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In eukaryotes, the C-terminal domain (CTD) of the largest 
subunit, POLR2A, of RNA polymerase II (RNAP II) contains 
multiple, sometimes degenerate repeats, 26–27 in yeast and 52 
in human, of the heptapeptide sequence Y
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transcription, serine residues on positions 2, 5 and 7 are subjected 
to dynamic phosphorylation and dephosphorylation by specific 
kinases and phosphatases.2 The CDK7 (Kin28 in yeast) kinase, 
a subunit of the general transcription factor TFIIH, is known 
to be responsible for the phosphorylation of S5 (S5P) near gene 
promoters,3 although lower levels of S5P persist on RNAP II 
further downstream.4 As RNAP II moves away from promot-
ers, S5 is dephosphorylated mainly by Rtr1 in yeast.5 It is not 
known whether the human Rtr1 homolog, RPAP2, which also 
associates with RNAP II, performs a similar role.6 Another yeast 
phosphatase, Ssu72, a subunit of the cleavage and polyadenyl-
ation factor CPF, reverses S5P further downstream and at 3'-ends 
of genes.7 With the decline of S5P in downstream transcribed 
regions, S2 phosphorylation (S2P) is catalyzed by the CDK9 
subunit of the positive elongation complex p-TEFb, as well as 
CDK12 and CDK13, and gradually increases as RNAP II travels 
toward the 3'-ends of genes.8-12 S2P is reversed by the phosphatase 

RNA polymerase II (RNAP II) C-terminal domain (CTD) phosphorylation is important for various transcription-related 
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Thus, the RPRD proteins are likely to have multiple important roles in transcription.
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CTDP1 (Fcp1 in yeast).13 Like S5P, S7 phosphorylation (S7P) 
is catalyzed in promoter-proximal regions by TFIIH, as well as 
by CDK12.4,10,14,15 S7P also occurs in promoter-distal regions 
through the action of Bur1 in yeast, although the enzymes 
responsible for S7P dephosphorylation remain unknown.16

Site-specific CTD phosphorylation provides a docking plat-
form for many proteins that regulate various transcription-related 
events.2,3,17 For example, S5P creates a binding site for the capping 
enzyme Cgt, which modifies the 5'-ends of nascent mRNA.18-20 
On the other hand, S2P specifically associates with the cleavage 
factor Pcf11 and the “torpedo” complex subunit Rtt103, result-
ing in transcriptional termination.21-23 Some proteins, such as 
the helicase RECQL5, can bind to both S2P and S5P CTDs, 
leading to transcriptional repression.24,25 S7P in conjunction 
with S2P interacts with Integrator, a 3'-end processing complex 
for snRNA.26 Some CTD binders (e.g., Cgt1, Pcf11 and Rtt103) 
contain a CTD interaction domain, or CID. Based on the com-
plexity of CTD modification, the variety of binding partners 
and different possible outcomes, CTD phosphorylation and 
other modifications were proposed as a possible “CTD code.”8 
This “code” specifies factor recruitment, which in turn controls 
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(AP-MS) approach in HEK293 cells stably expressing an epit-
ope tagged RNAP II subunit (e.g., POLR2D or POLR2E).30  
As expected, we recovered most the subunits of RNAP II, as well 
as shared RNAP I and RNAP III subunits, along with three previ-
ously characterized RNAP II interactors, GRINL1A (Gdown1), 
RECQL5 and RPAP2 (Fig. 1). Unexpectedly, we identified three 
novel RNAP II-interacting proteins, RPRD1A, RPRD1B and 

transcription and other processes (e.g., transcription-coupled his-
tone modification).27-29 Therefore, identifying RNAP II CTD 
binding factors and molecular dependencies is an important step 
in better understanding the mechanisms that control transcrip-
tion and related processes.

To identify novel RNAP II-interacting proteins, we applied a len-
tivirus-based affinity purification and tandem mass spectrometry 

Figure 1. RPRD proteins interact with RNAP II and three known RNAP II-associated proteins. Summary of AP-MS interaction data for indicated protein 
baits. Total matching spectral evidence (spectral counts normalized by molecular weight) recorded for co-purified interacting “prey” proteins are 
shown as an average from a minimum of two independent biological replicates. Background contaminants present after purification of tagged GFP 
control proteins were subtracted. *, Shared subunits of RNAP I, II and III; **, Shared subunits of RNAP I and III. Sequest V2.7 was used for the database 
search with the MS data.
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and protein gel blotting (IP-WB) experiments confirmed interac-
tions of RPRD1A, RPRD1B and GRINL1A with RPAP2 (Fig. 
S3). Collectively, these data suggest that RPRD proteins asso-
ciate simultaneously with RNAP II, GRINL1A, RECQL5 and 
RPAP2, but not with Mediator.

