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Increasing evidence indicates that alternative processing of
mRNA, including alternative splicing, 3� alternative polyadenyl-
ation, and regulation of mRNA stability/translation, represents
a major mechanism contributing to protein diversification. For
example, in alternative polyadenylation, the 3� end of the immu-
noglobulin heavy chain mRNA is processed during B cell differ-
entiation, and this processing involves RNA-binding proteins.
hnRNPLL (heterogeneous nuclear ribonucleoprotein L-like
protein) is an RNA-binding protein expressed in terminally dif-
ferentiated lymphocytes, such as memory T cells and plasma
cells. hnRNPLL regulates various processes of RNA metabolism,
including alternative pre-mRNA splicing and RNA stability. In
plasma cells, hnRNPLL also regulates the transition from the
membrane isoform of the immunoglobulin heavy-chain (mIgH)
to the secreted isoform (sIgH), but the precise mechanism
remains to be identified. In this study, we report that hnRNPLL
specifically associates with cytoplasmic PABPC1 (poly(A)-bind-
ing protein 1) in both T cells and plasma cells. We found that
although PABPC1 is not required for the alternative splicing of
CD45, a primary target of hnRNPLL in lymphocytes, PABPC1
does promote the binding of hnRNPLL to the immunoglobulin
mRNA and regulates switching from mIgH to sIgH in plasma
cells. Given the recently identified role of PABPC1 in mRNA
alternative polyadenylation, our findings suggest that PABPC1
recruits hnRNPLL to the 3�-end of RNA and regulates the tran-
sition from membrane Ig to secreted Ig through mRNA alterna-
tive polyadenylation. In conclusion, our study has revealed a
mechanism that regulates immunoglobulin secretion in B cells
via cooperation between a plasma cell-specific RBP (hnRNPLL)
and a universally expressed RBP (PABPC1).

Increasing evidence has indicated that a major mechanism
diversifying the proteasome during cellular differentiation is

the alternative processing of mRNA, which includes alternative
splicing, 3� alternative polyadenylation, and mRNA stability/
translation regulation (1– 4). As the first discovered example of
alternative polyadenylation, the 3� end of immunoglobulin
heavy chain (IgH) mRNA is processed in a cell-type-specific
way during B cells differentiation (5, 6). Plasma cells, which are
terminally differentiated B cells specialized in producing large
amounts of secreted immunoglobulin, utilize an alternative
poly(A) site (pAs)2 in the intron between the last exon of
the constant region (e.g. C�4 of IgM) and the first exon of the
transmembrane domain (the M1 exon), thus producing an
mRNA coding for the secreted isoform (5, 6). In B cells, on the
other hand, a distal pAs in the second coding exon of the trans-
membrane domain (the M2 exon) is used to generate the
mRNA coding for the membrane-bound IgM. Thus, the ratios of
membrane-associated to secreted IgH transcripts are modulated
by the selective use of a splice site versus a cleavage/polyadenyl-
ation site at the 3� end of the IgH pre-mRNA transcript (7).

Various RNA-binding proteins (RBPs) have been identified
as regulating the cell-type-specific selection of secreted IgH
versus membrane-bound IgH. These RBPs mainly include pol-
yadenylation/cleavage factors (i.e. CstF64) (8), splicing factors
(9, 10), and elongation factors (10, 11). The specific mecha-
nisms of cooperation between these factors in regulating selec-
tion between mIg and sIg, however, remain largely unknown.

hnRNPLL (heterogeneous nuclear ribonucleoprotein L-
like protein), encoded by HNRNPLL (12), is predominantly
expressed in terminally differentiated lymphocytes, including
memory T cells and plasma cells. Elevated hnRNPLL expres-
sion is usually accompanied by changes in CD45 splicing,
switching from its higher molecular weight isoforms (e.g.
CD45RABC or CD45RB) to its lower molecular weight iso-
forms (CD45RO) (10, 13–18). In plasma cells, hnRNPLL also
regulates the ratio of membrane Ig�2b to secreted Ig�2b (10),
although the molecular mechanism of this regulation remains
to be fully understood.

In this study, we used mass spectrometry to identify PABPC1
as a binding partner of hnRNPLL in plasma cells and T cells. As
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a major component of cytoplasmic poly(A)-binding proteins,
PABPC1 regulates mRNA translation (19, 20), hyperadenyla-
tion (21), non-sense-mediated decay (22) and alternative poly-
adenylation (23). We found that hnRNPLL bound to the RRM1
domain of PABPC1, which was distinct from the sites of
PABPC1 that bound to the components of the translation
initiation complex. Although PABPC1 was not necessary for
CD45 splicing, it interacted with IgH mRNA and regulated the
transition from mIg to sIg in plasma cells. We further demon-
strated that PABPC1 could promote the binding of hnRNPLL
to IgH mRNA. Thus, our study revealed a mechanism regulat-
ing immunoglobulin secretion in B cells through cooperation
between a plasma cell-specific RBP (hnRNPLL) and a univer-
sally expressed RBP (PABPC1).

