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During the development of mouse B cells there is a regulated shift from the production of membrane to the
secretion-specific forms of immunoglobulin (Ig) mRNA, which predominate in the late-stage or plasma B cells.
By DNA transfection experiments we have previously shown that there is an increase in polyadenylation
efficiency accompanying the shift to secretion-specific forms of Ig mRNA (C. R. Lassman, S. Matis, B. L. Hall,
D. L. Toppmeyer, and C. Milcarek, J. Inmunol. 148:1251-1260, 1992). When we look in vitro at nuclear extracts
prepared from early or memory versus late-stage or plasma B cells, we see cell stage-specific differences in the
proteins which are UV cross-linked to the input RNAs. We have characterized one of these proteins as the
64-kDa subunit of the general polyadenylation factor cleavage-stimulatory factor (CstF) by immunoprecipi-
tation of UV-cross-linked material. The amount of 64-kDa protein and its mobility on two-dimensional gels do
not vary between the B-cell stages. However, the activity of binding of the protein to both Ig and non-Ig
substrates increases four- to eightfold in the late-stage or plasma cell lines relative to the binding seen in the
early or memory B-cell lines. Therefore, the binding activity of a constitutive factor required for polyadenyl-
ation is altered in a B-cell-specific fashion. The increased binding of the 64-kDa protein may lead to a
generalized increase in polyadenylation efficiency in plasma cells versus early or memory B cells which may be

responsible for the increased use of the secretory poly(A) site seen in vivo.

Immunoglobulin (Ig) heavy-chain proteins exist in two
forms, differing only at their carboxyl termini. The membrane-
bound antigen receptor is found on the surface of early or
memory B cells, while the secreted form is produced by plasma
cells. The mRNAs for the two protein forms are derived from
a single pre-mRNA that is alternatively processed at the 3’ end
(1, 8, 44, 45). The 3’ end of the secretion-specific (sec) mRNA
is encoded by the last constant-region exon; the sec poly(A)
site is about 100 nucleotides downstream of the last constant-
region exon. The 3’ end of the membrane-specific (mb) mRNA
is encoded by a large portion of the last constant-region exon
and by two downstream exons, M1 and M2. mb mRNA is
produced when splicing of the last constant-region exon to M1
takes place using a 5’ splice site within the last constant-region
exon and polyadenylation occurs at the poly(A) site at the end
of M2.

The ratio of sec to mb mRNA is indicative of a B cell’s
developmental stage (reviewed in reference 18). Early B,
pre-B, and memory cells and their tumor analogs, lymphomas,
make approximately equal amounts of sec and mb mRNA.
Plasma cells and their tumor counterparts, myelomas, make
10- to 100-fold more sec mRNA than mb mRNA. While trans-
lational and posttranslational control mechanisms play a small
role in contributing to the sec-versus-mb protein ratios of Ig-
producing cells, the major contribution to the phenotype
comes from differential production of sec and mb mRNAs (13,
24, 25, 41). Studies of the mouse Ig y2b locus have shown that
transcription termination occurs downstream of the mb
poly(A) site in both early and late-stage B cells (11). This
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finding is in contrast to some studies of the Ig . transcription
unit (13, 19), in which differential transcription termination has
been suggested as a possible mechanism for the switch in
poly(A) site use during B-cell development. The stability of
both vy sec and y mb mRNAs increases in late-stage or plasma
cells, and differential mRNA stability therefore cannot account
for the major shift in the ratio of the two mRNAs (33).

The key point in understanding posttranscriptional process-
ing of Ig heavy-chain mRNAs is that splicing of the last con-
stant-region exon to M1 and polyadenylation at the sec
poly(A) site are two mutually exclusive events. The balance
between the two is reflected in the final sec-to-mb mRNA ratio
and could potentially be controlled by regulation of either
event. However, when the efficiency of splicing of the last
constant-region exon to M1 exons was examined in either the
. or y gene, there was no change in early versus late-stage B
cells or in lymphoid versus nonlymphoid cell lines (3, 38, 40,
56), indicating that splicing is a constitutive, nonregulated step.
In contrast, experiments using stable transfections have shown
that regulated expression of the mouse Ig y2b gene is influ-
enced by poly(A) site order and strength (26).

The biochemistry of cleavage and polyadenylation and the
sequences required in cis in the pre-mRNA for 3'-end forma-
tion have been well characterized (reviewed in reference 58).
In addition to the poly(A) signal sequence, AAUAAA, and the
cleavage site 10 to 30 nucleotides downstream of the AAU
AAA, many poly(A) sites have a sequence, often GU/U rich,
downstream (14, 20, 29, 30, 47) or upstream (4, 9, 15, 43, 46, 48,
57) of the cleavage site involved in poly(A) site efficiency.
Protein factors required for accurate cleavage and polyadenyl-
ation, including cleavage and polyadenylation specificity factor
(CPSF) (2, 17, 35), cleavage stimulatory factor (CstF) (17, 52),
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TABLE 1. IgG-producing mouse B-cell lines representing
different stages of B-cell development

