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Parafibromin, the product of the HRPT2 (hyperparathyroidism-jaw tumor syndrome 2) tumor suppressor
gene, is the human homologue of yeast Cdc73, part of the yeast RNA polymerase II/Paf1 complex known to be
important for histone modification and connections to posttranscriptional events. By purifying cellular para-
fibromin and characterizing its associated proteins, we have identified a human counterpart to the yeast Paf1
complex including homologs of Leo1, Paf1, and Ctr9. Like the yeast complex, the parafibromin complex
associates with the nonphosphorylated and Ser2 and Ser5 phosphorylated forms of the RNA polymerase II
large subunit. Immunofluorescence experiments show that parafibromin is a nuclear protein. In addition,
cotransfection data suggest that parafibromin can interact with a histone methyltransferase complex that
methylates histone H3 on lysine 4. Some mutant forms of parafibromin lack association with hPaf1 complex
members and with the histone methyltransferase complex, suggesting that disruption of these complexes may
correlate with the oncogenic process.

Hyperparathyroidism-jaw tumor (HPT-JT) syndrome is
characterized by parathyroid tumors, as well as ossifying fibro-
mas of the mandible and maxilla, bilateral renal cysts, hamar-
tomas, and Wilms’ tumors (2, 9, 32). The HRPT2 gene is
mutated in the germ line of HPT-JT patients, causing trunca-
tion, missense, or frameshift mutations in the parafibromin
open reading frame. Somatic inactivation of HRPT2 was also
observed in sporadic parathyroid carcinomas (2, 7, 25).

Parafibromin, the product of the HRPT2 gene, has 32%
sequence identity with yeast Cdc73 (2) in the region encom-
passing amino acids 419 to 523 of parafibromin, according to
BLAST analysis. Cdc73 is a component of the yeast Paf1 pro-
tein complex that interacts with RNA polymerase II and is
composed of five known subunits: Paf1, Cdc73, Leo1, Ctr9, and
Rtf1 (14, 18, 26, 27, 30). Paf1 complex genes are nonessential
(26, 27, 31); loss of PAF1 and loss of CTR9 result in similar
severe phenotypes affecting many cellular processes, while de-
letions of CDC73, LEO1, and RTF1 lead to less prominent
phenotypes (1). Deletion of Rtf1 or Cdc73 results in the loss of
association of the remaining Paf1 complex members with chro-
matin and a significant reduction in binding of the complex to
RNA polymerase II (19). In addition, loss of Paf1 complex
components leads to a reduction in RNA polymerase II car-
boxy-terminal domain (CTD) Ser2 phosphorylation and short-
ened poly(A) tails on most cellular transcripts, suggesting that
the Paf1 complex facilitates linkage of transcriptional and post-
transcriptional events (19).

Paf1 complex components are found at promoters, as well as
throughout the coding regions of genes (19, 23, 28). The com-
plex is required for expression of several cellular genes, includ-
ing genes involved in cell cycle regulation, protein synthesis,
and lipid and nucleic acid metabolism (1, 3, 10, 24).

The Paf1 complex is involved in multiple aspects of histone
methylation. Yeast mutants missing the Paf1, Ctr9, and Rtf1
components of the complex are defective in histone 3 lysine 4
(H3 K4) methylation (13, 22), Paf1 and Rtf1 are required for
histone H3 lysine 79 methylation (13), and deletions of CDC73
and RTF1 eliminate histone H3 lysine 36 methylation on the
PMA1 target gene (15). Furthermore, the Paf1 complex is
required for recruitment of the yeast Set1 (COMPASS) meth-
yltransferase to RNA polymerase II; the subunits of these
three complexes have been shown to interact physically and
genetically (13, 22). The Paf1 complex also mediates histone
H3 methylation on lysines 36 and 79, catalyzed by the Set2 and
Dot1 complexes, respectively (4, 6). In addition, it was recently
shown that the Rtf1 complex component is required for his-
tone H2B ubiquitination (21).

Methylation of specific lysine residues within histones H3
and H4 marks genes for either activation or repression of
transcription (12, 29). Transcriptionally active chromatin is
generally associated with methylation at H3 lysines 4, 36, and
79, whereas repression is associated with methylation of H3
lysines 9 and 27 and H4 lysine 20. Several mammalian protein
complexes that are related to the yeast Set1 complex (COM-
PASS) have been identified and shown to methylate H3 lysine
4, including the menin (8) and MLL (17, 20, 35) complexes, the
ASCOM complex (5), and the HCF-1 complex (34).

We have applied immunopurification of cellular parafibro-
min-containing complexes to explore the biochemical function
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of this tumor suppressor protein. The results suggest that para-
fibromin may act as part of a complex analogous to the yeast
Cdc73/Paf1 assembly.

