryotic system suggests possible therapeutic implications in the treatment of both
genetic and viral disease.

5. Conclusions
In conclusion we isolated an hnRNP A1 clone lacking the RGG-box RBD that can
functionally substitute for the ubiquitously expressed A1-A isoform and regulate HIV-1
splicing and replication. Our study also highlights a role for the hnRNP A1 RBDs in the
intracellular localization of the protein.
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Highlights

hnRNP A1 RGG-box is not required for HIV-1 splicing regulation.

hnRNP A1 RRMs are required for nuclear localization.

A novel hnRNP A1 isoform can functional substitute for the major A1-A isoform.
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Fig. 1.
(A) Schematic representation of hnRNP A1 isoforms (A1-A, A1B) and deletion clones map.
The protein RBDs and other key structural and functional features are indicated, M9
(nuclear localization sequence), F (F-peptide), PrLD (prion like domain). The location of
residues modified by acetylation (A), phosphorylation (P) and SUMOylation (S) is
indicated. The sequences present in the major deletion clones are indicated. (B) Expression
of hnRNP A1 in control HEK-293 cells or transfected with the hnRNP A1-A expression
clone (pA1) or the plasmid expressing the hnRNP A1-EGFP fusion protein. Proteins are
detected with the anti-hnRNP A1 antibody. (C) Expression of the hnRNP A1–EGFP fusion
proteins in HEK-29 cells. Proteins are detected with the anti-GFP antibody.
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Fig. 2.
Localization of endogenous hnRNP A1 and EGFP tagged wild type and deletion clones. (a)
Nuclear DAPI staining. (b) Endogenous hnRNP A1 (A1) was detected by
immunofluorescence while tagged hnRNP A1-EGFP clones were detected by fluorescence
microscopy (green). (c) Cytosol is visualized with the Phalloidin actin stain (red). (d)
Overlay and localization of the endogenous and tagged proteins within the nuclei and
cytosol.
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Fig. 3.
(A) Schematic map of the pLTR-S1Xm-R reporter minigene. Dashed lines indicate the viral
sequences utilized to construct the minigenes in relation to the HIV-1 genome (top). The
mechanism regulating splicing at the tat specific splice site (3′tat) via the binding of
competing splicing factors SC35 and hnRNP A1 to a complex regulatory sequence (ESE/
ESS2) is shown. Location of the cluster of 3′ splice sites utilized to generate viral rev and
env coding mRNAs is also indicated. Location of the primers utilized in the semi-
quantitative RT-PCR assay is shown. (B) Alternative splicing of the pLTR-S1Xm-R
reporter. HEK 293 cells were co-transfected with the pLTR-S1Xm-R reporter and the
indicated hnRNP A1-EGFP fusion clone or the control EGFP expression vector. RT-PCR
analysis shows the unspliced (US) and mRNAs splicing to the splice sites 3′tat and 3′rev/env
cluster.
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Fig. 4.
(A) Schematic representation of the pNL4-3 proviral clone. The relative position of the viral
genes is indicated on the map on top. The main mRNAs generated from the single viral
transcript are indicated. Locations of the primers utilized in the qPCR assays to amplify the
total viral mRNA (Pex8F, Pex8R) and specific for the gag/pol (PGagF, PGagR) and tat
(PTatF, PTatR) mRNAs are indicated. (B) Viral replication assay. HEK-293 cells were co-
transfected with the proviral clone pNL4-3, the control pEGFP or the indicated hnRNP A1-
EGFP fusion clone. TZM-bl reporter cells were infected with the supernatant from HEK-293
cells 72 hours after transfection. Luciferase activity was measured 48 hours after infection
and it is directly proportional to the amount of virion contained in the infection supernatant.
100% replication was defined as luciferase activity obtained by incubating the indicator cell
line with the supernatant from the HEK-293 cells transfected with the viral clone pNL4-3
and the pEGFP control plasmid. (C) qPCR analysis of viral transcripts. Each graph
summarizes the quantification by qPCR analysis of the indicated viral mRNA species
extracted from 293T cells transfected with the proviral clone pNL4-3 and the indicated
expression clone. The amount of each mRNA species generated in the transfection
containing the control pEGFP was assigned the value 1. Total viral mRNA expression was
normalized for expression of the GAPDH housekeeping gene. Expression of the gag/pol and
tat mRNAs relative to the total amount of viral transcript was calculated by normalizing the
amount of specific transcripts for the total amount of viral mRNA in each assay.
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Fig. 5.
(A) Genomic map of the major hnRNP A1 isoforms (A1-A: ENSEMBL
ENST00000546500; A1-B: ENSEMBL ENST00000340913) and the predicted A1-isoform
2 (ENSEMBL: ENST00000547276). (B) Schematic map of the main hnRNP A1 protein
isoforms (A1-A: Uniprot P09651-2; A1-B: Uniprot P09651) and the minor A1-isoform 2
(Uniprot P09651-3).
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