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Cyclin T1, together with the kinase CDK9, is a component of the transcription elongation factor P-TEFb
which binds the human immunodeficiency virus type 1 (HIV-1) transactivator Tat. P-TEFb facilitates tran-
scription by phosphorylating the carboxy-terminal domain (CTD) of RNA polymerase II. Cyclin T1 is an
exceptionally large cyclin and is therefore a candidate for interactions with regulatory proteins. We identified
granulin as a cyclin T1-interacting protein that represses expression from the HIV-1 promoter in transfected
cells. The granulins, mitogenic growth factors containing repeats of a cysteine-rich motif, were reported
previously to interact with Tat. We show that granulin formed stable complexes in vivo and in vitro with cyclin
T1 and Tat. Granulin bound to the histidine-rich domain of cyclin T1, which was recently found to bind to the
CTD, but not to cyclin T2. Binding of granulin to P-TEFb inhibited the phosphorylation of a CTD peptide.
Granulin expression inhibited Tat transactivation, and tethering experiments showed that this effect was due,
at least in part, to a direct action on cyclin T1 in the absence of Tat. In addition, granulin was a substrate for
CDK9 but not for the other transcription-related kinases CDK7 and CDK8. Thus, granulin is a cellular protein
that interacts with cyclin T1 to inhibit transcription.

Human cyclin T1 is a component of positive transcription
elongation factor b (P-TEFb) and plays a key role in the acti-
vation of human immunodeficiency virus type 1 (HIV-1) tran-
scription by the viral protein Tat (trans-activator of transcrip-
tion). Cyclin T1 was first isolated as a Tat-binding protein (61)
and an orthologue of Drosophila cyclin T (39, 46, 47). P-TEFb
contains cyclin T1 and the cyclin-dependent kinase CDK9.
This kinase phosphorylates the carboxy-terminal domain
(CTD) of the large subunit of RNA polymerase II, thereby
facilitating the transition of polymerase II into a productive
elongation mode (22, 43, 44, 48–50, 55, 70). The stimulation by
Tat of HIV-1 transcriptional elongation and replication is de-
pendent on P-TEFb that contains functional CDK9 and cyclin
T1 (9, 11).

CDK9 also associates with two additional related cyclins,
T2a and T2b, which share their first 642 amino acids. Cyclin
T2-CDK9 complexes phosphorylate polymerase II but do not
participate in HIV transactivation. The cyclin boxes in the
N-terminal regions of cyclins T1 and T2 are 81% identical,
while their C-terminal regions are less conserved (47). In spite
of this high degree of identity, Tat fails to bind to the T2 cyclins
because they lack a crucial cysteine residue at position 261 (14,
62). This cysteine is in the Tat-TAR recognition motif of hu-
man cyclin T1 that is necessary for its interactions with Tat and
TAR, the transactivation response element in the 5� untrans-

lated region of all HIV-1 mRNAs (for a review, see reference
26).

The activity of the ternary complex P-TEFb-Tat-TAR is
modulated by multiple interactions among its components (10,
13, 22, 68). Furthermore, cyclin T1 and CDK9 are present in
large complexes (50), suggestive of additional regulatory func-
tions. Besides CTD phosphorylation and CDK9 autophosphor-
ylation, the cyclin T1-CDK9 complex can also phosphorylate
cyclin T1, Tat-SF1, and human SPT5 in vitro (13, 28). SPT5 is
a component of human DSIF (composed of human SPT4 and
human SPT5) which, together with the negative elongation
factor NELF, inhibits elongation by polymerase II. This inhi-
bition is relieved by phosphorylation of the polymerase II CTD
by P-TEFb (58, 59, 65). SPT5 and SPT6 are also associated
with the elongating polymerase, and SPT5 has a positive role in
Tat transactivation in vitro (16, 25). Thus, P-TEFb is a pivotal
regulator of transcription elongation, which is reflected in its
structure.

The cyclin T family contains the longest cyclins known to
date, about twice the size of cyclins C and H that are also
involved in transcription. Most of the expansion appears to be
in the proteins’ C-terminal region. This region harbors a few
consensus sequences and structural motifs (Fig. 1A) but for the
most part is devoid of recognizable domains identified with
distinct functions. On the premise that the C-terminal region is
likely to interact with cellular regulatory proteins, possibly in-
cluding some that participate in Tat transactivation, we carried
out a yeast two-hybrid screen with cyclin T1 as the bait (T. M.
Young, T. Pe’ery, and M. B. Mathews, submitted for publica-
tion). One clone isolated from this screen was a cDNA corre-
sponding to part of a growth factor known as granulin. Re-
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markably, Trinh et al. recently found that a portion of granulin
is able to bind Tat in Saccharomyces cerevisiae and in vitro (57).

Granulin was originally purified as a growth factor from
conditioned tissue culture medium (64, 69). The protein con-
tains seven and a half repeats of a cysteine-rich motif in the

order P-G-F-B-A-C-D-E (where P is the half motif). Several of
these repeat units have been isolated from tissue culture me-
dium, blood, and urine as approximately 6-kDa peptides
known as granulins or epithelins, and some of them are indi-
vidually biologically active (for a review, see reference 4). Most
of its biological activities are attributed to full-length granulin
(also termed granulin/epithelin precursor [GEP], progranulin,
acrogranin, and PC cell-derived growth factor [PCDGF]). For
example, GEP secreted by murine teratoma-derived PC cells
acts as an autocrine growth factor for the producing cells (67,
69). GEP produced by murine BRL-3A cells is sufficient to
support the growth of 3T3 cells null for the type 1 insulin-like
growth factor receptor in serum-free medium, and no other
growth factor by itself can stimulate the growth of these cells
(66).

High levels of granulin expression are found in several can-
cers (7, 32, 33). Overexpression of granulin has been linked to
the growth and tumorigenicity of human breast carcinomas
(34, 36) and to the acquisition of estrogen independence by
estrogen receptor-positive breast cancer cells (35). Granulin
was also isolated from sperm acrosomes (1, 2) and regulates
blastocyst formation in preimplantation mouse embryos (6).
Despite these strong connections with cancer and growth con-
trol, granulin’s mode of action is not well understood.