MATERIALS AND METHODS

Antibodies. Antiparafibromin BL648(A300-170A) and BL649(A300-171A),
anti-hPaf1 BL673(A300-172A) and BL674(A300-173A), anti-hLeo1 BL677
(A300-175A), anti-hCtr9 BL678(A300-176A) and BL679(A300-177A), and anti-
hRtf1 BL680(A300-178A) and BL681(A300-179A) are rabbit polyclonal anti-
bodies made by Bethyl Laboratories. Anti-Rbbp5(A300-109A) and anti-Ash2L
BL867 were also purchased from Bethyl. Anti-RNA polymerase II antibodies for
unphosphorylated CTD (8WG16), Ser2 CTD (H5), and Ser5 CTD (H14) were
from Covance. Anti-Flag M2 antibody was from Sigma. Normal rabbit immu-
noglobulin G (IgG) was purchased from Santa Cruz Biotechnology.

Immunopurification for mass spectrometry. To purify parafibromin com-
plexes, 30 10-cm-diameter semiconfluent plates of 293T cells were lysed with
NP-40 lysis buffer (250 mM NaCl, 50 mM Tris [pH 8.0], 5 mM EDTA, 0.5%
NP-40, complete protease inhibitor [Roche]) at 1� strength and immunopre-
cipitated with 60 �g of antiparafibromin antibody Ab648 or a peptide-blocked
control (1:1 ratio of antibody to peptide, i.e., 60 �g of antibody and 60 �g of
blocking peptide). Immunoprecipitates were separated by sodium dodecyl sul-
fate–8% polyacrylamide gel electrophoresis (SDS–8% PAGE) and stained with
Coomassie blue (NOVEX; Invitrogen), and specific bands were excised. Trypsin
digestion and mass spectrometry were carried out at the Taplin Biological Mass
Spectrometry Facility as previously described (8). Peptides from the following pro-
teins were identified: parafibromin (NP_078805), hPaf1 or PD2 (NP_061961),
hLeo1 or LOC123169 (NP_620147), and hCtr9 or SH2BP1 (NP_055448). No pep-
tides corresponding to the human homolog of Rtf1 or KIAA0252 (NP_055953) were
found. For purification of hLeo1 complexes, 10 plates of 293T cells were lysed with
NP-40 lysis buffer and immunoprecipitated with either 50 �g of anti-hLeo1 Ab677 or
a peptide-blocked control. Immunoprecipitates were separated by SDS–8% PAGE
and silver stained (Silver Stain Plus; Bio-Rad), and the bands were excised.

Plasmids. Full-length parafibromin and hPaf1 and putative full-length Rtf1
were cloned by performing reverse transcription-PCRs (ThermoScript; Invitro-
gen) on RNA extracted from K562 cells (TRIZOL; Life Technologies) with
primers for parafibromin (sense, 5� CGGAATTCGGATCCACCATGGATTA
CAAGGATGACGACGATAAGGTCGACATGGCGGACGTGCTTAGCGT
3�; antisense, 5� CCGCTCGAGTCAGAATCTCAAGTGCGATTTATGCTT
3�), hPaf1 (sense, 5� CGGGATCCATGGCGCCCACCATCCAG 3�; antisense,
5� CCGCTCGAGTCAGTCACTGTCACTATCAGCTTCACTG 3�), and hRtf1
(sense, 5� CCCAAGCTTATGAAGAAACAGGCCAACA 3�; antisense, 5� CC
GCTCGAGAATAAGCCCTCGTCGTTT 3�).

The primers were designed to contain restriction sites that enable cloning into
expression vector pcDNA3 cut with the following enzymes: parafibromin, EcoRI
and XhoI; hPaf1, BamHI and XhoI; hRtf1, HindIII and XhoI. The parafibromin
sense primer also encompasses a sequence for a Flag tag. Clones representing
full-length hLeo1 and hCtr9 inserted in a mammalian expression vector were
purchased from Origene Technologies Inc.

Mutant versions of the HRPT2 gene, expressing Flag-tagged mutant forms of
parafibromin, were generated by PCRs that resulted in insertion of a stop codon
at the end of the sequence. 1238X was made with the same sense primer used to
clone full-length parafibromin and the antisense primer 5� CCGCTCGAGTCA
CATCTGGTCTTTTCTTCTTTG 3� and cloned into pCDNA3. The other trun-
cations were generated by PCR with the same sense primer (5� CGGGATCCA
TGGCGGACGTGCTTAGCGT 3�) and the specific antisense primers K136X
(5� CCGCTCGAGCTATGCTTCTGCTAAAACTTC 3�) and 679x (5� CCGCT
CGAGTCAGCTGACAATATCTCGGGTCAC 3�).

The resulting fragments were cloned into pcDNA3 containing a Flag tag. The
L64P mutant construct was generated with the QuikChange mutagenesis kit
(Stratagene).