Cell line B-cell stage IgG sec:mb RNA ratio
A20 Memory 2:1

AxJ Hybrid of A20 and J558L 36:1

J558L Plasma 18:1¢

2PK3 Memory 2:1

4T001 Plasma 10:1

“On a transfected IgG gene; endogenous alpha heavy chain lost from these
cells.

poly(A) polymerase (7, 53), and cleavage factors I and II (6, 16,
54), have been isolated from HeLa cell nuclear extracts and
calf thymus (6, 16, 54); cDNAs for some of these factors have
been isolated (21, 49-51). CPSF is a multisubunit factor that
recognizes the poly(A) signal sequence AAUAAA (17, 21, 23)
and, as the name implies, is required for both cleavage and
polyadenylation (2, 17, 35). CstF is required to increase the
efficiency of the cleavage reaction (27); its 64-kDa subunit can
be cross-linked to poly(A) site-containing RNAs in the pres-
ence of CPSF and the other subunits of CstF (27, 61). CstF is
thought to function by stabilizing the interaction of CPSF with
the poly(A) site (27, 59) via protein-protein interactions with
CPSF and protein-RNA interactions with the region down-
stream of the poly(A) site.

We have taken an in vitro approach to dissecting the mech-
anism of differential poly(A) site use during B-cell develop-
ment. Nuclear extracts efficient for specific polyadenylation
were prepared from mouse B-cell lines representing different
stages of development. UV cross-linking of protein to labelled
pre-mRNA was performed to examine potential differences in
proteins involved in cleavage and polyadenylation between
early and late-stage B cells. We find an increase in the amount
of cross-linking of a 64-kDa protein to poly(A) site-containing
RNAs in plasma or myeloma extracts compared with memory
B or lymphoma extracts. The protein was identified as the
64-kDa subunit of the general polyadenylation factor CstF by
immunoprecipitation of UV-cross-linked material. The amount
and form of the 64-kDa protein do not change in the different
B-cell stages, suggesting increased binding efficiency. This in-
crease in efficiency of 64-kDa binding could permit the rela-
tively weak, but promoter-proximal, sec poly(A) site to be used
in preference to the strong, promoter-distal, mb poly(A) site
and may be important in regulating the expression of other
plasma cell-specific genes.

MATERIALS AND METHODS

Cell growth and nuclear extract preparation. A20, AxJ, JS58L, and 4T001 cells
were grown in Iscove modified Dulbecco medium containing 5% horse serum.
2PK3 cells were grown in Dulbecco minimal essential medium containing 10%
fetal calf serum, and HeLa cells were grown in minimal essential medium con-
taining 10% horse serum. The characteristics of the five mouse cell lines are
shown in Table 1. A20 is a y2a/k producer, while J558L is a myeloma line which
has lost its endogenous « but retains a myeloma phenotype on transfected IgG
genes (24). AxJ is a hybrid between A20 and J558L which produces secreted y2a,
, and the J558L X light chain (33). Nuclear extracts were prepared as described
by Dignam et al. (10) with the following modifications. All buffers contained 0.1
mM phenylmethylsulfonyl fluoride, 1.0 mM Na;VO,, and 5 mM NaF. Nuclei
were extracted in 350 mM KCl, and the protease inhibitors aprotinin, leupeptin,
and trypsin-chymotrypsin inhibitor were added to 1 pg/ml in the extraction
buffer. HeLa cell extracts were dialyzed against a mixture of 20 mM N-2-hy-
droxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES; pH 7.9), 0.2 mM EDTA,
10% glycerol, and 150 mM KCI. B-cell extracts were dialyzed against the same
buffer containing 230 mM potassium glutamate in place of KCI. Aliquots of
extract were frozen and stored at —80°C. Protein concentrations were deter-
mined by a Bradford assay (Bio-Rad) and were typically in the range of 1.5 to 4
mg/ml.

In vitro transcription of RNA substrates. Plasmid pGB6 contains 167 nucle-
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otides of the Ig y2b heavy chain that includes the CH3 exon 3’ untranslated
region and the secretory poly(A) site cloned into pGEM4. The DNA was lin-
earized with HindIII for full-length templates or Asp718 for precleaved templates
and transcribed with SP6 RNA polymerase to make the pre-mRNA substrate
used in in vitro assays. IgG sec-dsc contains a synthetic oligonucleotide corre-
sponding to the 31-bp downstream consensus sequence described by Lassman et
al. (25) cloned into pGEM3. The Ig y2b membrane poly(A) site is contained in
a 223-bp fragment of the 3’ untranslated region of the IgG heavy chain gene.
This site was used by Lassman et al. (25) for in vivo studies. Plasmids containing
the simian virus 40 late poly(A) (SVL) site or the SVL site with a deletion of the
AAUAAA sequence were generously supplied by Jeff Wilusz (60). The adeno-
virus L3 and L3/AACAAA plasmids were kindly provided by Elizabeth Weiss
and Joseph Nevins (59).

Plasmids were linearized and transcribed with SP6 RNA polymerase in the
presence of 500 pM cap analog m’G(5")ppp(5')G; 500 pM (each) ATP, CTP,
and GTP; 50 pM UTP; and 50 pCi of [a-**P]JUTP (New England Nuclear).
RNAs were gel purified by crushing and extracting in RNA extraction buffer
containing guanidinium thiocyanate and phenol (5).