We show here that granulin is present intracellularly and
interacts specifically with cyclin T1. These interactions are de-
tected in S. cerevisiae, in vitro, and in cell culture. The histi-
dine-rich domain of cyclin T1, which is conserved among the
human, mouse, and equine species and has recently been
shown to interact with polymerase II (56), is necessary and
sufficient for granulin binding. Granulin binds to intact P-
TEFb from human cell extracts and serves as a substrate for
the CDK9-cyclin T1 complex, but prevents P-TEFb from phos-
phorylating the CTD. Accordingly, granulin inhibits Tat trans-
activation in human T cells and 3T3 cells supplemented with
human cyclin T1. Granulin also binds to the activation domain
of HIV-1 Tat in S. cerevisiae, in vitro, and in human cells, but
this interaction is dispensable for granulin’s effect on transac-
tivation of the viral promoter. Thus, granulin is a unique cel-
lular protein that interacts with two transcription elongation
regulators, P-TEFb and HIV-1 Tat, and modulates transcrip-
tion elongation by binding to cyclin T1. These data suggest that
it plays a role in regulating transcription elongation in both
uninfected and infected cells.

MATERIALS AND METHODS

Cell lines and culture. CEM and U937 cells were obtained from the American
Type Culture Collection (Manassas, Va.), while 293T, 3T3, MCF-7, Daudi, and
COS7 cell lines were from our laboratory stocks. Suspension cultures (U937,
CEM, and Daudi cells) were maintained in RPMI 1640 medium (Invitrogen Life
Technologies, Carlsbad, Calif.) supplemented with 2 mM L-glutamine and 10%
fetal bovine serum (Sigma-Aldrich, St. Louis, Mo.). Adherent cell lines (293T,
3T3, COS7, and MCF-7) were maintained in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% fetal bovine serum.

Plasmids and plasmid construction. The plasmids pGBT9, pGAD GH, and
pACT2 and the S. cerevisiae strain CG1945 for yeast two-hybrid system experi-
ments were from Clontech Laboratories Inc. Truncated versions of cyclin T1
were cloned into the S. cerevisiae vector pGBT9, and cyclin T1 amino acids 1 to
708 [cyclin T1(1-708)] was also cloned into pGAD GH to confirm the interac-
tions. Full-length CDK9 was cloned into pACT2. GrnCDE and GEP were also
cloned into pGBT9. Plasmids for the expression of glutathione S-transferase
(GST) fusion proteins were the full-length cyclin T1 [T1(1-726)] from K. A.

FIG. 1. Granulin interacts with cyclin T1. (A) Schematic represen-
tation of granulins. (B) GrnCDE and GEP binding to GST-cyclin T1.
35S-labeled GrnCDE and GEP (lanes 1 and 5) were synthesized in
vitro and pulled down by GST-cyclin T1 (lanes 3 and 7) but not by GST
or GST-CDK9 (lanes 2 and 6 and 4 and 8, respectively). GST-CDK9
pulled down 35S-labeled, in vitro-synthesized cyclin T1 (lane 10).
Bound proteins were separated in SDS-polyacrylamide gels, and the
gels were subjected to autoradiography. Lanes 1, 5, and 9 contained
10% of the input labeled proteins. (C) Mapping the domain of cyclin
T1 that interacts with granulin by yeast two-hybrid (Y2H) analysis with
deleted forms of cyclin T1. Beneath the schematic representation of
cyclin T1, the horizontal lines indicate the regions tested for interac-
tion with GrnCDE. Interactions are indicated by � in the column on
the right; * signifies that the result was confirmed with GEP. TRM.
Tat-TAR recognition motif.
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Jones (61) and the C-terminal truncations T1(1-250), T1(1-300), T1(1-479), and
T1(1-555) from B. M. Peterlin (12). Plasmids for expression in mammalian cells
were pcDNA3-HATatWT from B. M. Peterlin (12), pLTR-luciferase (firefly),
GST–cyclin T1(402-726) and GST–cyclin T2a(440-633) from D. H. Price (47),
and GST-CDK9 from A. Giordano (15).

The GST-cyclin T1 deletion mutants T1(480-570), T1(480-530), T1(501-530),
and T1(501-570) were constructed by PCR amplification of the corresponding
cyclin T1 sequences followed by ligation into pGEX-4T-3 (Promega). Plasmids
containing GST-Tat72, GST-Tat48, GST-Tat86, and GST-Tat86C22G were ob-
tained from the AIDS Research and Reference Reagent Program, National
Institutes of Health. The plasmid encoding GST-CTD (containing the 52 repeats
from murine RNA polymerase II) was from J. L. Manley (19). The GrnCDE,
GrnPGFBA, and GrnC sequences were cloned into the bacterial expression
vector pGEX-4T-3, into the mammalian expression vector pFLAG-CMV-2 (Sig-
ma), and into the S. cerevisiae vector pGBT9. The plasmid pcDNA3-PCDGF
(encoding full-length human granulin) for expression in mammalian cells was
described before (34). GEP was cloned into the S. cerevisiae vector pGAD GH
and the mammalian expression vector pFLAG-CMV-2.

To construct the different fused enhanced green fluorescent protein (EGFP)-
granulin vectors, EGFP sequence (from pBI-EGFP; Clontech) was first cloned
into pcDNA3.1(�). GrnCDE and GrnDE were subcloned C-terminally to the
EGFP, and GEP was subcloned N-terminally to the EGFP. pRFP-cyclinT1(1-
708) was generated by PCR amplification and cloning into the pDSRed1-C1
vector (Clontech). Tat72 under the control of the Rous sarcoma virus (RSV)
promoter and pRSV-luciferase (Renilla) were constructed by S. M. Reza (50a).
The PCNA-luciferase (firefly) plasmid contains the promoter (�560 to �60) of
the proliferating cell nuclear antigen gene (41) and was provided by T. W.
Reichman in our laboratory. Gal4-cyclin T1, Gal4-CDK9, and G5-HIV-lucif-
erase were from L. Lania (37). For in vitro transcription and translation,
GrnCDE was subcloned into the expression vector pRSETA. All constructs used
in this study were confirmed by sequencing.