Transfection, coimmunoprecipitation, and immunoblotting. For immunoflu-
orescence assays, HeLa cells grown on coverslips in six-well plates were trans-
fected with 1 �g of Flag-tagged wild-type (WT) parafibromin or 2 �g of Flag-
tagged mutant forms of parafibromin with Lipofectamine (GIBCO) in
accordance with the manufacturer’s instructions. For cotransfection experiments,
293T cells in 10-cm-diameter plates were transfected with 2 �g of Flag-tagged
WT parafibromin, 5 �g of Flag-L64P or Flag-413X, 10 �g of Flag-227X or
Flag-136X with 2 �g of T7-hPaf1, 5 �g of hLeo1 or hCtr9 (Origene), or 3 �g of
hemagglutinin-Rbbp5 or hemagglutinin-ASH2L with Lipofectamine (GIBCO)
in accordance with the manufacturer’s instructions.

For immunoprecipitation or reciprocal coimmunoprecipitation experiments,

one 10-cm-diameter plate of cells (endogenous or transfected) was lysed with
NP-40 lysis buffer. Lysates were incubated for 3 h with 3 to 5 �l of specific
antibody, antibodies blocked with peptide (preincubated at a 1:1 ratio on ice for
1 h before immunoprecipitation), or rabbit IgG and 50 �l of 20% protein A
Sepharose CL-4B (Amersham Bioscience). For Flag immunoprecipitation, 2 �l
of antibody was used. The beads were then washed four times with NP-40 lysis
buffer and resuspended in 30 �l of protein sample buffer X2. Proteins were
resolved by SDS-PAGE and then subjected to immunoblot analysis. To eliminate
the possibility of DNA contamination, immunoprecipitates were washed four
times with NP-40 lysis buffer, washed one time with DNase buffer, and incubated
with 3 �l of DNase (RQ1 Promega) in 100 �l of DNase buffer at 37°C for 30 min
and washed twice with immunoprecipitation lysis buffer.

For detection by immunoblot assay, the following dilutions were used for
primary antibodies: antiparafibromin antibody Ab648, 1:5,000; anti-hPaf1 anti-
body Ab673, 1:10,000; anti-hLeo1 antibody Ab677, 1:2,000; anti-hCtr9 antibody
Ab679, 1:5,000; anti-Flag antibody, 1:2,000; anti-Rbbp5 antibody, 1:5,000; anti-
Ash2L antibody, 1:2,500. RNA polymerase II antibodies were used in accordance
with the manufacturer’s instructions. Secondary antibodies were goat anti-rabbit
antibody conjugated to horseradish peroxidase (Pierce or Bethyl) and goat anti-
mouse IgG plus IgM conjugated to horseradish peroxidase (Pierce). Proteins
were visualized by enhanced chemiluminescence (SuperSignal; Pierce).

Immunofluorescence assay. HeLa cells were grown on glass coverslips in
six-well dishes. For ectopic expression, cells were transfected the appropriate
plasmid and grown for 48 h posttransfection. Cells were washed three times with
phosphate-buffered saline (PBS) and fixed with 4% formaldehyde in PBS (Buff-
ered Formalde-Fresh; Fisher Scientific) for 30 min. Next, cells were washed three
times with PBS and permeabilized with 0.5% Triton X-100 containing 3% bovine
serum albumin (BSA) for 20 min. Cells were then exposed to the relevant
antibodies (anti-Flag antibody at a 1:500 dilution or anti-hLeo1 antibody Ab677
at 1:800) diluted in PBS–3% BSA for 30 min at 37°C, washed three times with
PBS, and incubated with fluorescently labeled secondary antibodies diluted in
PBS–3% BSA for 30 min at 37°C (fluorescein isothiocyanate [FITC]-conjugated
Affinipure goat anti-mouse and Cy3-conjugated Affinipure goat anti-rabbit an-
tibodies from Jackson Immunoresearch). Slides were washed as before and
mounted on microscope slides with mounting medium containing 4�,6�-dia-
midino-2-phenylindole (DAPI [Vectashield]; Vector).

Slides were imaged with a Zeiss 510 confocal multiphoton fluorescence mi-
croscope equipped with laser lines for DAPI (800 nm, Ti-sapphire coherent
pulsed), FITC (Argon 488), and rhodamine (HeNe 543). The images were
prepared with the Zeiss multitrack mode.

HMTase assay. Histone methyltransferase (HMTase) assays were performed
as previously described (8). Anti-Flag and/or antiparafibromin immunoprecipi-
tates were washed three times with NP-40 lysis buffer and one time with HMTase
buffer (25 mM Tris [pH 8.0], 10% glycerol). Each reaction mixture included 2 �l
of S-adenosyl-L-[methyl-3H]methionine (Amersham Bioscience), 2 �g of histone
H3 (Upstate Biotechnology), and assay buffer (HMT Assay Reagent Kit; Upstate
Biotechnology). Reaction mixtures were incubated for 1 h at room temperature,
boiled with protein sample buffer, and separated by SDS–15% PAGE. The gel
was then amplified for 1 h (Amplify NAMP 100V; Amersham), dried, and
exposed to film. For Edman degradation, an HMTase assay was performed and
proteins were separated by SDS-PAGE and then transferred to polyvinylidene
difluoride membrane with CAPS (3-cyclohexylamino-1-propanesulfonic acid)
buffer. To visualize histone bands, gels were Coomassie stained (Gelcode;
Pierce) and destained overnight. Histone bands were excised and subjected to 40
rounds of Edman degradation as previously described (8).