In vitro cleavage and polyadenylation assays. Cleavage reaction mixtures
contained 5 mM creatine phosphate, 0.5 mM 3'-dATP, 2.5% polyvinyl alcohol,
30,000 to 50,000 cpm of 3?P-labelled RNA substrate, and 11 pl of nuclear extract
in a 20-pl reaction volume (34). Reaction mixtures were incubated at 30°C for 2
to 3 h. Proteinase K (2.5-mg/ml final concentration) was added, and tubes were
incubated at 37°C for 15 min. Following extraction with phenol and chloroform,
RNA was precipitated and separated on a 5% polyacrylamide-8 M urea gel. For
polyadenylation assays, 12 pl of nuclear extract was added to a 20-ul (final
volume) reaction mixture containing 1 mM ATP, 0.7 mM MgCl,, 0.1 mM EDTA,
0.6 mM dithiothreitol, 2% polyvinyl alcohol, and 5 to 10 fmol of 3?P-labelled
RNA substrate. Reaction mixtures were incubated at 30°C for 45 min, and RNA
was extracted by following the method of Chomezynski and Sacchi (5). RNA was
separated on a 4.5% polyacrylamide-8 M urea gel.

UV cross-linking and immunoprecipitation. UV cross-linking reaction mix-
tures contained 5 pg of nuclear extract, 10 to 20 fmol of substrate RNA, 1 mM
ATP, 0.7 mM MgCl,, and 40 ng of carrier tRNA, brought to a 25-pl final volume
with dialysis buffer. Reaction mixtures were incubated for 5 min at 30°C and then
subjected to UV cross-linking on ice for 10 min in a Stratalinker (1.8 X 10°
wJ/cm?). Samples were treated with RNase A (1 mg/ml) for 15 min at 37°C.
Proteins were boiled for 5 min in cracking buffer (0.1 M dithiothreitol, 2%
sodium dodecyl sulfate [SDS], 80 mM Tris [pH 6.8], 10% glycerol, 0.2% brom-
phenol blue) and separated by SDS-10% polyacrylamide gel electrophoresis
(PAGE).

For immunoprecipitation of UV-cross-linked proteins, 25 to 50 pg of nuclear
extract was incubated with 100 fmol of substrate RNA under UV cross-linking
conditions in a 25-pl reaction mixture essentially as described above. Following
treatment with RNase, an aliquot of the reaction mixture was removed to run
directly on an SDS-10% polyacrylamide gel. One hundred microliters of IP
buffer (50 mM Tris [pH 7.4], 50 mM NaCl, 0.05% Nonidet P-40) was added to
the remaining sample, along with 1/10 volume rabbit anti-mouse antibody (di-
luted 1:100; Sigma). Samples were incubated for 5 min on ice, and then an equal
volume of Pansorbin (Calbiochem) equilibrated in IP buffer was added to clear
nonspecific Ig absorbing material. Incubation continued for another 15 min on
ice. Cleared extracts were recovered by centrifugation at 4°C for 10 min. Super-
natants were transferred to fresh tubes, and one of the following antibodies was
added: mouse anti-B-galactosidase (Sigma), mouse 3A7 anti-human 64-kDa sub-
unit of CstF (52), or mouse 2C1 anti-human 50-kDa subunit of CstF (52). The
mouse IgG2 antibodies to the 64- and 50-kDa subunits of CstF were gifts from
Jim Manley and Clint MacDonald. Samples were rotated at 4°C for at least 1 h.
Protein G-Sepharose (5 to 10 pg; Pharmacia) equilibrated in IP buffer was
added, and incubation was continued at 4°C for another hour. Immunoprecipi-
tated material was washed three times in IP buffer and then boiled for 5 min in
cracking buffer (see above) and separated by SDS-10% PAGE.

Western analysis (immunoblot) of nuclear extracts. Ten micrograms of un-
fractionated nuclear extract was separated by SDS-10% PAGE and transferred
to a polyvinylidene difluoride (PVDF) membrane according to the instructions of
the manufacturer (New England Nuclear). Filters were blocked in a mixture of
1% bovine serum albumin, 0.1% Tween 20, 10 mM Tris (pH 7.4), and 50 mM
NaCl for 1 h, and then antibody was added (anti-64-kDa subunit of CstF, 1:100).
Filters were incubated with shaking at room temperature for at least 1 h. Fol-
lowing three washes in 0.05% Tween 20-50 mM Tris (pH 7.4)-150 mM NaCl,
sheep anti-mouse alkaline phosphatase-conjugated antibody diluted 1:5,000 (Sig-
ma) was added as the second antibody. Filters were incubated for an hour at
room temperature and washed three times. Immunoreactive proteins were de-
tected by incubation with the alkaline phosphatase substrate 5-bromo-4-chloro-
3-indolylphosphate toluidinium-Nitro Blue Tetrazolium (Sigma).

For Coomassie staining of proteins, nuclear extracts were separated by SDS—
10% PAGE and then the gel was stained in 0.2% Coomassie blue-50% metha-
nol-7% acetic acid for 30 min. The gel was destained in 5% methanol-7% acetic
acid and then dried.