Results

hnRNPLL interacts with PABPC1 in plasma cells

To explore the molecular mechanisms by which hnRNPLL
regulates mRNA processing, we carried out an immunoprecipi-
tation experiment in murine plasmacytoma cells MPC11 and
then used mass spectrometry to identify its binding proteins. In
addition to the two isoforms of the hnRNPLL protein, we found
that a protein of �70 kDa was co-immunoprecipitated with
hnRNPLL (Fig. 1A). Mass spectrometry analysis revealed that
the protein band contained PABPC1, a major component of the
cytoplasmic poly(A)-binding protein (PABP) in mammalian
cells. It has been suggested that it promotes mRNA translation
by binding to the 3�-poly(A) tail of the mRNA. Given the pre-
dominant 3�-UTR binding of hnRNPLL identified in previous
PAR-CLIP experiments (17), we postulated that hnRNPLL and
PABPC1 might cooperate to regulate certain aspects of the
mRNA 3�-end processing.

To test the interaction between hnRNPLL and PABPC1, we
performed co-immunoprecipitation (co-IP) experiments. In
both the MPC11 cells and the Jurkat human T cell line, PABPC1
was consistently co-immunoprecipitated with hnRNPLL (Fig.
1, B and C). Indeed, PABPC1 enhances protein translation by
forming the translation initiation complex. However, in the
same co-IP experiments, anti-hnRNPLL did not pull down
other components of the translation initiation complex,
including eIF4E and eIF4G2 (Fig. 1, B and C), suggesting that
hnRNPLL and PABPC1 may form a novel protein complex spe-
cialized for other types of mRNA processing besides transla-
tion. The interaction between hnRNPLL and PABPC1 was sup-
ported by the immunoprecipitation of FLAG-tagged PABPC1
in MPC11 cells (Fig. 1D).

To further investigate the interaction between hnRNPLL and
PABPC1 in situ, we performed immunofluorescence staining of
these two proteins in MPC11 cells. Although PABPC1 was
mainly localized in the cytoplasm as expected, a substantial
amount was also present in the nucleus (Fig. 1E). The presence
of PABPC1 in the nucleus was confirmed with cytoplasm/nu-
cleus fractionation (Fig. 1F). In contrast, hnRNPLL, although
also present in the cytoplasm, was primarily found in the
nucleus and was highly enriched in nuclear bodies, such as Raji
bodies (Fig. 1E). In both the nucleus and in the cytoplasm, we
observed areas of overlapping fluorescences, indicating that

hnRNPLL and PABPC1 partially co-localize (Fig. 1E). Our data
thus strongly suggest that hnRNPLL and PAPBC1 interact with
each other in plasma cells, either in the cytoplasm or in the
nucleus.

An alternative translational start site gives rise to a longer
isoform of hnRNPLL with an extra sequence at its N terminus
(17). We found that both the longer and the canonical (short)
isoforms of hnRNPLL were associated with PABPC1. When
expressed in HEK 293 T cells, either isoform of hnRNPLL was
able to pull down endogenous PABPC1 (Fig. 1G). In addition,
Myc-tagged PABPC1 was able to pull down both the canonical
and the longer isoform of hnRNPLL (Fig. 1H), with a stronger
affinity for the longer isoform.

RRM1 domain of PABPC1 mediates interaction with hnRNPLL

To understand how PABPC1 interacts with hnRNPLL, we
deleted each individual functional domain of PABPC1 (Fig. 2A)
and co-expressed the truncated proteins with hnRNPLL in
HEK 293 T cells. Only one modified PABPC1, lacking the
RRM1 domain, completely failed to interact with hnRNPLL
(Fig. 2B). We observed a partial reduction in the interactions
between hnRNPLL and a mutant PABPC1 missing the linker
domain (Fig. 2B). Deletion of all other domains, including
RRM2, RRM3, RRM4, and MLLE, did not disrupt the interac-
tion of PABPC1 with hnRNPLL. However, the RRM1 domain
alone was not sufficient for the binding of PABPC1 to hnRN-
PLL, indicating that cooperation between the RRM1 domain
and other domains is necessary for association with hnRNPLL
(Fig. 2C). The RRM2 domain of PABPC1 is known to interact
with the eIF4G2, whereas the MLLE domain is required for the
binding of PABPC1 to other PABP interaction motifs contain-
ing proteins (24, 25). The binding domains of PABPC1 that are
important for the interactions with hnRNPLL suggest that their
interaction may regulate other RNA processes besides protein
translation.

In parallel, we created a series of domain-depleted mutants of
hnRNPLL (Fig. 2A) and expressed the truncated proteins in
HEK 293 T cells. Modified hnRNPLL lacking RRM1, RRM2, or
the linker domains failed to interact with PABPC1 entirely,
whereas RRM3 and RRM4 domains were partially required for
the binding of hnRNPLL to PABPC1 (Fig. 2D). The N-terminal
region of hnRNPLL was not required for interactions with
PABPC1. Interestingly, through a tethering assay, it was shown
that the N-terminal region and the linker region of hnRNPLL
were together sufficient to induce exon splicing in CD45 (26).
Dependence on different hnRNPLL protein domain for CD45
splicing and for interaction with PABPC1 suggests that a dis-
tinct functional module of hnRNPLL mediates its interaction
with PABPC1.

PABPC1 is not required for hnRNPLL-mediated splicing of
CD45

hnRNPLL is highly expressed in terminally differentiated
lymphocytes, including memory B cells and plasma cells. One
major function of hnRNPLL is to induce switching from the
CD45RA to the CD45RO isoform.