RESULTS

Identification of parafibromin-associated proteins. To ex-
plore the protein complexes associated with parafibromin, we
generated and validated an antipeptide rabbit polyclonal anti-
body, Ab648, that specifically recognizes both transfected (Fig.
1A, lanes 2 and 4) and endogenous (Fig. 1A, lanes 1 and 7)
parafibromin protein. To identify endogenous parafibromin-
associated proteins, we immunoprecipitated protein from 293T
cells with the Ab648 antiparafibromin antibody; as a control,
we preincubated the antibody with a blocking peptide control
(Fig. 1B). Immunoprecipitated protein bands were excised,
and peptides were sequenced by tandem mass spectrometry.

The 64-kDa band (Fig. 1B, band 1) was identified as para-
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fibromin. Mass spectrometric analysis identified 42 peptides
comprising 62.9% of the predicted parafibromin protein se-
quence. The proteins coimmunoprecipitated with antiparafi-
bromin antibody include human homologs of the yeast Paf1
complex: an approximately 80-kDa band (Fig. 1B, band 2)

includes peptides from hPaf1, a 105-kDa band (Fig. 1B, band
3) includes peptides from hLeo1, and an approximately 150-
kDa band (Fig. 1B, band 4) includes peptides from hCtr9, with
predicted amino acid sequence similarities of 40, 52, and 44%,
respectively. No peptides corresponding to the human ho-

FIG. 1. Identification of parafibromin (Parafib) interacting proteins. (A) Characterization of antiparafibromin antibody Ab648 in transfected
and untransfected cells. An immunoblot with Ab648 is shown. Whole-cell lysate (150 �g) of untransfected 293T cells (lane1) or 293T cells
transfected with a plasmid encoding Flag-tagged parafibromin (pHRPT2; lane 2) is shown as a control. Proteins were immunoprecipitated (IP)
from untransfected (lane 3) or transfected (lane 4) cell lysate with anti-Flag antibody (one-fifth of a 10-cm-diameter plate). Proteins were
immunoprecipitated from lysates of untransfected cells (one 10-cm-diameter plate) with antiparafibromin antibody Ab648 (lane 7) and negative
controls, normal rabbit IgG (lane 5) and antiparafibromin antibody Ab648 plus blocking peptide (lane 6). Proteins were resolved by SDS–8%
PAGE and immunoblotted with antiparafibromin antibody Ab648. (B) Lysates of 293T cells were immunoprecipitated with antiparafibromin
antibody Ab648 (right lane) or a peptide-blocked control (left lane), resolved by SDS–8% PAGE, and visualized by Coomassie blue staining. Bands
1 to 4 were subjected to mass spectrometric analysis. (C) Immunoprecipitation of protein from 293T cells with anti-hLeo1 antibody Ab677 (right
lane) or a peptide-blocked control (left lane). Proteins were resolved by SDS–8% PAGE and visualized by silver staining. Numbered bands were
identified by mass spectrometric analysis. WCE, whole-cell extract.
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molog of Rtf1 were identified in the immunoprecipitates. To
our knowledge, the human hPaf1 and hLeo1 proteins have not
been described in the literature. hCtr9 has been described as
an SH2 domain binding nuclear phosphoprotein that has TPR
repeats and is thought to be involved in protein-protein inter-
action (16). Identification of the remaining protein bands of
the antiparafibromin immunoprecipitates is still in progress.

To verify interactions between parafibromin and the human
homologs of the yeast Paf1 complex, we generated polyclonal
antibodies against the parafibromin interacting proteins in the
Paf1 complex (anti-hPaf1, anti-hLeo1, anti-hCtr9, and anti-
hRtf1). These antibodies were validated for the ability to im-
munoprecipitate antigens and associated proteins from meta-
bolically labeled cells (not shown). To reconfirm interactions
among putative parafibromin complex members, we immuno-
precipitated protein from 293T cells with anti-hLeo1 antibody
Ab677, with peptide-blocked antibody as a negative control
(Fig. 1C). Immunoprecipitated proteins were excised from the
gel and sequenced by tandem mass spectrometry. As expected,
the 105-kDa band (Fig. 1C, band 3) corresponded to hLeo1,
with five peptides covering 6.8% of the predicted sequence.
Multiple peptides were identified from each of the other five
proteins precipitated with the anti-hLeo1 antibody. Three of
these proteins are human homologues of the yeast Paf1 com-
plex that we had found in the parafibromin-associated com-
plex. The 64-kDa protein (Fig. 1C, band 1) is parafibromin, the
�80-kDa protein (Fig. 1C, band 2) is hPaf1, and the 150-kDa
protein (Fig. 1C, band 4) is hCtr9 (11 peptides, 7.9% cover-
age). Analysis of two higher-molecular-weight bands (Fig. 1C,
bands 5 and 6) revealed peptides corresponding to Ranbp2, a
nuclear pore complex protein (36).