Two-dimensional electrophoresis. Isoelectric focusing gels (15 M urea, 7%
polyacrylamide) were prepared with a pH range of 3.5 to 9.5 by using ampholytes
from Pharmacia. Samples were prepared by the addition of 2 volumes of lysis
buffer (9 M urea, 4% Nonidet P-40, 200 ng of ampholytes of the same pH range
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FIG. 1. (A) Schematic drawing of the mouse Ig y2b heavy-chain transcription unit. Boxes represent exons; lines represent intron sequences. The box with diagonal
lines is the sec mRNA-specific sequence. The cross-hatched boxes are mb-specific exons. The sec and mb poly(A) sites (pA) are noted. Splicing of the CH3 to M1 exon
is represented by the angled line below the map. The processed sec transcript is represented above the genomic map, and the processed mb mRNA is shown below
the map. (B) Substrates used for in vitro studies. Sizes of the pre-mRNAs and cleavage products are shown at right. The approximate location of the poly(A) signal
sequence, AAUAAA, within the substrate is illustrated. IgG sec contains sequences both upstream and downstream of the cleavage site, whereas the precleaved
substrate ends at the cleavage site. IgG sec-dsc does not have an AAUAAA sequence but contains a previously described consensus sequence downstream of the
cleavage site (25). The other substrates have been described previously (see Materials and Methods). Ad, adenovirus.

as the gel per ml). Gels were run overnight at 800 V. Isoelectric focusing gels
were removed from the capillary tubes and placed horizontally on an SDS-10%
PAGE gel. Following electrophoresis, either the gel was dried and exposed to
film or proteins were transferred to a PVDF membrane for Western analysis as
described above.

RESULTS

Figure 1A schematically illustrates the mouse Ig y2b tran-
scription unit. sec mRNA is produced when the poly(A) site at
the end of CH3 exon is used. mb mRNA is produced when a
suboptimal splice donor site within the CH3 exon is spliced to

the M1 exon and the poly(A) site at the end of the M2 exon is
used. Although there is a change in both splicing and polyad-
enylation of the Ig heavy-chain pre-mRNA during B-cell de-
velopment, previous work suggests that regulation of Ig y2b
mRNA production occurs predominantly at the level of poly-
adenylation (24, 25, 32). This indicates that the mb and sec
poly(A) sites are used with approximately equal efficiencies in
early or memory B cells whereas the sec poly(A) site is more
efficient in late-stage or plasma B cells. Thus, when the y2b sec
poly(A) site is placed upstream of the mb site in the absence of
a competing splicing event, the sec site is used preferentially in
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FIG. 2. Mouse B-cell nuclear extracts are competent for specific cleavage and polyadenylation. (A) The indicated amount of nuclear extract was incubated with
32P-labelled pre-mRNA containing the SVL site under polyadenylation conditions as described in Materials and Methods. pA, poly(A). (B) A20 nuclear extract or
buffer D incubated with the adenovirus L3 pre-mRNA (lanes 1 and 2), adenovirus L3/AACAAA (lanes 3 and 4), or SVL dsc lacking AAUAAA (lanes 5 and 6) under
polyadenylation conditions (60% nuclear extract) as described in Materials and Methods. Lanes 1, 3, and 5, A20 nuclear extract; lanes 2, 4, and 6, buffer D. (C) The
indicated extracts (lanes 2 to 5) or buffer D (lane 1) were incubated with adenovirus L3 pre-mRNA under cleavage conditions described in Materials and Methods.

The precursor (pre) and accurately cleaved product are indicated.

myeloma but not lymphoma cells; accordingly, poly(A) site use
appears to be a regulated event (26).

Mouse B-cell lines represent different stages of B-cell devel-
opment. To dissect the mechanism of the poly(A) site switch
during B-cell development, nuclear extracts were prepared
from mouse B-cell lines representing different stages of devel-
opment and tested for polyadenylation activity in vitro; phe-
notypic characteristics of the different cell lines are listed in
Table 1. The ratio of sec to mb RNA was determined by
densitometric scanning of Northern (RNA) blots probed with
Ig v2b DNA to detect both forms of RNA. A20 and 2PK3 are
lymphoma cell lines that represent an early or memory stage of
mouse B-cell development and have a 2:1 ratio of sec to mb
RNA. J558L and 4T001 are myeloma cell lines that represent
late-stage B-cell or plasma cell lines and have switched to
predominantly sec mRNA. The J558L cell line has lost its
endogenous heavy-chain gene, but when an IgG gene is trans-
fected, the ratio of sec to mb mRNA is 18:1 (24). The AxJ cell
line was made by fusion of the A20 and J558L cell lines (33).
Notably, the plasma cell phenotype is dominant in AxJ since
the sec-to-mb mRNA ratio is at least 36:1. The A20 and AxJ
cell lines are a useful experimental tool for studying Ig poly(A)
site use because the Ig y genes expressed in the two cell lines
are identical.