To determine whether PABPC1 is involved in the alternative
splicing of CD45, we knocked down PABPC1 in Jurkat T cells
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with two independent shRNAs (Fig. 3A). As expected, PMA
stimulation of the Jurkat T cells decreased the expression of the
CD45RA isoform and increased the expression of the CD45RO
isoform (Fig. 3B). Knockdown of PABPC1, however, did not
significantly alter the expression of either CD45RA or CD45RO
expression after PMA stimulation (Fig. 3B). In contrast, when

we knocked down hnRNPLL in Jurkat cells, we observed signif-
icantly increased CD45RA expression and decreased CD45RO
after the PMA stimulation (Fig. 3, F and G).

Similar to the results that we observed in T cells, PABPC1
was not required for the splicing of B220 (CD45RABC) after
LPS stimulation in B cells. To induce plasma cell differentia-

Figure 1. hnRNPLL interacts with PABPC1 A, mass spectrometric analysis identifies interaction between hnRNPLL and PABPC1. hnRNPLL was immunopre-
cipitated (IP) from MPC11 cells, and precipitated proteins were resolved on SDS-PAGE and stained with Coomassie Blue. The indicated protein bands were then
exercised and analyzed by mass spectrometry. The identified proteins are as follows: top band, the hnRNPLL long isoform, which utilizes an alternative
translational start site (17); middle band, PABPC1; lower band, the canonical hnRNPLL protein. B and C, PABPC1 interacts with hnRNPLL in lymphocytes. As in A,
hnRNPLL (LL) was immunoprecipitated from MPC11 (B) or Jurkat cells (C), and the immunoprecipitate was analyzed for the presence of hnRNPLL, PABPC1,
eIF4G2, and eIF4E by immunoblotting (IB) as indicated. Normal rabbit IgG (IgG) was used as a negative control for immunoprecipitation, and 5% of the total
protein lysate was included as input control. D, hnRNPLL co-immunoprecipitates with PABPC1. FLAG-tagged PABPC1 was transduced into MPC11 cells,
FLAG-PABPC1 was immunoprecipitated with an anti-FLAG antibody (M2), and the immunoprecipitate was analyzed for FLAG, hnRNPLL, and eIF4G2 by
immunoblotting as indicated. Normal mouse IgG was used as negative control, and 3% of the total protein lysate was included as input control. E, hnRNPLL
interacts with PABPC1 both in the nucleus and in the cytoplasm. MPC11 cells were co-stained with anti-PABPC1 (red) and anti-hnRNPLL (green) and analyzed
by confocal immunofluorescence microscopy. Note that hnRNPLL was predominately observed in the nucleus with notable cytoplasmic localization; in
contrast, PABPC1 was mainly in the cytoplasmic and was also presented in the nucleus. F, PABPC1 is located in both the nucleus and the cytoplasm of MPC11
cells. MPC11 cells were fractionated into cytoplasmic (C) and nuclear (N) fractions, and the expression of PABPC1 and hnRNPLL was analyzed by immunoblot-
ting. GAPDH and lamin B were served as the controls for cytoplasmic and nucleus proteins, respectively. C, cytoplasmic fraction; N, nucleus fraction. G, both
isoforms of hnRNPLL can interact with PABPC1. The FLAG-tagged hnRNPLL constructs were transfected into HEK 293 T cells, and hnRNPLL was immunoprecipitated
from the cell lysate with the anti-FLAG (M2) antibody. The immunoprecipitate was analyzed for PABPC1 and hnRNPLL. 1% of the total protein lysate was included as
input control. H, PABPC1 interacts with both isoforms of hnRNPLL. PABPC1 fused with a Myc tag was transfected into HEK 293 T cells alone or with either of the
hnRNPLL isoforms. PABPC1 was immunoprecipitated from the cell lysate with an anti-Myc antibody, and the immunoprecipitate was analyzed for hnRNPLL and Myc.
1% of the total protein lysate was included as input control. B–H, data are representative of at least three independent experiments.
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tion, we purified total naïve B cells and stimulated them with
LPS along with IL-4 and IL-5. The cells were then transduced with
either shPabpc1 or control shRNAs (Fig. 3C). The expression of
CD45 isoforms was similar between PABPC1-deficient cells and
control cells as determined by either RT-PCR or flow cytometry
(Fig. 3, D and E). These results suggest that PABPC1 is dispensable
for CD45 alternative splicing in both T and B cells.

We also compared the activity of the two hnRNPLL isoforms in
inducing alternative splicing of CD45. We found that after being
overexpressed in A20 cells, only the canonical (short) isoform pro-
moted the exclusion of the CD45RA exon (Fig. 3, H and I, and
supplemental Fig. S1). These data indicate that only the canonical
isoform of hnRNPLL is able to induce CD45 splicing.

PABPC1 regulates switching between membrane Ig and
secreted Ig in plasma cells

In addition to regulating mRNA alternative splicing, we
showed in previous work that hnRNPLL regulates the switch-
ing of mIg to sIg in plasma cells (10). Switching between mIg

and sIg is a tightly controlled process regulated by both mRNA
alternative splicing and alternative polyadenylation (8, 27, 28).
PABP proteins, including PABPC1 and PABPN1, have recently
been identified as critical regulators of alternative polyadenyl-
ation (23, 29).