Parafibromin is associated with a human Paf1 complex. To
verify interaction among the hPaf1 complex proteins more
thoroughly, reciprocal coimmunoprecipitation experiments
were performed with antibodies to the endogenous proteins
(Fig. 2). Antiparafibromin antibody Ab648 could specifically
precipitate parafibromin, hLeo1, hPaf1, and hCtr9 (Fig. 2, lane
4). These proteins were not detectable with peptide-blocked
antibody, the negative control (Fig. 2, lane 3). Similarly, im-
munoprecipitation with anti-hLeo1 antibody but not the pep-
tide-blocked control could isolate all four hPaf1 complex mem-
bers (Fig. 2, lanes 5 and 6). The anti-hPaf1 antibodies, while
effective for immunoblotting, were not as efficient for immu-
noprecipitation but could still precipitate hPaf1 and parafibro-
min (Fig. 2, lanes 7 and 8). Taken together, the above results
indicate that parafibromin, hPaf1, hLeo1, and hCtr9 form a
stable complex. The antiparafibromin, anti-hLeo1, and anti-
hPaf1 antibodies did not immunoprecipitate a band that could
be detected by anti-hRtf1 antibodies in immunoblot analysis.
These interactions remained intact following treatment with
DNase (not shown), indicating that the complex is likely to be
assembled via protein-protein interactions rather than protein-
DNA interactions.

Parafibromin interacts with the RNA polymerase II large
subunit. Yeast Paf1 complex members have been reported to
associate with RNA polymerase II (14, 18, 30). The repetitive
CTD of the RNA polymerase II large subunit, Rpb1, has two
important serine residues that become highly phosphorylated
during transcription. Phosphorylation on Ser5 is correlated

with initiation and early elongation, while phosphorylation on
Ser2 is linked to established elongation (11).

To test whether the parafibromin complex interacts with any
of the phosphorylated forms of Rpb1, we immunoprecipitated
parafibromin and blotted the immunoprecipitates with specific
antibodies to detect the Rpb1 CTD that is unphosphorylated,
phosphorylated on Ser5, or phosphorylated on Ser2. Parafi-
bromin specifically coprecipitated all three forms of Rpb1 (Fig.
3A), suggesting that it may be involved in both initiation and
elongation.

To further explore the relationship between the hPaf1 com-
plex and RNA polymerase II, 293T cell extract was fraction-
ated with a glycerol gradient and fractions from the gradient
were separated on a polyacrylamide gel and immunoblotted
for the indicated proteins (Fig. 3B). The hPaf1 complex mem-
bers mainly comigrated in fractions 11 through 13. The Rpb1
Ser5 CTD phosphorylated form overlapped with the parafibro-
min complex, but most of the RNA polymerase II appears to
be in a higher-molecular-weight complex. In addition, we also
tested the fractions for hRtf1. The hRtf1 reactivity is mainly
found in fractions 5 to 9, not overlapping the parafibromin/
Paf1 complex.

Parafibromin is a nuclear protein. To determine the sub-
cellular localization of parafibromin and the hPaf1 complex
proteins, we performed immunofluorescence studies. As nei-
ther of the antiparafibromin antibodies could detect endoge-

FIG. 2. Parafibromin (Parafib) is part of a human Paf1 complex.
Antiparafibromin antibody Ab648 (lane 4), anti-hLeo1 antibody
Ab677 (lane 6), and anti-hPaf1 antibody Ab674 (lane 8) immunopre-
cipitates from 293T cell lysates were immunoblotted with antiparafi-
bromin antibody Ab648 (top panel), anti-hLeo1 antibody Ab677 (sec-
ond panel), anti-hPaf1 antibody Ab673 (third panel), and anti-hCtr9
antibody Ab679 (bottom panel). Cell lysate was loaded in lane 1.
Negative control (ctl) immunoprecipitations (IP) were performed with
normal rabbit IgG (lane 2) and peptide-blocked controls (lanes 3, 5,
and 7).
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nous protein by immunofluorescence, we overexpressed WT
parafibromin in HeLa cells with a Flag epitope tag on its N
terminus. Confocal microscopic detection of immunofluores-
cence showed significant overlap between overexpressed Flag-
tagged parafibromin (green fluorescence) and DAPI staining
(Fig. 4A, right side), indicating that parafibromin is a nuclear
protein. Control cells that were not transfected did not exhibit
any staining (Fig. 4A, left side) In addition, immunofluores-
cence was performed with the anti-hLeo1 Ab677 antibody.
Confocal microscopy shows that hLeo1 is a nuclear protein
with a punctate distribution (Fig. 4B). Taken together, these
results suggest that parafibromin and hPaf1 complex members
localize to the nucleus.