Mouse B-cell extracts are competent for cleavage and poly-
adenylation. Nuclear extracts were prepared as described in

Materials and Methods and were tested for the ability to spe-
cifically cleave and polyadenylate the RNA substrates illus-
trated in Fig. 1B. Figure 2A shows the results of polyadenyla-
tion reactions in which various amounts of extract were
incubated for the same time with an RNA substrate containing
the SVL site. The extracts representing different B-cell stages
were all competent for polyadenylation. Efficiencies observed
with our extracts were comparable to those of HeLa nuclear
extracts and were typically in the range of 25% conversion to
polyadenylated RNA with 45% extract, depending on the
RNA substrate used (data not shown). At 15% extract all the
cell lines show a diminished capacity to polyadenylate (Fig. 2A,
compare lanes 4, 9, and 14), again indicating equal efficiencies
of the various extracts. Figure 2B demonstrates the specificity
of the reaction with the A20 extract in that no polyadenylation
activity is detected on a substrate that contains a mutation in
the poly(A) signal sequence, AACAAA (lane 3), or on a sub-
strate lacking a poly(A) signal (lane 5). Similar results were
obtained for all other extracts. To show that cleavage at the
poly(A) site was accurate, the adenovirus L3 poly(A) site was
used in a cleavage reaction (Fig. 2C). The in vitro cleavage
reaction was accurate, but not much of the cleaved product is
seen, presumably because of nucleases in the B-cell extracts.
UV cross-linking reveals stage-specific differences in B-cell
extracts. We used UV cross-linking to see if there is a differ-
ence between early and late B-cell stages with respect to the
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FIG. 3. UV cross-linking of proteins from lymphoma (A20), fusion of lym-
phoma and myeloma (AxJ), myeloma (J558L), or HeLa cells to poly(A) site-
containing pre-mRNA substrates. 3?P-labelled sec, SVL, or mb pre-mRNAs were
incubated with 5 pg of the indicated extracts under UV cross-linking conditions
(see Materials and Methods) and subjected to UV irradiation for 10 min on ice.
Following RNase digestion, proteins were separated by SDS-10% PAGE, and
dried gels were exposed to film. Molecular weight markers are approximate.

number of proteins that contact a poly(A) site-containing
RNA or their avidity for RNA. Substrate RNA for this assay
was synthesized in vitro with [**P]JUTP, cap analog (m’GpppG),
unlabelled nucleoside triphosphates, and SP6 RNA polymerase
(see Fig. 1B and Materials and Methods). After gel purifica-
tion, the RNA was incubated briefly with nuclear extract under
conditions that allow polyadenylation complex formation but
no significant polyadenylation. The reactions were then sub-
jected to UV cross-linking, which causes the transfer of 2P
label to protein that is in contact with the RNA. Following
RNase digestion, the products were separated by one- or two-
dimensional gel electrophoresis and visualized by autoradiog-
raphy.

Nuclear extracts were incubated with a *?P-labelled RNA
substrate containing the IgG sec poly(A) site and subjected to
UV cross-linking (Fig. 3, lanes 1 to 6). Although equal amounts
of total protein (5 ng) and substrate were used in each reac-
tion, it is clear that more of a protein of approximately 64 kDa
was cross-linked in the plasma or myeloma cell extract than in
the lymphoma or memory B-cell extract (Fig. 3, compare lanes
1 and 3 with lanes 2, 4, and 5). We have seen the same results
with numerous extracts prepared over the past 3 years. The
AxJ hybrid, which shows a dominant myeloma phenotype with
respect to mRNA production (Table 1), behaved like the my-
eloma partner in that there was increased cross-linking of the
64-kDa protein. Therefore, there is a direct correlation be-
tween in vivo sec mRNA expression and increased 64-kDa
protein cross-linking in vitro.

The sec poly(A) site, but not the mb or simian virus 40 early
site, is regulated during B-cell development (25). To examine
whether the difference in UV cross-linking pattern between
early and late B-cell extracts is specific for the sec poly(A) site,
we tested the Ig mb poly(A) and SVL sites in the same assay
(Fig. 3, lanes 7 to 10). Again, the AxJ and J558L extracts
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(plasma cell like) show more binding of a 64-kDa protein to
the RNA substrates compared with early B-cell extracts (Fig.
3). This indicates that, at least in vitro, the enhanced binding of
the 64-kDa protein is B cell stage but not sequence specific.

We also see an increase in cross-linking of an approximately
100-kDa protein to input RNAs in plasma or myeloma cell
extracts versus early or lymphoma extracts in this experiment.
That cross-linking is somewhat variable; therefore, we have not
characterized it further here.

We speculate that while we see a difference in 64-kDa pro-
tein binding, we do not see a difference in polyadenylation
efficiency on these substrates between myeloma and lymphoma
extracts because polyadenylation assays are done with 7- to
10-fold more extract than are UV cross-linking assays, and the
incubation time for polyadenylation is 45 min as opposed to 5
min for UV cross-linking. Therefore, we believe that we have
achieved saturation of the available poly(A) sites in the poly-
adenylation assay.