We thus postulated that hnRNPLL and PABPC1 might coop-
erate to regulate the alternative processing of IgH mRNA in B
cells. To test this hypothesis, we first knocked down PABPC1 in
MPC11 cells and then examined both the surface expression of
IgG2b and the total IgG2b (Fig. 4A). We used flow cytometry to
show that surface IgG2b expression decreased significantly in the
PABPC1-deficient cells compared with the control cells, whereas
total IgG2b level (as determined by intracellular staining) was not
significantly altered (Fig. 4, B and C). This result indicates that
PABPC1 is critical for switching between mIg and sIg but is not
required for translation of immunoglobulin in MPC11 cells.

We next tested whether reduced surface IgG2b expression in
the PABPC1-deficient cells was caused by the alteration of Ig
heavy chain processing. Using qRT-PCR assays to specifically

Figure 2. Domain requirement for the hnRNPLL and PABPC1 interaction. A, a diagram shows domain structures of PABPC1 (upper panel) and hnRNPLL
(lower panel). The location of each domain was indicated at the bottom. B, RRM1 domain of PABPC1 is required for its interaction with hnRNPLL (LL). HEK 293
T cells were transfected with indicated mutants of PABPC1 together with hnRNPLL. hnRNPLL was immunoprecipitated (IP), and its interaction with PABPC1 was
analyzed by immunoblotting (IB). 1% of total protein lysates was used as an input control and analyzed for PABPC1 and hnRNPLL. C, the RRM1 domain of
PABPC1 alone is not sufficient for interacting with hnRNPLL. HEK 293 T cells were transfected with Myc-tagged full-length or the RRM1 domain of PABPC1
together with hnRNPLL, respectively. hnRNPLL was immunoprecipitated with anti-mouse hnRNPLL antibody, and the immunoprecipitate was analyzed by
immunoblotting. 1% of total protein lysates were used as input control. D, RRM1, RRM2, Linker, and RRM3 domains of hnRNPLL are required for its interaction
with PABPC1. As in B, HEK 293 T cells were transfected with plasmids expressing FLAG-tagged hnRNPLL proteins lacking the indicated domains. The FLAG-
tagged hnRNPLL proteins were immunoprecipitated with anti-FLAG, and their interactions with PABPC1 were determined by immunoblotting analysis. The
data are representative of at least three independent experiments.
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Figure 3. PABPC1 is not required for CD45 alternative splicing. A, Jurkat cells were transduced with PLKO.1 lentivirus containing either shPabpc1 or a
Scrambled sequence, and expression of PABPC1 was determined by immunoblotting analysis. GAPDH was served as a loading control. B, PABPC1 was not
required for activation-induced CD45 isoforms switching in Jurkat cells. As in A, Jurkat cells stably expressing the shRNAs against PABPC1 or Scramble were
stimulated with PMA, and expression of CD45RA and CD45RO was determined by flow cytometry. C, naïve B cells were isolated from C57BL/6 mice and
stimulated with 10 �g/ml LPS in the presence of IL-4 (10 ng/ml) and IL-5 (10 ng/ml). The activated B cells were then transduced with retrovirus containing three
independent shRNAs against Pabpc1 (shPabpc1) or a scrambled sequence (shCtrl) at 16 and 40 h after stimulation, and 1 �g/ml puromycin was added into
cultured cells at 48 h after stimulation. At 96 h after stimulation, the expression of PABPC1 was analyzed by qRT-PCR. D and E, PABPC1 was not required for CD45
splicing in activated B cells. As in C, RNA was extracted from unstimulated B cells, LPS-stimulated B cells (mock), LPS-stimulated B cells transduced with
retrovirus containing a scrambled sequence (shCtrl), or three independent shRNAs against Pabpc1 (shPabpc1). CD45 splicing was analyzed by RT-PCR; PCR
products corresponding to each splicing isoform of CD45 are indicated (D); and cell surface expression of CD45RA, CD45RB, CD45RC, and B220 (CD45RABC) was
determined by flow cytometry (E). E, red indicates the cells transduced with shCtrl, and green, blue, and cyan indicate the cells transduced with one of the
shPabpc1 shRNAs. F and G, hnRNPLL was required for exclusion of CD45RA exon. Jurkat cells were stably transduced with shRNA against either hnRNPLL (shLL)
or a Scrambled sequence (shCtrl). Expression of hnRNPLL was determined by immunoblotting (F), and expression of CD45RA and CD45RO was determined by
flow cytometry (G). H and I, the short but not the long isoform of hnRNPLL regulates CD45 splicing. A20 cells were transduced with control construct (mock) or
long or short isoform of hnRNPLL (LL-long or LL-short), respectively, and expression of the hnRNPLL was analyzed by immunoblotting (H). CD45 splicing was
analyzed by RT-PCR, and the PCR products corresponding to each splicing isoform of CD45 are indicated (I). The data are representative of at least three
independent experiments.
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detect either membrane or secreted IgG2b, we found that in
PABPC1-deficient cells, the expression of the secreted Ig�2b
isoform increased, whereas the expression of the membrane
isoform decreased (Fig. 4, D and E). As a result, the ratio of
membrane Ig to secreted Ig was significantly lower in the

PABPC1-deficient cells than in control cells (Fig. 4F). Similar to
the results we observed in the MPC11 cells, the ratio of mem-
brane Ig� to secreted Ig� in the PABPC1-deficient primary
B cells decreased significantly after LPS stimulation in vitro
(Fig. 4G).