Some mutant forms of parafibromin lack association with
Paf1 complex members. Several germ line and somatic muta-
tions have been identified in HRPT2 (2, 7, 25). Most of these
are truncation and frameshift mutations that result in prema-
ture stop codons and are predicted to cause deficient or im-
paired parafibromin protein function.

We generated expression constructs for several truncation
mutant forms of parafibromin—136X, 227X, and 413X—by
PCR (Fig. 5A). 136X is a truncation found in the germ line of
HPT-JT patients. We chose to make the 227X and 413X trun-
cations because some patients have germ line nucleotide in-
sertions or deletions at codons 226 and 413 that result in a
frame shift and early termination. In addition, we made an
L64P point mutation that was identified in germ line HPT-JT.
This leucine residue is conserved in Drosophila, Caenorhabditis
elegans, mice, and humans, suggesting that it has an important
function. A Flag epitope tag was introduced into the 5� end of
each parafibromin-encoding truncation mutant construct. The
parafibromin-encoding truncation constructs were transfected
into 293T cells. Cell lysates from these transfections were frac-

tioned by SDS-PAGE, and expression was assessed by immu-
noblotting with anti-Flag antibody (Fig. 5B). All of the con-
structs gave rise to detectable protein corresponding to the
expected size.

To test the abilities of the mutant forms of parafibromin to
associate with hPaf1 complex members, we cotransfected 293T
cells with Flag-tagged WT parafibromin or parafibromin mu-
tant constructs together with an expression plasmid encoding
either hLeo1, T7-hPaf1, or hCtr9 protein and immunoprecipi-
tated the parafibromin complex with anti-Flag antibody (Fig.
5C). A portion of this immunoprecipitation was blotted with
anti-Flag antibody to verify expression and precipitation of the
various parafibromin proteins. Although hPaf1, hLeo1, and
hCtr9 were expressed in all of the cells (not shown), only WT
parafibromin, L64P, and 413X could immunoprecipitate hPaf1
complex proteins while 227X and 136X (not shown) could not,
indicating that a portion of parafibromin between amino acids
226 and 413 is required for binding to the hPaf1 complex.

Parafibromin can associate with an HMTase complex. Be-
cause yeast Cdc73 has been reported to associate with a Set1
HMTase complex, we decided to test the association of both
WT and mutant parafibromin with HMTase activity. To test
the association of parafibromin and the mutant forms of para-
fibromin with HMTase activity, we transfected 293T cells with
Flag-tagged WT parafibromin or parafibromin mutant con-
structs and performed an HMTase assay (Fig. 6A). WT para-
fibromin and the 413X mutant construct are associated with
HMTase activity, while the 227X mutant construct is not. The
L64P mutant form of parafibromin shows reduced activity
compared to that of the WT and 413X forms (Fig. 6A); this
result was obtained consistently in three experiments.

Given the HMTase activity associated with parafibromin, we
tested whether WT parafibromin and the mutant forms of

FIG. 3. Parafibromin (Parafib) interacts with the RNA polymerase large subunit. (A) 293T cell lysates were immunoprecipitated (IP) with
antiparafibromin antibody Ab648, a peptide-blocked control (C), or a normal rabbit serum control and immunoblotted with antibodies to Rpb1
with unphosphorylated (Unphos.) CTD (top part), Ser5-phosphorylated CTD (second part), Ser2-phosphorylated CTD (third part), and parafi-
bromin (bottom part). (B) 293T cell lysate was fractioned on a glycerol gradient. Forty-microliter aliquots of the fractions depicted were used for
immunoblotting with anti-Rpb1 Ser5-phosphorylated CTD (top part), anti-hLeo1 antibody Ab677 (second part), antiparafibromin antibody Ab648
(third part), anti-hCtr9 antibody Ab679 (fourth part), anti-hPaf1 antibody Ab673 (fifth part), and anti-hRtf1 antibody (bottom part).
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parafibromin can interact with components of Set1-like com-
plexes, including Rbbp5 and Ash2L. We cotransfected 293T
cells with Flag-tagged WT parafibromin or parafibromin mu-
tant constructs together with an expression plasmid encoding
either Rbbp5 or Ash2L protein and immunoprecipitated the
parafibromin-containing complex with anti-Flag antibody (Fig.
6B). Similar to the association with HMTase activity, WT para-
fibromin and 413X could immunoprecipitate the Set1 complex
proteins Rbbp5 and Ash2L while 227X could not. L64P exhib-
its reduced binding to these proteins, consistent with the
HMTase activity of this mutant construct.