The protein showing increased cross-linking in plasma cell
extracts is a subunit of the general polyadenylation factor
CstF. The electrophoretic mobility of the major cross-linked
protein suggested that it might be a subunit of the general
polyadenylation factor CstF. CstF contains three subunits of
77, 50, and 64 kDa; its 64-kDa subunit has been shown to
cross-link specifically to poly(A) site-containing RNAs in the
presence of the other subunits and CPSF (27, 61). To show
conclusively that the cross-linked 64-kDa protein is the 64-kDa
subunit of CstF, we immunoprecipitated material cross-linked
to the Ig sec poly(A) site using a monoclonal antibody to the
human 64-kDa protein, kindly provided by Jim Manley and
Clint MacDonald. As illustrated in Fig. 4, the anti-64-kDa
protein monoclonal antibody but not a control monoclonal
antibody (mouse anti-B-galactosidase, lanes 2 and 5) specifi-
cally immunoprecipitated a cross-linked protein of 64 kDa
from A20 (lymphoma) and AxJ (myeloma-like) extracts (lanes
3 and 6). The immunoprecipitated protein comigrates with the
dominant cross-linked protein in the total reactions (Fig. 4,
lanes 1 and 4). The total UV-cross-linking reactions are both
very dark (Fig. 4, lanes 1 and 4) because of the large amount of
substrate and extract added to achieve a signal in the immu-
noprecipitation. A monoclonal antibody to the 50-kDa subunit
of CstF precipitated what appears to be the same 64-kDa
protein, presumably as part of a complex (data not shown),

anti- anti- anti-  anti-
total B-gal 64 total Bgal 64

FIG. 4. Immunoprecipitation of proteins UV cross-linked to poly(A) site-
containing RNAs. The indicated nuclear extracts (50 pg) were incubated with
32P-labelled IgG sec poly(A) site and subjected to UV cross-linking and immu-
noprecipitation as described in Materials and Methods. Lanes 1 and 4, one-half
of the total UV cross-linking reaction mixture prior to immunoprecipitation;
lanes 2 and 5, mouse anti-B-galactosidase monoclonal antibody (Sigma); lanes 3
and 6, mouse anti-human 64-kDa subunit of CstF hybridoma supernatant.
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FIG. 5. Western analysis of nuclear extracts. (A) The indicated extracts (10
ng) were separated by SDS-10% PAGE. Proteins were transferred to a PVDF
membrane and reacted with anti-64-kDa protein hybridoma supernatant as de-
scribed in Materials and Methods. (B) Nuclear extracts (10 pg) were separated
by SDS-10% PAGE. The proteins were then stained with Coomassie blue.

strengthening the suggestion that the protein showing in-
creased binding to poly(A) sites in plasma cell extracts is the
64-kDa subunit of CstF. The 64-kDa protein monoclonal an-
tibody also immunoprecipitates the 64-kDa protein cross-
linked to the Ig sec, SVL, or Ig mb substrate by using the
J558L, 2PK3, 4T001, and HeLa extracts (data not shown). The
64-kDa protein is not cross-linked to a substrate lacking either
the poly(A) signal or the region downstream of the poly(A) site
(see Fig. 7C and D; also data not shown).

The amount and form of the 64-kDa protein do not change
in the different B-cell stages. Having demonstrated that the
protein showing increased cross-linking to poly(A) site-con-
taining RNAs in plasma or myeloma nuclear extracts is the
64-kDa subunit of the general polyadenylation factor CstF, we
next wanted to examine the expression of this polypeptide in
the different B-cell stages. Although the levels of mRNA en-
coding the 64-kDa protein do not vary between early and
late-stage B cells (31), it is possible that translational and
posttranslational mechanisms regulate the amount or form of
64-kDa protein. Ten micrograms of protein from unfraction-
ated nuclear extracts was separated by SDS-10% PAGE and
either transferred to a PVDF membrane for Western analysis
(Fig. 5A) or stained with Coomassie blue (Fig. 5B) to confirm
equal loading. There is no significant difference in the amounts
of 64-kDa protein visualized by reactivity to the anti-64-kDa
protein monoclonal antibody among the extracts (Fig. 5A), and
so changes in the amount of 64-kDa protein therefore cannot
account for the changes in UV cross-linking pattern between
early and late-stage B-cell extracts.

The 64-kDa protein contains consensus sites for phosphor-
ylation by protein kinase C and other potential modification
sites (49). We therefore investigated whether the form(s) of
64-kDa protein differed between early and late-stage B-cell
extracts by two-dimensional electrophoresis. Proteins were
separated in the first dimension by isoelectric focusing, pH 3.5
to 9.5, and in the second dimension by SDS-10% PAGE.
Proteins were transferred to a PVDF membrane and reacted
with anti-64-kDa protein monoclonal antibody in a Western
analysis. As seen in Fig. 6, there are four major species of
64-kDa protein which potentially represent different phosphor-
ylation states. A comparison of the A20 (early or memory) cell
extract (Fig. 6A) with the JS58L (plasma) cell extract (Fig.

REGULATION OF Igy mRNA PRODUCTION 6425

6B), however, shows identical patterns. The forms of the
HeLa 64-kDa protein were also examined by two-dimen-
sional electrophoresis, and four similarly migrating proteins
were detected (data not shown). Therefore, we conclude
that the 64-kDa protein is not modified in a B-cell-specific
manner.