Yeast two-hybrid interactions. Yeast two-hybrid screens were performed ac-
cording to the Match Maker Gal4 two-hybrid user manual (Clontech). Briefly,
cyclin T1 (amino acids 1 to 708) was cloned into the Gal4 binding domain
(BD)-containing vector pGBT9 and used as the bait to screen the HeLa cDNA
library (Clontech) contained in the Gal4 activation domain (AD) vector pGAD-
GH. Interactions of the bait with prey proteins resulted in growth on selective
medium and �-galactosidase expression. �-Galactosidase assays were performed
according to the manufacturer’s instructions (Clontech). Positive clones were
identified by sequencing.

Expression and purification of GST fusion proteins. Escherichia coli strain
BL21(DE3) was transformed with recombinant GST fusion protein-expressing
plasmids. Overnight cultures (grown at 37°C) were diluted 100-fold in Luria-
Bertani (LB) medium containing 50 �g of ampicillin per ml and grown for 3 to
4 h until the A600 reached 0.6. Cells were induced with 0.1 mM isopropylthio-
galactopyranoside (IPTG) and grown for an additional 4 h at 30°C for GST and
GST-GrnCDE and 15 h at 15°C for GST-CTD. Bacterial pellets were washed
twice with phosphate-buffered saline, and the cells were lysed in 5 volumes of
EBCD buffer (50 mM Tris [pH 8.0], 120 mM NaCl, 0.5% NP-40, 5 mM dithio-
threitol [DTT]) containing 2 mg of lysozyme per ml, 0.1 mM phenylmethylsul-
fonyl fluoride, and 1 �g each of leupeptin, pepstatin A, and antipain per ml.
After sonication and 20 min of centrifugation (13,000 rpm, 4°C), the clear
supernatants were collected and stored at �80°C.

Bacterial extracts containing GST or GST-GrnCDE were mixed with gluta-
thione-Sepharose beads (Amersham Pharmacia Biotech AB) and equilibrated in
EBCD buffer. The bound proteins were washed five times with EBCD containing
0.03% sodium dodecyl sulfate (SDS), followed by two washes with 50 mM Tris
(pH 7.6) and 5 mM DTT, and eluted with 10 mM glutathione diluted in the same
buffer. Eluted proteins were dialyzed against buffer containing 50 mM Tris (pH
7.6) and 1 mM DTT. After dialysis, MgCl2, MnCl2, and DTT were added to final
concentrations of 4 mM, 5 mM, and 5 mM, respectively. Protein concentrations
were determined by comparison with known amounts of bovine serum albumin
(fraction V; Sigma) after Coomassie blue staining in denaturing 15% polyacryl-
amide gels (30%:0.15% acrylamide/bisacrylamide).

In vitro binding assay. GrnCDE and GEP were synthesized with the in vitro
TNT quick coupled transcription and translation systems (Promega). We mixed
10 �l of in vitro-synthesized [35S]methionine-labeled GrnCDE or [35S]methi-
onine-labeled GEP with GST or GST fusion proteins bound to glutathione-
Sepharose beads and incubated them for 2 h at 4°C with gentle rocking. The
beads were washed extensively in EBCD plus 0.03% SDS, denatured, and re-
solved in denaturing 15% polyacrylamide gels. 35S-labeled proteins were de-
tected by autoradiography. The amounts of GST and GST fusion proteins used
in the GST pulldown assays were approximately the same.

Preparation of WCE. For preparation of whole-cell extracts (WCE), cells were
grown to 100% confluency in 100-mm tissue culture dishes or in suspension to a
density of 106 cells/ml and washed twice with 10 ml of phosphate-buffered saline
(minus calcium and magnesium). Cells were then lysed in 1 ml of EBC buffer
containing 1 mM DTT, 1 mM sodium vanadate, 0.1 M phenylmethylsulfonyl
fluoride, and 1 �g of each of leupeptin, pepstatin A, and antipain per ml. After
30 min of incubation on ice, the cell lysate was sonicated for 10 s (medium
frequency) to homogenize the suspension. Clear supernatants were collected
after centrifugation in an Eppendorf centrifuge (15 min, 13,000 rpm at 4°C) and
stored at �80°C.

Kinase assays. Tat-associated kinase (TAK) assays were described earlier
(70). The substrates used in the TAK assays were CTD4 (four repeats of the
heptamer YSPTSPS), purified GST-GrnCDE, or purified GST. To study
GrnCDE-associated kinase activity, cell extract was mixed with GST-GrnCDE
bound to glutathione-Sepharose beads. After 2 h of incubation at 4°C with
rocking, the beads were washed extensively with EBCD buffer containing 0.03%
SDS, followed by washing with TKB buffer (50 mM Tris-HCl [pH 7.6], 5 mM
DTT, 4 mM MgCl2, 5 mM MnCl2). The kinase reaction was performed in the
presence of 2 �M ATP and 10 �Ci of [�-32P]ATP at 25°C for 40 min. The
proteins were denatured and resolved in denaturing 15% polyacrylamide gels.
32P-labeled proteins were detected by autoradiography.

Immunoprecipitation and kinase assays. Protein A- or protein G-Sepharose
beads (10 �l) equilibrated in EBCD buffer were mixed with 1 �g of anti-CDK9,
1 �g of anti-CDK8, or 1 �g of anti-CDK7 (anti C-terminal peptide polyclonal
antibodies; Santa Cruz Biotechnology). After 1 h of incubation, beads were
washed once in EBCD, mixed with 100 �g of cell extract, and incubated for 2 h
at 4°C with rocking. The unbound proteins were washed extensively in EBCD
containing 0.03% SDS, followed by equilibration in TKB. Kinase reaction mixes
were incubated with 1 �g of purified GST, GST-GrnCDE, or GST-CTD at 25°C
for 40 min as described before (49). We used 10 �M DRB (5,6-dichloro-1-�-D-
ribofuranosylbenzimidazole; Sigma) as the kinase inhibitor (70).