In addition, we determined the subcellular localization of
the various mutant forms of parafibromin (data not shown).
The L64P, 413X, and 227X mutant constructs exhibited pre-
dominantly nuclear staining, while the K136X mutant con-
struct typically showed some even nuclear staining but also
significant cytoplasmic and cell membrane localization. These
results indicate that the putative classic nuclear localization
signal, at amino acids 136 to 139 of parafibromin, may be
functional. These results suggest that binding to hPaf1 complex
components and to HMTase complex components, as well as
nuclear localization, may be essential to parafibromin function
and that elimination of complex assembly may contribute to
tumor formation in the setting of HRPT2 mutation.

Recently we have generated a second antiparafibromin poly-
clonal antibody, Ab649. After checking the specificity of this
antibody, we found that in addition to parafibromin it precip-

itates two other major bands, possibly corresponding to the
angiomotin protein (Amot). Angiomotin has been reported
to bind to angiostatin and to regulate endothelial cell mi-
gration and tube formation and has not been shown to be
involved in chromatin remodeling (33). Since the overex-
pressed parafibromin protein is associated with HMTase
complex components and activity, we assayed parafibromin-
containing complexes precipitated by Ab649 for HMTase
activity. To that end, we immunoprecipitated protein from
293T cell lysates with antiparafibromin Ab649 or peptide-
blocked or IgG controls and performed an HMTase assay.
The antiparafibromin immunoprecipitate specifically meth-
ylated histone H3 (Fig. 7A, lane 3), while the controls did
not (Fig. 7A, lanes 1 and 2).

To determine which lysine residue in histone H3 is methyl-
ated by the parafibromin-associated HMTase complex, we
performed Edman degradation on labeled histone H3 with
antiparafibromin Ab649, peptide-blocked, or IgG immuno-
precipitates prepared from lysates of 293T cells. The radioac-
tivity released by the degradation products was counted (Fig.
7B). Histone H3 incubated with the antiparafibromin immu-
noprecipitate was specifically labeled on lysine 4 (Fig. 7B),
while the control was not specifically methylated (not shown).
Some methylation was also detected on H3 lysine 9, but this
appeared to be nonspecific. Taken together, theses results sug-
gest that endogenous parafibromin is associated with a Set1-
like HMTase complex that methylates histone H3 on Lys4.

FIG. 4. Parafibromin and hLeo1 are nuclear proteins. (A) Immunofluorescence assay with FITC-conjugated anti-Flag antibody on untrans-
fected HeLa cells (Untransfected) or HeLa cells transfected with Flag-tagged WT parafibromin (Parafibromin). The left side of each pair of images
shows the FITC signal, while the right side, marked “Merge,” is the integration of the FITC and DAPI signals overlaid upon the Nomarski-
differential interference contrast images of the cells. (B) Immunofluorescence with anti-Leo1 antibody Ab677 (Cy3 red) was used to visualize
endogenous Leo1 (left image), and DAPI staining (middle image) was used to mark nuclear DNA in HeLa cells. The right image, labeled “Merge,”
shows the colocalization of the two signals.
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DISCUSSION

The biological role of the parafibromin tumor suppressor
protein encoded by the HRPT2 gene (2) has not been defined
previously. A hint as to parafibromin’s function comes from its
homology to yeast Cdc73, part of the Paf1 complex that is
involved in transcription and histone methylation (4, 6, 13, 22).

We show that parafibromin is part of a complex that contains
the human homologues of the yeast Paf1 complex, the hPaf1,
hLeo1, and hCtr9 proteins. These interactions were confirmed
by mass spectrometry, endogenous coimmunoprecipitation,
comigration on a glycerol gradient, and immunofluorescence
assay. In yeast, the Paf1 complex was isolated via its interaction
with RNA polymerase II and shown to be composed of five
subunits (Paf1, Rtf1, Cdc73, Leo1, and Ctr9) (14, 18, 30). To
our surprise, the human complex did not contain the human
homolog of Rtf1. We do not know whether the human Rtf1
homolog is in fact associated with the hPaf1 complex, but
multiple assays including glycerol gradients do not support
such an association.

The function of the human parafibromin/hPaf1 complex re-
mains to be elucidated. While various possible functions for

the yeast complex have been identified, including regulation of
transcriptional elongation, histone methylation, and RNA pro-
cessing, the critical biochemical activities of the complex are
somewhat unclear. Further experiments are required to deter-
mine the cellular functions of the hPaf1 complex and their
relationship to parafibromin tumor suppression.

Our data also suggest that, like Cdc73 (13, 22), parafibromin
is associated with a Set1-like HMTase complex that methylates
histone H3 on lysine 4, an activity that is associated with tran-
scriptional activation. Transfected and endogenous parafibro-
min are associated with a histone methylation activity that is
absent or reduced in several mutant forms of parafibromin. We
also have some preliminary evidence that endogenous cellular
parafibromin is associated with a cellular Set1 family HMTase
protein; further investigation is needed to confirm these ob-
servations.