Quantitation of the cross-linking of the 64-kDa protein to
poly(A) sites in early versus late-stage B-cell extracts. To be
able to quantify the difference in binding of the 64-kDa protein
to poly(A) site-containing RNAs in early versus late-stage B
cells, UV cross-linking assays were performed using an internal
control RNA, to compensate for loading differences, and then
the products were separated in two dimensions. Our test RNAs
were either the IgG sec poly(A) site or the SVL site (Fig. 1B).
The 64-kDa protein binds to these RNAs in a consistent pat-
tern of four major spots, as shown in Fig. 7A and B. The
pattern of four spots is identical to that seen on the two-
dimensional Western blot using anti-64-kDa protein antibody
(Fig. 6) and is identical among the B-cell extracts (compare
Fig. 7A and B and 8A and B). The control RNA in the reaction
is the SVL site which lacks the poly(A) signal (termed SVL dsc;
Fig. 1B) and so does not bind the 64-kDa subunit of CstF.
However, this RNA does bind to several acidic proteins that
have a characteristic pattern on a two-dimensional gel (Fig. 7C
and D) and therefore can be used as our internal standard.

A 10-fold molar excess of either the Ig y2b sec poly(A) site
or the SVL site was mixed with the SVL dsc probe, incubated
with nuclear extract, and subjected to UV cross-linking and
two-dimensional electrophoretic analysis. An example of such
an experiment using the A20 (lymphoma) and J558L (myelo-
ma) extracts is shown in Fig. 7E and F. The same experiment
performed with the 2PK3 (lymphoma) and 4T001 (myeloma)
extracts is shown in Fig. 8. Densitometric scanning was used to
determine the regulation index, which signifies the amount of
radioactivity in the 64-kDa protein spots relative to the SVL
dsc internal control from the plasma cell extract divided by the
amount of 64-kDa protein spot relative to the internal control
in the memory cell extract run under identical conditions.
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FIG. 6. Western analysis of nuclear extracts; two-dimensional gels. Unfrac-
tionated nuclear extracts (20 ng) were separated by isoelectric focusing, pH 3.5
to 9.5, in the first dimension and then by SDS-10% PAGE as described in
Materials and Methods. Proteins were transferred to PVDF and reacted with
antibody to the 64-kDa subunit of CstF.
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FIG. 7. Two-dimensional analysis of proteins UV cross-linked to RNA for
A20 and AxJ extracts. (A and B) Proteins cross-linked to the Ig sec poly(A) site
in the A20 (lymphoma) or AxJ (lymphoma X myeloma hybrid) extract; (C and
D) proteins cross-linked to the SVL dsc RNA in the A20 or AxJ extract; (E and
F) proteins cross-linked to RNAs when extracts were incubated with a 10-fold
molar excess of Ig sec RNA mixed with the SVL dsc RNA; (G and H) circled
areas denote proteins bound to the SVL dsc RNA substrate whose intensity was
measured by densitometry as an internal loading control, and starred areas
indicate the positions of 64-kDa subunit of CstF cross-linked to the RNA sub-
strate which were measured by densitometry. IEF, isoelectric focusing.

Areas used for scanning are indicated in Fig. 7G and H. Re-
sults of multiple experiments with several different represen-
tatives of the two B-cell stages are shown in Table 2. There is
a four- to eightfold better binding of the 64-kDa subunit of
CstF to poly(A) site-containing RNAs in plasma cell extracts
compared with that in memory B-cell nuclear extracts. These
results demonstrate that the binding activity of a constitu-
tive factor required for cleavage and polyadenylation is al-
tered in a B-cell-specific fashion but is not sequence specific
in vitro.

DISCUSSION

Poly(A) site use in Ig heavy-chain transcription units is reg-
ulated during B-cell development. In early B cells or their
tumor counterparts, lymphomas, the amounts of sec mRNA
and mb mRNA produced are approximately equal. There is a
switch to predominant use of the promoter-proximal sec
poly(A) site in plasma or myeloma cells. In this study we have
demonstrated that in vitro the binding activity of a general
polyadenylation factor is altered in a B-cell-specific manner.
There is an increase in the amount of 64-kDa subunit of CstF
cross-linked to poly(A) site-containing RNAs in plasma cell
extracts compared with that in early B-cell extracts (Fig. 3, 7,
and 8). One-dimensional (Fig. 5) and two-dimensional (Fig. 6)
Western and UV cross-linking (Fig. 7 and 8) analyses demon-
strate that the amount and forms of the 64-kDa polypeptide do
not change in the different B-cell stages. Although only the sec
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FIG. 8. Two-dimensional analysis of proteins UV cross-linked to RNA for
2PK3 and 4T001. A 10-fold molar excess of Ig sec poly(A) site substrate over the
internal control SVL dsc RNA was incubated with the indicated extract and
subjected to UV cross-linking and two-dimensional gel electrophoresis as de-
scribed in Materials and Methods. Regions scanned for quantitation were as in
Fig. 7G and H. (A) 2PK3 (lymphoma); (B) 4T001 (myeloma).

or other weak poly(A) sites (39) are regulated in vivo, all
poly(A) sites tested in vitro show the increase in cross-linking
of the 64-kDa protein. It is possible that in vivo the local
concentration of factors is rate limiting, which would not result
in an increased use of already strong sites, while in vitro there
is a large excess of factors relative to the input RNAs, so the
regulation is seen to act on strong sites as well as weak ones.