Immunodepletion. Immunodepletion was performed with CDK9 antibody
(Santa Cruz Biotechnology) as described previously (70). The proteins were
depleted from 293T cell extract, and EBCD buffer was used for binding and
washing.

Coimmunoprecipitation. 293T cells (8 � 106) were transfected with 5 �g of
each plasmid using Lipofectamine (Invitrogen) according to the manufacturer’s
instructions. Cells were harvested at 24 h posttransfection and lysed in 1 ml of
EBCD containing 0.1 mM phenylmethylsulfonyl fluoride, plus 1 �g each of
pepstatin, leupeptin, and antipain per ml. Extracts were cleared and supernatants
were collected after 15 min of centrifugation at 4°C (Eppendorf, 13,000 rpm).
Antibody (1 �g) was bound to protein A-Sepharose or protein G-Sepharose by
incubation at 4°C for 2 h with rocking. The conjugates were mixed with cell
extract (100 �g of protein) and incubated overnight at 4°C with rocking. Un-
bound proteins were removed by extensive washing with EBCD buffer containing
0.03% SDS. Protein complexes bound to the conjugated antibody were separated
by denaturing polyacrylamide gel electrophoresis and subjected to immunoblot-
ting. Daudi cells were grown to 106 cells/ml, and WCE were prepared as above.
Immunoprecipitates from 1 mg of WCE were washed exhaustively with EBCD to
remove unbound proteins.

Western blot analysis. Immunoblotting was performed as described previously
(50). Anti-FLAG M2 monoclonal antibody was obtained from Sigma, anti-HA
rabbit polyclonal antibody was from Santa Cruz Biotechnology, and anti-GEP
rabbit polyclonal antibody was from G. Serrero (34).

Localization of granulin and cyclin T1. Intracellular localization of cyclin T1
and GrnCDE, GEP, and GrnDE was carried out in COS7 cells. Cells were grown
on collagen-coated coverslips in tissue culture plates to a confluency of 30 to 40%
and transfected with the indicated plasmids with Cytofectene (Bio-Rad) accord-
ing to the manufacturer’s instructions. The expression and localization or colo-
calization of the fluorescent label-tagged proteins were directly analyzed under a
Nikon PCM 2000 confocal microscope. Digital images were processed with
Adobe Photoshop.

Transfection and luciferase assays. CEM and U937 cells (107 cells in 250 �l of
RPMI without serum) were transfected by electroporation with a Bio-Rad Gene
Pulser at 960 �F and 250 V. The DNA amounts of all the plasmids were
equalized with pUC19 DNA. After electroporation, cells were transferred into
plates containing 10 ml of complete RPMI. Cells were harvested after 20 h of
transfection and lysed in 1 ml of 1� Promega lysis buffer. MCF-7 and 3T3 cells
(3 � 105 cells) were transfected with Lipofectamine. After 20 h, the cells were
harvested and lysed as above. Luciferase assays were performed with the Pro-
mega dual luciferase reporter system according to the manufacturer’s instruc-
tions.
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RESULTS

Human cyclin T1 interacts with granulin. As an approach to
the identification of cellular components that might regulate
cyclin T1, we used the yeast two-hybrid system to screen for
cyclin T1-interacting proteins. Cyclin T1 lacking its C-terminal
PEST sequence (amino acids 1 to 708; Fig. 1C), which is
required for CDK9 degradation (27), was cloned into a vector
containing the GAL4 binding domain (BD) to form the fusion
protein GAL4BD-T1. The PEST sequence was deleted to
avoid the possibility that it would destabilize the cyclin T1
fusion protein in S. cerevisiae.

The ability of the fusion protein to interact with CDK9 fused
to the GAL4 activation domain (AD) in S. cerevisiae cells was
confirmed and served as a positive control in all yeast two-
hybrid experiments (Table 1). Only S. cerevisiae cells that carry
vectors expressing interacting proteins grow on medium lack-
ing leucine, tryptophan, and histidine and produce the enzyme
�-galactosidase. A standard positive control was provided by
the interaction between p53 and simian virus 40 T antigen.
Negative controls were vectors that lacked a GAL4-fused gene
or encoded the irrelevant “sticky” protein lamin C.

The cyclin T1 construct was used as a bait to screen a HeLa
cDNA library linked to the GAL4 AD. Among the clones
isolated, a polypeptide that interacts strongly with cyclin T1 (as
determined by �-galactosidase activity levels) was found to be
expressed from a partial cDNA sequence derived from the
growth factor granulin. The 251 granulin residues encoded in
the clone encompassed the protein’s C-terminal portion (ami-
no acids 342 to 593) and contained the C, D, and E granulin
repeats. This segment is referred to as GrnCDE, and full-
length granulin is referred to as GEP (Fig. 1A). Interaction was
maintained when the fused proteins and GAL4 domains were
exchanged (i.e., GAL4BD-GrnCDE and GAL4AD-cyclin T1).
GEP, 593 amino acids long and composed of seven and one-
half repeats of the cysteine-rich granulin motif (Fig. 1A), in-
teracted with cyclin T1 in the yeast two-hybrid system (Table
1). The N-terminal portion of GEP, GrnPGFBA, also inter-
acted, but the isolated C repeat (GrnC) did not (Table 1, Fig.
1A).

Since CDK9 is the kinase partner of cyclin T1, we tested
whether GrnCDE could interact with CDK9. No such interac-
tion was detected in the yeast two-hybrid system (Table 1). On
the other hand, the HIV-1 protein Tat, which binds cyclin T1,
also interacted with GEP, GrnCDE, and GrnPGFBA in the
yeast two-hybrid system but not with GrnC. As expected, Tat
did not interact with CDK9 (Table 1).