Interestingly, the menin tumor suppressor protein, which is
also mutated in multiple endocrine tumors, has been shown to
associate with a Set1-like HMTase complex and RNA poly-
merase II (8, 35). The menin complex includes the MLL2 or
MLL1 protein as the SET domain protein responsible for

FIG. 5. Characterization of parafibromin truncation mutant constructs. (A) Schematic diagram of parafibromin truncation mutant constructs
and the L64P mutant construct representing germ line alterations identified from HPT-JT patients. (B) 293T cell lysates from cells transfected with
Flag-tagged WT parafibromin or Flag-tagged mutant forms of parafibromin were immunoblotted with anti-Flag antibodies. (C) Immunoprecipi-
tations (IP) with anti-Flag antibodies from 293T cell lysates cotransfected with either hLeo1 (left), hPaf1 (middle), or hCtr9 (right) together with
the indicated Flag-tagged WT parafibromin or Flag-tagged parafibromin mutant constructs. Transfectants were immunoblotted with anti-hLeo1,
anti-hPaf1, or anti-hCtr9 antibodies (top) or with anti-Flag antibody (bottom) as shown. Untransfected (UT) 293T cells were used as a negative
control.
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histone methylation. Mutations in both parafibromin and me-
nin give rise to parathyroid tumors. This may indicate that the
two proteins might regulate similar genes involved in cellular
differentiation or proliferation or that these complexes might
interact. Despite the similarity between the two complexes, we
have not been able to show a direct interaction between para-
fibromin and menin. Since mutations in HRPT2 do not account
for all cases of parathyroid carcinomas (2, 7, 25), it would be
interesting to sequence genes for other hPaf1 complex mem-
bers in these tumors since their loss might also promote tu-
morigenesis.

Like Cdc73, parafibromin is associated with RNA polymer-
ase II that is phosphorylated on Ser5 and Ser2. This suggests
that parafibromin is associated with the entire active mRNA
coding region and might also be traveling with the elongated
polymerase II enzyme throughout the entire gene. Data on
yeast suggest that Set1 recruitment to the promoter occurs
after transcriptional initiation and is dependent on Ser5 phos-
phorylation of the RNA polymerase II CTD and on the pres-
ence of the Paf1 complex (4, 6, 13, 22).

However, the Paf1 complex associates with the entire
mRNA coding region, indicating that it probably has an addi-
tional role(s) (19, 23, 28). No parafibromin target genes have
been published to date. It would be interesting to test whether
parafibromin and Paf1 complexes are associated with the tran-
scription of all, most, or only several genes.

The observation that some of the patient-derived parafibro-
min truncation mutant constructs fail to coimmunoprecipitate
Paf1 complex members and HMTase activity suggests that
complex formation is related to parafibromin tumor suppres-
sor function. Further detailed study of these complexes should
lead to a better understanding of HPT-JT and to the role of
histone modifications in cancer, most particularly, endocrine
cancer. Recent data (19) suggest that the Paf1 complex has an
additional role(s) in the cell. Loss of Paf1 factors results in a
reduction of RNA polymerase II Ser2 phosphorylation and

FIG. 6. Interaction between parafibromin and HMTase activity and complex members. (A) HMTase assays were performed on immunopre-
cipitates (IP) with anti-Flag antibodies from 293T cell lysates transfected with the indicated Flag-tagged WT parafibromin or Flag-tagged
parafibromin mutant constructs (top). Transfectants were immunoblotted with anti-Flag antibody (bottom) as shown. Untransfected (UT) 293T
cells were used as a negative control. (B) Immunoprecipitations with anti-Flag antibodies from 293T cell lysates cotransfected with either Rbbp5
(left) or Ash2L (right) together with the indicated Flag-tagged WT parafibromin or Flag-tagged parafibromin mutant constructs. Transfectants
were immunoblotted with anti-Rbbp5 or anti-Ash2L antibodies (top) or with anti-Flag antibody (bottom) as shown. Untransfected 293T cells were
used as a negative control.

FIG. 7. Parafibromin (Parafib) interacts with an HMTase complex
that methylates histone H3 on lysine 4. (A) Antiparafibromin antibody
Ab649 (lane 3), normal rabbit IgG (lane 1), and peptide-blocked antibody
Ab649 control (ctl; lane 2) immunoprecipitates were incubated with his-
tone H3 and the methyl donor S-adenosyl-L-[methyl-3H]methionine, re-
solved by SDS–15% PAGE, amplified, dried, and fluorographed.
(B) Scintillation counting of sequential Edman degradation products of
histone H3, labeled by incubation with S-adenosyl-L-[methyl-3H]methi-
onine and with immunoprecipitates of antiparafibromin antibody Ab649.
The arrows at the bottom indicate lysines 4 and 9.
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shortened poly(A) tails, suggesting that the complex might
facilitate linkage of transcriptional and posttranscriptional
events. Identification of the other proteins that were immuno-
precipitated with the antiparafibromin antibody could reveal
other hPaf1 complex functions.
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