Given the Mediator-exclusive association with RNAP II and 
the presence of CIDs in the RPRD proteins (Fig. 1), we reasoned 
that the RPRD proteins may recognize phosphorylated forms 
of RNAP II. Indeed, IP-WB performed in HEK293 cells prob-
ing with anti-RNAP II (N-20) antibody that recognizes both 
hyper-(IIO) and hypo-phosphorylated RNAP II (IIA), showed 
that antibody against RPRD1A, whose specificity was confirmed 
using lentivirus-encoded shRNA to knock down RPRD1A  
(Fig. S4A), precipitated RNAP II (IIO) (Fig. 2B). CID proteins 
usually tend to bind to CTD peptides phosphorylated in a spe-
cific way.38 To investigate possible CTD phosphoisoform binding 
specificity of RPRD proteins, we performed an IP-WB experi-
ment after precipitating with monoclonal antibodies specific for 
S2P (3E10), S5P (3E8) and S7P (4E12).39 Unexpectedly, tagged 
RPRD1A and RPRD1B both co-immunoprecipitated with 
all three phosphorylated CTD variants (Fig. 2C). Conversely, 
the monoclonal antibody 8WG16, which recognizes unmodi-
fied CTD, precipitated substantial levels of POLR2B, but very 
low levels of RPRD1B and no detectable levels of RPRD1A  
(Fig. 2C). Consistent with this, an antibody against endogenous 
RPRD1A co-immunoprecipitated all three CTD phosphoiso-
forms (Fig. S4B). Taken together, these results demonstrate that 
RPRD1A and RPRD1B predominantly bind to RNAP II with a 
phosphorylated CTD. Because the CTD may be phosphorylated 
simultaneously on S2, S5 and S7, we cannot yet be certain from 
these experiments which CTD repeat phosphoisoform(s) is rec-
ognized directly by RPRD1A and RPRD1B.

Next, we sought to examine possible effects of RPRD proteins 
on RNAP II phosphorylation. Although we found using protein 

RPRD2 (referred to, generally, as RPRD proteins), with signifi-
cant supporting mass spectral evidence (see Fig. 1). The RPRD 
proteins are evolutionarily conserved, represent 3 of the 8 CID-
containing proteins annotated in humans (Fig. S1) and appear 
to be ubiquitously expressed in most or all human cell types and 
tissues (Fig. S2). They are most closely related to the S. cerevisiae 
protein Rtt103, whose CID has been structurally characterized 
in complex with an S2P CTD peptide.31 RPRD1A and RPRD1B 
share similar amino acid sequences and domain architectures, 
while RPRD2 is much larger and contains compositionally 
biased serine- and proline-rich regions (Fig. 2A), the latter region 
becoming hyperphosphorylated during M-phase.32 The proline-
rich region contains several repeats of the consensus PPPPP[D/E]
H that is recognized and bound by the WW domains of the tran-
scription factor and tumor suppressor WWOX.33 Previous stud-
ies showed that RPRD1A, also called P15RS, regulates cell cycle 
genes and attenuates WNT signaling, although the mechanism 
was unclear.34,35 The interaction of RPRD1A with RNAP II has 
not been reported previously, and the RPRD1B and RPRD2 pro-
teins are functionally uncharacterized.

To confirm these interactions, we applied AP-MS using 
RPRD1A and RPRD1B as bait proteins. Proteins identified as 
co-purifying with RPRD1A and RPRD1B included almost all 
the core RNAP II subunits as well as GRINL1A, which cre-
ates a Mediator requirement for transcriptional activation in 
vitro, the helicase RECQL5, which inhibits transcription by 
RNAP II in vitro, and the putative CTD-S5 phosphatase RPAP2  
(Fig. 1).5,6,24,36 RPRD1A and RPRD1B likewise co-purified with 
each other as well as with RPRD2 (Fig. 1). Conversely, RNAP I,  
RNAP III, and the Mediator complex, which binds RNAP II with 
an unphosphorylated CTD,37 were not detected. RPRD proteins 
were also detected in AP-MS experiments by reciprocal tagging 
and purification of GRINL1A, but not when Mediator subunits 
were used as baits (Fig. 1). Results from immunoprecipitation 