To verify the interactions between full-length cyclin T1 and
granulin in vitro, we performed GST pulldown assays (Fig.
1B). 35S-labeled GrnCDE (lane 1) and GEP (lane 5) were both
pulled down by GST-cyclin T1 (lanes 3 and 7) but not by GST
alone (lanes 2 and 6) or GST-CDK9 (lanes 4 and 8). In this
assay, GST-CDK9 pulled down 35S-labeled cyclin T1 (lane 10),
as expected. These results confirm that granulin interacts spe-
cifically with cyclin T1 but not with CDK9.

Mapping of granulin-binding domain within cyclin T1. The
human cyclin T1 cDNA used as the bait in the yeast two-hybrid
screen contains several defined domains and sequences that
could participate in granulin binding (Fig. 1C). These include
a cyclin domain (amino acids 1 to 254) homologous to that of
other cyclins, the adjacent Tat-TAR recognition motif (amino
acids 254 to 272), which also includes a potential nuclear lo-
calization signal, a potential coiled-coil region (amino acids
384 to 425), a histidine-rich domain (His; amino acids 506 to
530), and a serine-rich sequence (Ser; amino acids 560 to 570).

To identify regions of cyclin T1 that interact with granulin,
we constructed a series of C-terminal and N-terminal trunca-
tions of cyclin T1 that could be expressed in S. cerevisiae and
tested them in the yeast two-hybrid system. The results, sum-
marized in Fig. 1C, showed that C-terminal truncations con-
taining amino acids 1 to 288 and 1 to 418 did not bind to
GrnCDE, indicating that the cyclin domain, Tat-TAR recog-
nition motif, and part of the coiled-coil region are not sufficient
for binding. Correspondingly, the N-terminal truncations 229
to 708 and 364 to 708 retained GrnCDE-binding activity, con-
firming that the cyclin domain and the Tat-TAR recognition
motif are not important for binding. On the other hand, the
C-terminal truncation 1 to 573 interacted with GrnCDE, while
the complementary N-terminal truncation, amino acids 573 to
708, did not bind. These data indicate that the region of cyclin
T1 (amino acids 364 to 573) that contains the coiled-coil and
His-rich domains is important for binding.

To determine whether both of these elements are necessary
for the interaction, we constructed a deletion mutant, amino
acids 415 to 573, which lacked most of the coiled-coil region
but contained the intact His-rich domain and surrounding se-
quences. This region was sufficient for GrnCDE binding. Fur-
ther deletion constructs (amino acids 480 to 570 and 480 to
530) fully excluded the involvement of the coiled-coil region
and localized the binding activity to residues 480 to 530. Sim-
ilar data were obtained with GEP, indicating that the region of
cyclin T1 that interacts with granulin includes its His-rich do-
main (amino acids 506 to 530).

Cyclin T1’s histidine-rich domain is necessary and sufficient
for granulin binding. Similar cyclin T1 truncations were pro-
duced as GST fusion proteins (Fig. 2A). In keeping with the
observations made in S. cerevisiae, 35S-labeled GrnCDE was
pulled down only when the His-rich domain and its surround-
ings were included in the GST-cyclin T1 deletion construct
(Fig. 2B, lanes 3 to 9). To further narrow down the region

TABLE 1. Interaction of human cyclin T1 and
HIV-1 Tat with granulin

Gal4 BD
fusion Gal4 AD fusion Growth �-Galactosidase

activity

None None � �
Cyclin T1 CDK9 � �
p53 Simian virus 40 T antigen � �
Lamin C GrnCDE � �

Cyclin T1 GrnCDE � �
GrnCDE Cyclin T1 � �
Cyclin T1 GEP � �
Cyclin T1 GrnPGFBA � �
Cyclin T1 GrnC � �
GrnCDE CDK9 � �

Wild-type Tat72 GrnCDE � �
Wild-type Tat72 GEP � �
Wild-type Tat72 GrnPGFBA � �
Wild-type Tat72 GrnC � �
Wild-type Tat72 CDK9 � �
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responsible, additional cyclin T1 deletions were made around
the His-rich domain. Pulldown experiments with labeled
GrnCDE (lanes 12 to 15) refined the binding site on cyclin T1
to between amino acids 501 and 530 (lane 13), which contain
the His-rich stretch (amino acids 517 to 526). The sequence
THPSNH5NHHSH is absolutely conserved among the mouse,
horse, and human cyclin T1 proteins. Human cyclin T2, how-
ever, contains the sequence HPSSRHHTSSHKHSHSHS,
which has fewer histidine residues overall and no uninter-
rupted run of more than two histidines. When tested in a
pulldown assay with 35S-labeled GrnCDE, GST-cyclin T2a
(440-663) interacted only weakly relative to the C-terminal
domain of cyclin T1 (Fig. 2C, compare lane 4 with lanes 2 and
3). Since the two cyclins are largely homologous, this observa-

tion supports the inference that the His-rich domain of cyclin
T1 is required for binding to granulin.

For direct evidence, we synthesized a peptide of 20 residues
corresponding to amino acids 511 to 530 of cyclin T1 (Fig. 3A).
When added together with 35S-labeled GrnCDE, this peptide
efficiently competed for binding to GST-cyclin T1 (Fig. 3B, left
panel). Increasing amounts of the peptide progressively de-
creased the amount of GrnCDE that was pulled down by the
fusion proteins GST-cyclin T1(480-570) and GST-cyclin
T1(501-530). It did not compete effectively with GrnCDE
binding to the HIV-1 Tat activation domain (Fig. 3B, right
panel). The mutant peptide 7H-7A, in which seven of the
histidine residues at the core of the His peptide were changed
to alanines, failed to compete (Fig. 3C). A truncated version of

FIG. 2. Granulin binds to the His region of cyclin T1. (A) Schematic representation of GST-cyclin T1 constructs (shaded bars) and GST-cyclin
T2a construct (solid bar) used in pulldown assays with GrnCDE. Results (illustrated in parts B and C) are summarized in the column on the right.
(B) In vitro-synthesized 35S-labeled GrnCDE was pulled down by GST fusions with full-length or truncated cyclin T1 as indicated. (C) Comparison
of GrnCDE pulldowns by GST fusions with the C-terminal regions of cyclin T1 and cyclin T2a. Bound proteins were separated and detected as
in Fig. 1.
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the wild-type peptide (amino acids 516 to 525) that contained
the seven histidine residues but lacked flanking sequences,
competed very inefficiently (Fig. 3C). We conclude that granu-
lin binds specifically to the 20 amino acids comprising the
His-rich domain of cyclin T1 and that the series of seven
histidines within it, as well as flanking residues, participate in
the interaction.