Figure 4. PABPC1 regulates the production of secreted Ig in plasma cells. A, MPC11 cells were transduced with control shRNA (shCtrl) or two different
shRNAs against Pabpc1 (shPabpc1.1 and shPabpc1.2, respectively), and expression of PABPC1 was analyzed by immunoblotting. B and C, knockdown PABPC1
decreased expression of the surface IgG2b in MPC11 cells. Expression of IgG2b on the cell surface or total IgG2b was analyzed through cell surface staining or
intracellular staining in MPC11 cells, respectively. B, representative flow cytometry plots; C, summary of MFI of IgG2b staining from seven experiments. D–F,
PABPC1 enhanced membrane Ig�2b while suppressing secreted Ig�2b expression in MPC11 cells. As in A, expression of secreted Ig�2b (D) or membrane Ig�2b
(E) was analyzed by qRT-PCR, and ratios of the membrane Ig�2b to the secreted Ig�2b were calculated (F). G, PABPC1 promoted the membrane IgM expression
in LPS-activated primary B cells. As in Fig. 3A, RNA was extracted from LPS-stimulated B cells transduced with retrovirus containing a scrambled sequence
(shCtrl) or two independent shRNAs against Pabpc1 (shPabpc1) at 96 h after LPS stimulation. The expression of membrane Ig� was analyzed by qRT-PCR, and
the ratios of membrane Ig� to secreted Ig� were calculated as indicated. H–J, shRNA-resistant PABPC1 reversed the defects of mIg/sIg ratio in the PABPC1-
deficient MPC11 cells. H, Flag-tagged shRNA-resistant PABPC1 was transduced into MPC11 cells with Pabpc1 knockdown, and expression of exogenous
(3xFLAG-PABPC1) and endogenous PABPC1 was determined by immunoblotting. I, expression of surface IgG2b was determined by flow cytometry analysis. J,
the ratio of the membrane Ig�2b to the secreted Ig�2b mRNA was determined by qRT-PCR. The data are representative (A, B, H, and I) or summary (C–G and J)
of at least three independent experiments. ***, p � 0.001; **, p � 0.01; *, p � 0.05 in Student’s t test.
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To exclude any off-target effects of the shRNAs on PABPC1, we
expressed a shRNA-resistant PABPC1 in the PABPC1-deficient
MPC11 cells (Fig. 4H). This overexpression of PABPC1 increased
the expression of mIgG2b and completely reversed the effects of
PABPC1 deficiency (decreased expression of surface IgG2b and
lowered the mIg/sIg ratio) in the PABPC1-deficient MPC11 cells,
as determined by flow cytometry (Fig. 4I) and qRT-PCR (Fig. 4J).
These results suggest that PABPC1 promotes membrane Ig
expression while suppressing secreted Ig expression in plasma
cells, a role similar to hnRNPLL. Cooperation between hnRNPLL
and PABPC1 may thus promote the selection of the distal poly-
adenylation site over the proximal polyadenylation site.

PABPC1 binds to IgH mRNA and promotes interaction between
hnRNPLL and IgH mRNA

Our results strongly suggest that PABPC1 directly regulates
3� alternative processing of immunoglobulin mRNA. Further
supporting this notion, we found that Ig�2b transcripts bound
strongly to PABPC1, as determined by RNA immunoprecipita-
tion (Fig. 5A). Using a construct that fused EGFP to the 3�-UTR
of Ig�2b, we found that PABPC1 was associated with the
3�-UTR of the Ig�2b transcript and bound preferentially to the
3�-UTR of secreted Ig�2b (Fig. 5B).

Moreover, similar to the results we have shown regarding the
interaction of modified forms of hnRNPLL and PABPC1,
PABPC1 missing either the RRM1 domain or the linker domain
was completely unable to bind to Ig�2b mRNA (Fig. 5C).
RRM2- and RRM3-deficient PABPC1 also displayed reduced
binding to Ig�2b mRNA, and interactions between RRM4-de-
ficient PABPC1 and Ig�2b mRNA also decreased somewhat. In
contrast, the binding of MLLE-deficient PABPC1 to Ig�2b
mRNA was unaffected.

We further investigated whether the ability of PABPC1 to
bind to IgH mRNA was dependent on its interaction with
hnRNPLL. In hnRNPLL-deficient MPC11 cells, the ability of
PABPC1 to bind to Ig�2b was not significantly affected as com-
pared with the control cells (Fig. 5D). In contrast, in PABPC1-
deficient cells, the ability of hnRNPLL to bind to the Ig�2b tran-
script decreased significantly as compared with the control cells
(Fig. 5E). Our results thus suggest that hnRNPLL is recruited to
Ig�2b mRNA partially via its interaction with PABPC1.

Discussion

In this study, we identified PABPC1 as a protein that inter-
acts with hnRNPLL to regulating mIg to sIg switching in plasma
cells. Although PABPC1 is not required for CD45 splicing in
either T cells or plasma cells, it enhances binding of hnRNPLL
to IgH mRNA and regulates switching from mIg to sIg. Given
the recently identified role of PABPC1 in mRNA alternative
polyadenylation (23), our results suggest that the interaction
between hnRNPLL and PABPC1 regulates alternative poly-
adenylation of immunoglobulin mRNA, a process critical for
switching between mIg and sIg in plasma cells. Our study thus
provides an example of lineage-specific mRNA processing that
is achieved through cooperation between a universal RBP (e.g.
PABPC1) and a lineage-specific RBP (e.g. hnRNPLL).