Figure 2. RPRD proteins predominantly interact with phosphorylated RNAP II. (A) RPRD protein architecture. (B and C) Precipitation with the indicated 
antibodies was performed with soluble protein lysates from HEK293 cells (B) or HEK293 cells stably expressing tagged RPRD1A or RPRD1B (C), followed 
by protein gel blotting using the indicated probes. Control IgG: TBL1 antibody.
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epitope preferences,38 RPRD1A and RPRD1B appear to bind 
preferentially to RNAP II with a phosphorylated CTD. Binding 
of RPRD1A and RPRD1B to RNAP II results in a specific reduc-
tion of RNAP II with S5P and S7P at target gene promoters. 
Moreover, the co-purification of RPRD proteins with RPAP2 
suggests that they may control its putative CTD phosphatase 
activity. Because of their tight association with RNAP II and 
ubiquitous expression, RPRD proteins may serve as general tran-
scription factors. The presence of the RPRD proteins in down-
stream regions, as well as in promoter regions, suggests that 
they may influence initiation, elongation and/or termination of 
transcription.

Materials and Methods

HEK293 cells were cultured in Dulbecco’s modified Eagle’s 
medium with 10% fetal bovine serum and antibiotics. Lentivirus 
were produced and used to infect HEK293 cells at a multi-
plicity of infection <1 as described previously in reference 40. 
Lentivirus-encoded tagged ORFs and shRNAs were transduced 
into HEK293 cells as described in reference 30. Transduced 
cells were selected with puromycin (Sigma) at a concentration of  
2 μg/ml for a minimum of 48 h. Gateway-compatible entry 
clones were obtained from the following sources: RPRD1A 
(OHS1770-97649968), RPRD1B (OHS1770-9385393), 
GRINL1A (OHS1770-9382169), MED7 (OHS1770-9381921), 

gel blotting that overexpression of either RPRD1A or RPRD1B 
does not globally affect CTD phosphorylation on S2, S5 or S7 
in HEK293 cells (data not shown), we could not exclude gene-
specific regulation with this experiment. To test this possibil-
ity, we first used ChIP to map the occupancy of RPRD1A and 
RPRD1B proteins at the LEO1 locus, a gene whose expression is 
regulated by the RPRD proteins (data not shown). We were able 
to detect enrichment of both RPRD1A and RPRD1B at the pro-
moter and downstream sequences of the LEO1 locus, with rela-
tively higher levels at the promoter (Fig. 3A). Since promoters are 
usually enriched for RNAP II with S5P and S7P,4 we performed 
ChIP experiments to test whether RPRD1A and RPRD1B 
have any effects on those phosphorylations. Our results showed 
that ectopic overexpression of either RPRD1A or RPRD1B  
(Fig. S5) depleted promoter bound forms of RNAP II with S5P and 
S7P at the LEO1 promoter (Fig. 3B). Our detection of RNAP II  
with S2P at the LEO1 promoter was too low to be reliable (data 
not shown). Similar results were obtained at the promoter 
regions of several other genes after overexpressing RPRD1B  
(Fig. S6). Collectively, these data demonstrate that the RPRD1A 
and RPRD1B proteins reduce the amounts of RNAP II with S5P 
and S7P at target gene promoters.

In summary, we identified three novel RNAP II-associated 
proteins, RPRD1A, RPRD1B and RPRD2. All three RPRD 
proteins contain CID’s. Like other evolutionarily conserved 
CID-containing proteins that have specific CTD phospho- 