P-TEFb interacts with granulin in vivo. Most of the cyclin
T1 in HeLa cell nuclear extracts is bound to CDK9 in the
P-TEFb complex (47). To determine whether GEP interacts
with P-TEFb in human cells, we expressed GEP or FLAG-
tagged GrnCDE proteins in 293T cells and conducted sequen-
tial immunoprecipitation and immunoblotting analyses. WCE
prepared from transfected and mock-transfected cells were
probed with antibody against GEP, which detected an intact
�70-kDa protein, or with anti-FLAG antibody, which detected
GrnCDE migrating at �30 kDa (Fig. 4A). GEP was detected
in transfected cells at least until 72 h posttransfection, but no
endogenous GEP was detected in untransfected cells, suggest-
ing that the level of this protein in these cells is low (data not
shown). Extracts prepared from mock-transfected cells or cells
overexpressing GEP were immunoprecipitated with anti-cyclin
T1 antibody, and the resulting complexes were probed with
anti-GEP and anti-CDK9 antibodies (Fig. 4B). Complexes

from overexpressing cells gave a strong GEP signal (lane 2),
and a weak signal was visible in the immunoprecipitate from
mock-transfected cells (lane 3). CDK9 was present in both
cases, as expected. Neither protein was detectable in control
immunoprecipitates with anti-CDK8 (lane 4). Thus, granulin is
present in cells in complexes with cyclin T1.

To determine whether granulin forms a complex with intact
P-TEFb containing CDK9 as well as cyclin T1, cells were trans-
fected with FLAG-tagged GrnCDE. Immunoblotting con-
firmed the presence of all three proteins, FLAG-GrnCDE,
endogenous cyclin T1, and CDK9, in the extracts (Fig. 4C, lane
1). Anti-FLAG antibody coimmunoprecipitated cyclin T1 and
CDK9 from transfected cell extracts (lane 2) but not from
mock-transfected cell extracts (lane 3). Therefore, cyclin T1
can simultaneously bind both GrnCDE and CDK9, implying
that granulin interacts with P-TEFb in vivo. In case these data
resulted from the expression of exogenous tagged proteins, we
repeated the coimmunoprecipitation experiments with un-
transfected Daudi cells. These cells express higher levels of
GEP than HeLa, 293T, 3T3, or U937 cells (data not shown).
Anti-cyclin T1 precipitated GEP from Daudi cell extracts (Fig.
4D), and reciprocally, anti-GEP antibody precipitated cyclin
T1 (Fig. 4E). Complexes precipitated with anti-GEP also con-

FIG. 3. Effect of His region peptides on granulin-cyclin T1 interactions. (A) Sequences of the 20-amino-acid His peptide that corresponds to
residues 511 to 530 of human cyclin T1 and contains the His-rich sequence; the 7H-7A peptide, in which seven histidine residues were changed
to alanines; and the 10-amino-acid peptide containing residues 516 to 525. The peptides were chemically synthesized. (B) Increasing amounts of
His peptide 511 to 530 inhibited the binding of 35S-labeled, in vitro-synthesized GrnCDE to the His-rich domain in GST-cyclin T1(480-570) or
GST-cyclin T1(501-530) (left panel) but did not inhibit the binding of GrnCDE to GST-Tat48	 (right panel). (C) Increasing amounts of His
peptide 511 to 530 or the peptides 7H-7A or 516 to 525 were added, together with 35S-labeled, in vitro-synthesized GrnCDE, to GST-cyclin
T1(501-530) beads.
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tained CDK9 (Fig. 4E), confirming that granulin binds to P-
TEFb in vivo.

Colocalization of granulin and cyclin T1. Granulin is made
with a signal sequence for export and is known to be a secreted
protein (69), so it was surprising to find it coprecipitating with
cellular proteins from cell extracts. However, secreted proteins
can be reimported to the cytosol from the endoplasmic retic-
ulum (51) or by receptor-ligand internalization, and there are
precedents for intracellular proteins doubling as cytokines
(60). We therefore examined the distribution of GEP,
GrnCDE, GrnDE, and cyclin T1 in living cells by confocal
microscopy with fluorescently tagged proteins. Cyclin T1
tagged with red fluorescent protein (RFP) supported Tat
transactivation in 3T3 cells about half as well as untagged
cyclin T1 (data not shown). All three granulins were seen
predominantly in the cytoplasm (Fig. 5A, panels 1 to 3),
whereas RFP-cyclin T1 was predominantly nuclear (panels 4
and 5). In agreement with previous observations made with
either endogenous or fluorescently tagged cyclin T1 (17, 38, 42,
45), RFP-cyclin T1 was present in the nonnucleolar nucleo-
plasm, giving a dotted pattern. Coexpression of untagged GEP
led to a dramatic shift in the distribution of RFP-cyclin T1 into
the cytoplasm (panel 6), consistent with a biochemical inter-
action in this compartment.

To determine whether granulin and cyclin T1 colocalize
within the cell, the two proteins were coexpressed in tagged
form (Fig. 5B). In the presence of GEP, much of the cyclin T1
moved into the cytoplasm and colocalized there with the GEP
(panels 7). Conversely, when GrnCDE was coexpressed with
cyclin T1, most of the GrnCDE moved into the nucleus and
colocalized with the cyclin T1 (panels 8). Thus, the proteins
colocalized to a considerable extent, and some redistribution
took place within the cell. As a control, we used GrnDE, which
does not interact with cyclin T1 in the yeast two-hybrid assay
(unpublished data). Its distribution was largely cytoplasmic and
was not greatly perturbed by coexpression with cyclin T1, al-
though some overlap was seen with the minority of the cyclin
T1 resident in the cytoplasm (panels 9). These data provide
confirmation of granulin-cyclin T1 interactions in living cells.