Alternative cleavage and polyadenylation (APA) in eukary-
otic cells generates multiple mRNA isoforms of various 3�-UTR

lengths from the same gene (30, 31). PABPN1 has been recog-
nized as a critical RBP regulating APA: recent work using
an siRNA knockdown with deep sequencing indicated that
PABPC1 enhances the usage of pre-mRNA distal pAs during
APA (23). Our data suggest that PABPC1 facilitates the expres-
sion of membrane isoforms of IgH mRNA similarly to other
APA regulators (e.g. CstF-64).

Notably, deletion of either hnRNPLL or PABPC1 resulted in
only a moderate reduction in the expression of the membrane
Ig isoform, indicating that other proteins may regulate the mIg
to sIg switching independently. One of such proteins may be
ELL2 (11), a transcription elongation factor that is up-regulated
in plasma cells and enhances the recognition of the secretory
IgH polyadenylation site. In co-immunoprecipitation experi-
ments, we found that ELL2 did not interact with hnRNPLL in
MPC11 cells (supplemental Fig. S2), suggesting that hnRNPLL
functions independent of ELL2. Thus, the poly(A) site selection
of IgH mRNA is under control of multiple protein complexes.

Results from our previous study indicate that translation of
the hnRNPLL protein can start from either the canonical start
codon (AUG) or an alternative translational start codon (CUG)
at its 5�-UTR (17). Interestingly, only the canonical (short) iso-
form of hnRNPLL can induce splicing of CD45 when expressed
in A20 cells, suggesting that the long isoform of hnRNPLL lacks
the ability to mediating splicing. In contrast, the long isoform of
hnRNPLL binds to PABPC1 with higher affinity than does the
canonical isoform. These results raise the possibility that
hnRNPLL activities can be modulated through the selection of
alternative translational start sites.

RNA-binding proteins often have overlapping functions in
various aspects of RNA processing. Some splicing factors also
regulate RNA stability (32) and RBPs initially believed to be
primarily involved in RNA-stability regulation are now also
known to regulate alternative splicing (33, 34). To mediate var-
ious steps of RNA processing, many RBPs show nucleus/cyto-
plasm shuttling, thus mediating RNA splicing and polyadenyl-
ation in the nucleus and regulating stability and translation in
the cytoplasm (35–37). Although predominantly found in the
nucleus, hnRNPLL is also present in the cytoplasm; conversely,
PABPC1 is primarily distributed in the cytoplasm but is also
present in the nucleus. Interactions between these two RBPs are
observed in both the nucleus and the cytoplasm, suggesting that
they form a complex and thus co-regulate their shuttling.
Finally, the tissue-specific alternative processing of mRNA is
believed to mediate lineage differentiation. As we have shown,
cooperation between lineage-specific RBPs and universal RBPs
may account for the diverse functions of RBPs in cellular differ-
entiation. Future studies will concentrate on the interactomes
of RNA-binding proteins, which will help to clarify the regula-
tory mechanisms of post-transcriptional regulation in cellular
differentiation and lineage commitment.

Experimental procedures

Plasmids and cloning

The long and short isoform (canonical) of mouse hnRNPLL
cDNA with the FLAG tag at the C terminus were cloned into an
MSCV retrovirus vector, and human PABPC1 cDNA with
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FLAG tag at the N terminus was cloned into a MSCV-IRES-
Thy1.1 retrovirus vector. These constructs together with pCL-
10A1 were transfected into HEK 293 T cells to produce retro-
virus. The domain deletion mutants of mouse hnRNPLL and
human PABPC1 were cloned into pCMV6-Entry vector or
MSCV-IRES-Thy1.1 vector. The breakpoints of the domains

used in these fusion proteins are listed in supplemental Table
S1, and the RRM1 cDNA sequence of human PABPC1 was also
cloned into pCMV6-Entry vector. A shRNA-resistant PABPC1
was created by inducing the following synonymous mutations:
1275 T3C, 1276 A3 T, 1277 G3C, 1278 C3 T, 1281 A3
G, 1284 T3 C, 1287 T3 C, 1290 A3 G, and 1293 A3 G.