Polyadenylation has also been shown to regulate L1 versus
L3 mRNA production in adenovirus infection (36, 37). The
adenovirus major late transcription unit is a complex transcrip-
tion unit that undergoes a switch in poly(A) site use late in
infection. The promoter-proximal poly(A) site, L1, is weaker
than the promoter-distal L3 poly(A) site (42), analogous to the
Ig sec and mb poly(A) site arrangement; the switch, however,
is to predominant use of the downstream L3 poly(A) site late
in infection. The switch in poly(A) site use in adenovirus shows
many similarities to that of the Ig y2b transcription unit. There
is a change in the binding of the 64-kDa subunit of CstF during
adenovirus infection (28) and in B-cell stages with no change in
the amount of 64-kDa protein in either system. Late in ade-
novirus infection, the activity of binding of the 64-kDa protein
to poly(A) site-containing RNAs decreases, suggesting a de-
crease in overall polyadenylation efficiency (28); as a conse-
quence, use of the stronger poly(A) site is favored. Meanwhile,

TABLE 2. Quantitation of UV cross-linking of the 64-kDa subunit
of CstF to poly(A) site-containing RNA substrates

Extract in which: RNA Regulation
—— sec > mb substrate? index”
A20 AxJ IgG sec 5.7
A20 J558L IgG sec 4.0
2PK3 4T001 IgG sec 4.0
A20 J558L SVL 5.3
2PK3 4T001 SVL 82

“ The indicated RNA was present in a 10-fold molar excess over the internal
control SVL dsc RNA.

® The amount of radioactivity in the 64-kDa protein spots relative to the
internal control (SV dsc) from the cell line in the second column divided by the
amount in 64-kDa protein spots relative to the internal control in the cell line in
the first column.
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early/lymphoma sec pA mb pA relative
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FIG. 9. Model. The presence of a sec poly(A) (pA) site inhibitor (I) in early B cells or lymphomas allows the 3’ mb site to compete for polyadenylation factors.
In late-stage or plasma cells, there is an increase in binding of the 64-kDa protein to all poly(A) sites tested in vitro. Loss of the sec-specific inhibitor should result in
an increase in cross-linking of the 64-kDa protein to the sec poly(A) site only. The presence of a nonspecific activator (A) of polyadenylation in addition to loss of an
inhibitor could cause the increase in 64-kDa protein binding to all poly(A) sites in vitro and cause an increase in polyadenylation efficiency at the sec site seen in vivo

in late-stage or plasma cells.

in late-stage or plasma cells, the activity of binding of the
64-kDa subunit of CstF increases, implying an increase in poly-
adenylation efficiency; consequently, increased use of the
weaker, promoter-proximal poly(A) site is favored.

Previous studies using stable (25, 26) or transient (40) trans-
fections have also noted that overall cleavage-polyadenylation
efficiency increases in plasma cells compared with early B cells
as measured by the relative use of tandem poly(A) sites. Re-
cent transfection and biochemical studies have suggested that
there is a negative regulator (inhibitor) of Ig sec poly(A) site
use in lymphoma cells (39, 62). The AxJ cell line is a fusion
between the A20 (lymphoma or early B-cell) and J558L (my-
eloma or plasma cell) lines, and it has the phenotype of a
plasma cell line, with a greater than 36:1 ratio of sec to mb
mRNA production. Whatever the myeloma contributes to the
AxJ hybrid must be enough to neutralize this negative regula-
tor by introducing a dominant, positively acting factor (activa-
tor), by repressing the negative regulator, or both. On the basis
of our data we argue (Fig. 9) that an activator must be con-
tributed by the myeloma because AxJ hybrids show an increase
in 64-kDa protein binding in vitro to both weak and strong
poly(A) sites. An activator which is not poly(A) site specific,
perhaps with the loss of this potential inhibitor, could increase
overall polyadenylation efficiency in vivo, thereby stabilizing

complex formation and allowing the weaker 5’ sec poly(A) site
to be used in plasma cells. This could affect a first-come first-
served mechanism which operates in late-stage or plasma B
cells, whereas in early or memory B cells, the distal mb poly(A)
site, which is stronger than the sec poly(A) site, can effectively
compete for polyadenylation factors.

A plasma cell poly(A) site activator such as the one that we
implicate here could cause a heretofore unrecognized regula-
tory mechanism for the activation of a whole family of genes
with weak poly(A) sites. One member of this family might be
CD40, a gene important for B-cell development (reviewed in
reference 12) that has two poly(A) sites whose relative use
changes during B-cell development (55). Before B cells are
activated, both mRNAs are produced; after activation, the
shorter, potentially more stable mRNA is the predominant
species (55). In light of our findings of increased 64-kDa bind-
ing in plasma cells, it will be interesting to study the regulation
of poly(A) site use in CD40 and in other genes (22) with
multiple poly(A) sites.
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