Granulin blocks CTD phosphorylation but is a P-TEFb sub-
strate. P-TEFb was initially identified as a Tat-associated ki-
nase that binds tightly to GST-Tat fusion protein and phos-
phorylates the CTD of polymerase II (18, 49). Since granulin
interacts with P-TEFb in cell extracts, it seemed likely that
GST-GrnCDE would also be able to bind P-TEFb from human

FIG. 4. Granulin interacts with P-TEFb in vivo. (A) Immunoblot
(IB) analysis of WCE from 293T cells overexpressing GEP or
GrnCDE. GEP and FLAG-tagged GrnCDE were detected in extracts
of transfected cells but not mock-transfected cells. (B) GEP coimmu-
noprecipitates with cyclin T1. Cyclin T1 complexes were immunopre-
cipitated (IP) from WCE prepared from 293T cells overexpressing
GEP or mock transfected, as indicated (lanes 2 and 3). The immuno-
precipitated complexes were separated in SDS-polyacrylamide gels,
transferred to a membrane, and probed with anti-GEP or anti-CDK9
antibodies by immunoblotting (IB). Controls included unfractionated

WCE (lane 1) and immunoprecipitation with anti-CDK8 (lane 4).
(C) GrnCDE coimmunoprecipitates with CDK9 and cyclin T1. The
immunoprecipitated complexes were probed with anti-FLAG, anti-
CDK9. and anti-cyclin T1 antibodies, as indicated. Complexes contain-
ing GrnCDE, CDK9, and cyclin T1 were detected in extracts from
293T cells overexpressing FLAG-GrnCDE (lane 2) but not from cells
transfected with empty vector (lane 3). (D) Endogenous cyclin T1 and
GEP coimmunoprecipitate. Cyclin T1 complexes immunoprecipitated
from WCE prepared from Daudi cells were probed with anti-GEP as
described in for B. Controls included goat immunoglobulin G and
purified GEP. (E) Endogenous GrnCDE coimmunoprecipitates with
CDK9 and cyclin T1. Complexes were immunoprecipitated with anti-
GEP and probed with anti-cyclin T1 and anti-CDK9 antibodies, as
indicated. Rabbit immunoglobulin G was used as the control.
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cell extracts. Depending on the nature of the interaction, the
resultant complex might have altered ability to phosphorylate
the CTD. Immunoblotting showed that CDK9 was pulled
down by GST-GrnCDE (Fig. 6A, lane 4), albeit less efficiently
than by GST-Tat 48	 (amino acids 1 to 48), which contains the

activation domain of HIV-1 Tat (lane 3). Since granulin inter-
acts directly with cyclin T1 but not with CDK9 (Fig. 1B and
Table 1), this result implies that the GST-GrnCDE complex
contains P-TEFb.

We then examined the kinase activity of the P-TEFb com-

FIG. 5. Intracellular localization of granulins and cyclin T1. (A) EGFP-fused granulins and RFP-fused cyclin T1 were expressed individually
in COS7 cells (panels 1 to 5). The dotted nuclear distribution of cyclin T1 is seen in panel 4, whereas the overexposed image from another cell
shows the presence of cyclin T1 in the nucleoplasm but not in the nucleoli (panel 5). In panel 6, untagged GEP was coexpressed with RFP-fused
cyclin T1. Monochromatic images are shown in each case. (B) Distribution of cyclin T1 and the granulins in cells coexpressing RFP-fused cyclin
T1 with EGFP-tagged GEP, GrnCDE, or GrnDE (panels 7 to 9, respectively). Monochromatic images for EGFP and for RFP and the merged
images are displayed from left to right. Arrows and white dots show the position of the nucleus in individual cells.
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plexes bound to GST-GrnCDE. Surprisingly, these complexes
failed to phosphorylate CTD4 (Fig. 6B, lane 4), a peptide
containing four repeats of the CTD heptad that was phosphor-
ylated efficiently by P-TEFb complexes bound to GST-Tat 48	
(lane 5). Similar results were obtained with different amounts
of the P-TEFb complexes (data not shown). However, a phos-
phorylated band with the mobility of GST-GrnCDE itself was
labeled in reactions containing GST-GrnCDE-bound P-TEFb
complexes irrespective of the presence of the CTD peptide
(lanes 3 and 4). Immunoblotting the gel in Fig. 6B with anti-
body against GST confirmed that the labeled band contained
the GST fusion protein (data not shown). These data indicate
that granulin binds P-TEFb and serves as a substrate for the
bound kinase but inhibits its ability to phosphorylate the CTD4
peptide.

To confirm the phosphorylation of Grn-CDE by CDK9,
P-TEFb was immunoprecipitated with antibody to CDK9 and
used in kinase assays to which purified GST-GrnCDE was
added as a substrate. GST-GrnCDE, like GST-CTD, served as
a substrate for P-TEFb (Fig. 6C, lanes 1 and 5). The His
peptide (511 to 530), which blocked the interaction of cyclin T1
with granulin (Fig. 3B and 3C), also blocked the phosphoryla-
tion of GST-GrnCDE by P-TEFb (Fig. 6C, lanes 3 and 4), as
would be expected. On the other hand, the same peptide did
not affect the phosphorylation of GST-CTD (lanes 7 and 8).
Taube et al. (56) recently reported that the CTD of polymerase
II interacts with the His-rich region of cyclin T1, specifically
amino acids 481 to 551. Our data imply that residues 511 to
530, comprising the core of the His-rich region, are not suffi-
cient for the cyclin T1-CTD interaction, at least in our in vitro
assay.