Figure 5. PABPC1 promotes hnRNPLL binding to the Ig mRNA. A, PABPC1 bound to the immunoglobulin mRNA. FLAG-tagged PABPC1 was stably expressed
in MPC11 cells, and PABPC1 was immunoprecipitated with an anti-FLAG antibody. RNA was extracted with TRIzol reagent. The abundance of Ig�2b mRNA in
the immunoprecipitates was determined by qRT-PCR after normalized to mouse IgG control. B, PABPC1 was associated with the 3�-UTR of Ig�2b mRNA. 3�-UTR
sequences of the secIg�2b or the memIg�2b mRNA was cloned downstream of EGFP coding sequence in pEGFP-N1 vector. The plasmids were co-transfected
into HEK 293 T cells with the FLAG-tagged PABPC1. The FLAG-tagged PABPC1 protein was immunoprecipitated with an anti-FLAG antibody, and the enrich-
ment of indicated 3�-UTR sequences in the immunoprecipitates was determined by qRT-PCR after normalized to mouse IgG control. Enrichment of EGFP and
18S rRNA in the immunoprecipitates from the cells transfected with empty pEGFP-N1 vector was included as negative controls. Note, despite some enrichment
of EGFP mRNA, secIg�2b mRNA was significantly more abundant in the PABPC1 immunoprecipitates. C, FLAG-tagged PABPC1 proteins lacking the indicated
domains (as in Fig. 2B) were stably expressed in MPC11 cells and were immunoprecipitated with the anti-FLAG antibody. The abundance of the Ig�2b
mRNA in the immunoprecipitates was determined by qRT-PCR after RNA extraction with TRIzol reagent. D, hnRNPLL deficiency did not affect PABPC1
binding to the Ig�2b mRNA. MPC11 cells with FLAG-PABPC1 were transduced with shRNAs against hnRNPLL (shLL) or a Scrambled sequence, PABPC1
was immunoprecipitated with an anti-FLAG antibody, and the PABPC1-associated RNA was extracted with TRIzol reagent. The abundance of Ig�2b in
the immunoprecipitates was determined by qRT-PCR after normalized to mouse IgG control. E, PABPC1 promotes hnRNPLL (LL) binding to the Ig�2b
mRNA. As in D, MPC11 cells stably expressing shRNAs against Pabpc1 or Scramble were lysed with Nonidet P-40 lysis buffer, and hnRNPLL was
immunoprecipitated with the anti-mouse hnRNPLL antibody. The abundance of Ig�2b in the immunoprecipitates was determined by qRT-PCR after
RNA extraction. The data are summary of at least three independent experiments. Error bars stand for standard deviation of the mean. ***, p � 0.001; **,
p � 0.01; *, p � 0.05 in Student’s t test.
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Generation of stable cell lines

MPC11 cells (3 � 105) were transduced with pLKO.1
shScramble, pLKO.1 shPabpc1-1, or pLKO.1 shPabpc1-2 lenti-
virus with 8 �g/ml Polybrene (H9268; Sigma), and transduced
cells were selected with 5 �g/ml puromycin (Merck/Millipore).
Selected cells were maintained in RPMI 1640 containing 1
�g/ml puromycin. pLKO.1 shPabpc1-1 and shPabpc1-2 corre-
spond to TRCN0000054948 and TRCN0000054952, respec-
tively. Jurkat cells were transduced with pLKO.1 lentivirus
against human PABPC1 with two shRNAs corresponding to
TRCN0000286207 and TRCN0000293649, respectively, and
against human HNRNPLL with shRNA corresponding to
TRCN0000075101.

Co-immunoprecipitation

The cells were lysed in Nonidet P-40 lysis buffer (50 mM

HEPES-KOH, pH 7.5, 250 mM KCl, 2 mM EDTA, 1 mM NaF,
0.5% Nonidet P-40, supplemented with protease inhibitors
(Roche) and 1 mM DTT), and target protein was immunopre-
cipitated with corresponding antibody and protein A (for rabbit
antibody) or protein G (for mouse antibody) Dynabeads (Invit-
rogen) by incubating at 4 °C for 4 h. After being washed once
with high-salt IP wash buffer (50 mM HEPES-KOH, pH 7.5, 500
mM KCl, 0.05% Nonidet P-40) and three times with low-salt IP
wash buffer (50 mM HEPES-KOH, pH 7.5, 300 mM KCl, 0.05%
Nonidet P-40), immunoprecipitate was eluted by boiling at
95 °C for 10 min in 1� SDS loading buffer (50 mM Tris, pH 6.8,
2% SDS, 6% glycerol, 10 mM DTT, 0.02% bromphenol blue).

hnRNPLL was immunoprecipitated with an anti-mouse
hnRNPLL antibody in MPC11 cells or with an anti-hu-
man hnRNPLL antibody (ab74063; Abcam) in Jurkat cells.
PABPC1 was immunoprecipitated with anti-FLAG M2 anti-
body (F1804; Sigma) in MPC11 cells that were stably trans-
duced with a FLAG-tagged PABPC1, and normal IgG was used
as immunoprecipitate control.

Western blot

The cells were lysed in RIPA buffer (50 mM Tris, pH 7.4, 150
mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 0.1% SDS, supple-
mented with protease inhibitors and 1 mM DTT). Proteins were
separated on 8 or 10% SDS-PAGE gel, and immunoblotting was
performed with anti-mouse hnRNPLL, anti-human hnRNPLL
(ab74063; Abcam), anti-PABPC1 (orb34329; biorbyt), anti-
eIF4G2 (AB60254a; BBI), anti-ELL2 (12727-1-AP; Protein-
tech), anti-eIF4E (AB55221; BBI), anti-lamin B (sc-365962;
Santa Cruz), anti-FLAG (F7425; Sigma), anti-Myc (AT0023;
CMCTAG), and anti-GAPDH (sc-48166; Santa Cruz).

RNA immunoprecipitation

MPC11 cells stably transduced with a FLAG-tagged PABPC1
or domain-deletion mutations of PABPC1 were lysed as in the
co-immunoprecipitation experiment and 200 units/ml Recom-
binant RNase Inhibitor (2313A; TaKaRa) was added into the
lysis buffer. The PABPC1–RNA complex was immunoprecipi-
tated with anti-FLAG M2 antibody and protein G Dynabeads
(Invitrogen), and RNA was extracted using TRIzol reagent.
Purified RNA was reverse-transcribed using PrimeScriptTM RT

reagent kit after depleting DNA with gDNA Eraser (RR047A;
TaKaRa). The enrichment of target mRNA was analyzed by
qRT-PCR and normalized to the Normal mouse IgG control.