Figure 3. RPRD1A and RPRD1B control the RNAP II phosphorylation state at the LEO1 gene. (A) Association of RPRD1A and RPRD1B with the LEO1 gene. 
ChIP was performed with anti-RPRD1A or anti-Flag antibodies using soluble protein lysates prepared from untransduced HEK293 cells or HEK293 cells 
expressing tagged RPRD1B, respectively. Immunoprecipitated DNA was quantified by qPCR with primers recognizing the indicated regions of the LEO1 
gene; P, promoter; E, exon; IN, intron; 3U, 3' UTR; LE, last exon. (B) Overexpression of RPRD1A or RPRD1B inhibits RNAP II phosphorylation at the LEO1 
promoter. ChIP experiments using 3E8 and 4E12 antibodies specific for S5P and S7P and N-20 antibody that recognizes all RNAP II phosphoisoforms 
were performed in HEK293 cells overexpressing the indicated genes. Immunoprecipitated DNA was quantified by qPCR with primers recognizing the 
LEO1 promoter region. Promoter occupancies for S5P and S7P were normalized to that of total RNAP II detected by the N-20 antibody and represent 
averages from a minimum of two biological replicates. *, statistically significant (p < 0.05) compared with overexpressed GFP.
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(ThermoFisher Scientific, San Jose, CA) with collision activated 
dissociation (CAD) using a nanoflow reverse phase chromatog-
raphy and a nanospray ion source (Proxeon). A spray voltage of 
+2.5 kV was applied. Each high resolution (60,000) full mass 
scan was followed by 10 sequentially acquired data-dependent 
MS/MS spectra to derive amino acid sequence information for 
selected peptide precursor ions. A dynamic target exclusion list 
was enabled to minimize redundant peptide sampling. RAW files 
were extracted with the ReAdW program and submitted for data-
base searching using SEQUEST v2.7 and a modified UniProtKB/
Swiss-Prot fasta sequence file with additional entries as follows: 
BSA (Swiss-Prot accession number P02769); GFP (Swiss-Prot 
accession number P42212); TEV (Swiss-Prot accession number 
P04517) and streptavidin (Swiss-Prot accession number P22629). 
Search parameters were set so as to permit one missed cleavage site 
and a static cysteine modification of +57 (carboxyamidomethyl-
ation) using precursor and fragment ion tolerances of ±3 and 0 
m/z, respectively. Protein hits were filtered using the StatQuest 
program with a confidence threshold of at least 99%.42 An addi-
tional 20 ppm precursor ion accurate mass filter was implemented 
to further reduce the false discovery rate. Protein identifications 
based on the identification of a single peptide were discarded, 
while common contaminant proteins detected in multiple control 
GFP purifications were filtered out.

A Student’s t-test was used for statistical analysis.
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MED18 (OHS1770-9380635) from the human ORFeome library 
(Open Biosystems); and POLR2D (IOH13973) and POLR2E 
(IOH5025) from the UltimateORF collection (Invitrogen). 
All entry clones were sequence verified. Each ORF was cloned 
into a lentiviral expression vector as described previously in  
reference 30.

The following antibodies were used in protein gel blotting, 
IP-WB and ChIP experiments: Flag (Sigma, F1804), Gal4 
(Millipore, 06-262), RPRD1A (P15RS, C-18, Santa Cruz, 
SC-85089), RPAP2 (ProteinTech Group Inc., 17401-1-AP), 
POLR2B (Sigma-Aldrich, AV32456), Pol II (8WG16, produced 
in the Greenblatt lab), Pol II (N-20, Santa Cruz, SC-899), POL 
II (S2P CTD 3E10, Dirk Eick lab), POL II (S5P CTD 3E8, Dirk 
Eick lab), POL II (S7P CTD 4E12, Dirk Eick lab), TBL1 (SC-
11391, Santa Cruz). See Table S1 for primer sequences used in 
qPCR. The shRNA sequence CGG CAG AAA TAG ATG ATA 
GAA was used to knock down RPRD1A.

Total RNA was extracted by using RNeasy kit (Qiagen) and 
reverse transcribed into cDNA using SuperScript VILO cDNA 
Synthesis Kit (Invitrogen) according to the manufacturer’s 
instructions. ChIP assays were performed as described previously 
in reference 41. To quantify the amount of cDNA and ChIP 
DNA, real time PCR using primers for each gene (Table S1) was 
performed on a 2 μl aliquot from a total of 400 μl or 100 μl 
of cDNA or ChIP DNA, respectively, with the SYBR Green kit 
(Applied Biosystems) using the 7300 Real Time OCR System 
(Applied Biosystems) in a 10 μl volume in duplicate. PCRs 
consisting of 40 cycles of 95°C for 15 sec and 55°C for 30 sec 
were performed. The copy number was calculated as described 
previously in reference 41. cDNA values were normalized to 
β-TUBULIN.

Western blot assays were performed as described previously in 
reference 30. For IP-WB, cell lysates were incubated overnight at 
4°C with 2 μg of antibody followed by adding 20 μl of Protein G 
beads (Sigma) for additional 4 h incubation. After washing with 
low salt buffer (10 mm TRIS-HCl, pH 7.9, 100 mm NaCl, 0.1% 
Nonidet P-40), proteins were eluted into protein loading buffer, 
followed by protein gel blot analysis.

Affinity purification, sample processing and tandem mass 
spectrometry were performed essentially as previously described 
in reference 30. Bottom-up shotgun sequencing of tryptic peptide 
mixtures was performed on an Orbitrap Velos mass spectrometer 
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