Mouse 3�-UTR sequences of secIg�2b and memIg�2b
mRNA were cloned at the downstream of EGFP coding
sequence in pEGFP-N1 vector, and they were co-expressed
with FLAG-tagged PABPC1 in HEK 293 T cells separately,
and then the 3�-UTR RNA-immunoprecipitation was per-
formed with anti-FLAG M2 antibody and qRT-PCR as
described above. The 3�-UTR sequence corresponds to
mouse Dec.2011 (GRCm38/mm10) of UCSC Genome
Browser, the secIg�2b 3�-UTR sequence corresponds to
chr12:113,306,289 –113,306,388, and the memIg�2b 3�-UTR
sequence corresponds to chr12:113,302,967–113,304,397.

Primary B cells isolation and activation

Total B cells were isolated from the spleen of C57BL/6 mice.
Briefly, splenocytes (108 cells/ml) were incubated with Biotin
anti-mouse CD19 (Biolegend) for 15 min and then incubated
with Biotin selection mixture for 15 min according to the
manufacturer’s instructions (18556; StemCell). Isolated B
cells were cultured in RPMI 1640 medium (10% FBS, 100
units/ml penicillin, 100 units/ml streptomycin, 50 �M

�-mercaptoethanol, and 1% L-glutamine) and stimulated
with 10 �g/ml LPS (ALX-581-008-L002, ENZO), 10 ng/ml
IL-4, and 10 ng/ml IL-5 (215-15-25; Peprotech). Activated B
cells were infected twice with retrovirus containing indi-
cated shRNAs at 16 and 40 h after activation and were
selected with 1 �g/ml puromycin at 48 h. LMP shPabpc1-1
corresponds to TRCN0000054948, shPabpc1-2 corresponds
to TRCN0000054951, and shPabpc1-3 corresponds to
TRCN0000054952.

Flow cytometry

Primary B cells were activated and transduced shRNA retro-
virus as described above and were stained with PE anti-mouse
CD45RA (BD Pharmingen), PE anti-mouse CD45RC (BD
Pharmingen), Alexa Fluro 647 anti-mouse CD45RC (Bioleg-
end), and APC anti-mouse CD45R/B220 (Biolegend) at 96 h
after activation. A20 cells stably expressing the hnRNPLL long
or short isoform were stained as primary B cells for CD45 splic-
ing analysis. Jurkat cells were stained with FITC anti-human
CD45RA (Biolegend) and APC anti-human CD45RO (Bioleg-
end). To analyze immunoglobulin expression, MPC11 cells
were stained with FITC anti-mouse IgG2b (Biolegend) for sur-
face IgG2b expression or were first permeabilized with the fix-
ation/permeabilization solution (554722; BD Pharmingen) for
total IgG2b staining.

RNA extraction, cDNA synthesis, and (q)RT-PCR analysis

RNA was purified with TRIzol reagent or Qiagen RNeasy
mini kit, and cDNA was synthesized using PrimeScriptTM RT
reagent kit with gDNA Eraser according to the manufacturer’s
instructions. qRT-PCR was performed by using SYBR green
reagent (RR420A; TaKaRa) in 10-�l reactions on the Fast Real-
Time PCR System (ABI 7900HT, ViiATM 7; Applied Biosys-
tems). The primers are listed in supplemental Table S2. CD45
splicing in primary B cells and A20 cells was analyzed by
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RT-PCR using rTag polymerase (R001B; TaKaRa), �-actin as load-
ing control, and primers used for amplify CD45 are CD45-F,
5�-CCCTATTTCTTAGGGGCACA; CD45-R, 5�-CCTTT-
TCTTTTGGTGTGCAG; �-actin-F, 5�-AGAGGGAAAT-
CGTGCGTGAC; and �-actin-R, 5�-CAATAGTGATGAC-
CTGGCCGT. Products of RT-PCR were separated on 2%
agarose gel.

Immunofluorescence and confocal microscopy

MPC11 cells were fixed with 4% paraformaldehyde for 10
min, permeabilized with 1% Triton X-100 in PBS for 30 min at
room temperature, and blocked with 1% BSA � 1% goat serum
for 1 h at room temperature. The fixed cells were then incu-
bated with anti-PABPC1 at 4 °C overnight, followed by incuba-
tion with Alexa Fluor 488-conjugated anti-rabbit IgG for 2 h at
room temperature together with Alexa Fluor 647-conjugated
anti-mouse hnRNPLL antibody (which was prepared using the
APEXTM antibody labeling kit (A 10475; Invitrogen)) at 4 °C
overnight. After being washed with PBS, the nuclei of cells were
stained with DAPI. The images were acquired with a Leica TCS
SP5 confocal microscope.

Statistical analysis

The data were analyzed using Student’s t test and plotted as
the means � standard deviation. *, p � 0.05; **, p � 0.01; ***, p �
0.001.

Author contributions—Y. P., J. Y., and Z. Z. conducted experiments
and analyzed the data. X. C. supervised the study and wrote the
paper.
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