Specificity of granulin phosphorylation. Like the CTD,
phosphorylation of granulin by P-TEFb was sensitive to the
adenosine analogue DRB, a strong inhibitor of this kinase
(Fig. 6C, lanes 2 and 6). To determine whether other kinases
are capable of phosphorylating granulin, cellular complexes
containing CDK7, CDK8, or CDK9 were immunoprecipitated
with appropriate antibodies (49). The results depicted in
Fig. 7A show that CDK9 complexes phosphorylated GST-
GrnCDE, whereas the CDK7 and CDK8 complexes did not.

We next conducted depletion experiments to determine
whether this substrate can be phosphorylated by other cellular
kinases. If GST-GrnCDE is phosphorylated only by CDK9,
removal of CDK9 complexes from cell extracts should elimi-
nate GST-GrnCDE phosphorylation. Depletion of CDK9
from 293 cell extracts by anti-CDK9 antibody removed nearly
all of this protein, while the amounts of CDK7 and CDK8 were
unchanged (Fig. 7B). Quantitation of the immunoblots re-
vealed that the depleted extracts contained almost 100-fold
less CDK9 than the undepleted extracts (data not shown). Like
the CTD, GST-GrnCDE is phosphorylated by CDK9 bound to
Tat48	 (i.e., in TAK assays; Fig. 7C, top and middle panels,
respectively). A 50- to 100-fold decrease in the phosphoryla-
tion of both CTD4 and GST-GrnCDE substrates was observed
when the CDK9-depleted extracts were bound to GST-Tat 48	
(Fig. 7C). These data confirm that GST-GrnCDE is phosphor-
ylated by P-TEFb, specifically by CDK9-cyclin T1, the only
P-TEFb complex that binds to Tat. They also show that Tat
binding does not inhibit the phosphorylation of granulin by
P-TEFb.

We also examined the possibility that kinases other than
P-TEFb can bind to granulin and phosphorylate it. The de-

FIG. 6. Effect of granulin binding on kinase activity of P-TEFb. (A) GST-GrnCDE pulls down P-TEFb from 293T cell WCE. Immunoblot (IB)
analysis was performed with anti-CDK9 antibody. CDK9 was detected in complexes bound to GST-GrnCDE (lane 4) and GST-Tat48	 (lane 3)
but not GST alone (lane 2). WCE was used as control for the presence of CDK9 (lane 1). (B) Complexes bound to GST-GrnCDE and GST-Tat48	
were tested in kinase assays in the absence and presence of CTD4 peptide. CTD4 was phosphorylated by GST-Tat48	-bound complexes (lane 5)
but not by GST-GrnCDE-bound complexes (lane 4). GST-GrnCDE was phosphorylated in the absence or presence of CTD4 (lanes 3 and 4).
Neither GST-GrnCDE nor CTD4 was phosphorylated in the absence of WCE (lanes 1 and 2). (C) CDK9 immunocomplexes from 293T WCE
phosphorylated purified GST-GrnCDE (lane 1) or GST-CTD (lane 5). The phosphorylation was inhibited by 10 �M DRB (lanes 2 and 6).
Increasing concentration of His peptide 511 to 530 inhibited the phosphorylation of GST-GrnCDE but not of GST-CTD.
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pleted and control extracts were compared in a GST-GrnCDE
pulldown kinase assay (GrnCDE-associated kinase assay; Fig.
7C, lower panel). Depletion of CDK9 complexes reduced the
level of GST-GrnCDE phosphorylation by at least 10-fold, but
the remaining amount of GST-GrnCDE phosphorylation indi-
cates that an additional kinase(s) may bind to it and recognize
it as a substrate.

Interactions of granulin with Tat. It has been reported that
a truncated form of granulin lacking the first 84 amino acids
and GrnBA (containing repeats B and A) interact with exon 1
of HIV-2 Tat in the yeast two-hybrid system. The cysteine-rich
domains of both HIV-1 and HIV-2 Tat were found to be
essential for this interaction in pulldown assays with GST-
GrnBA (57). In accord with the yeast two-hybrid data shown in
Table 1, GEP and GrnCDE interacted in GST pulldown assays
with full-length HIV-1 Tat72 and Tat86 (Fig. 8A). The Tat
activation domain (GST-Tat48	), containing the Cys-rich do-
main (amino acids 22 to 37), was sufficient for granulin binding
(Fig. 8A, lane 4, and Fig. 3B). To determine whether such
interactions occur in human cells, we cotransfected 293T cells
with FLAG-GrnCDE and hemagglutinin (HA)-Tat72. Com-
plexes immunoprecipitated with antibody to GrnCDE con-
tained Tat (Fig. 8B, lane 4), showing that the proteins can
interact in vivo.

FIG. 7. GST-GrnCDE is phosphorylated by P-TEFb and TAK.
(A) GST-GrnCDE is a substrate for CDK9 but not CDK8 or CDK7.
CDK9, CDK8, and CDK7 immunocomplexes from 293T WCE were
used in kinase assays with purified GST or GST-GrnCDE as the
substrate. (B) Depletion of CDK9 from 293T cell WCE. Immunoblot-
ting (IB) detected only trace amounts of CDK9 in depleted (Dep.)
WCE (upper panel), whereas the levels of CDK7 and CDK 8 remained
the same (middle and lower panels). (C) GST-GrnCDE phosphoryla-
tion is greatly reduced after P-TEFb depletion. After binding to GST-
Tat48	, kinase assays (TAK assays) were conducted with CTD4 pep-
tide (upper panel) or GST-GrnCDE (middle panel) as the substrate.
GST-GrnCDE phosphorylation was also examined after binding to
GST-GrnCDE (GAK assay; bottom panel).

FIG. 8. Granulin interacts with Tat in vitro and in vivo. (A) The Tat
activation domain is sufficient for binding to GEP and GrnCDE. 35S-
labeled, in vitro-synthesized GrnCDE and GEP (upper and lower
panels, respectively) were pulled down by GST-Tat fusion proteins as
indicated. Bound proteins were separated in a denaturing polyacryl-
amide gel and autoradiographed. (B) Tat coimmunoprecipitates with
GrnCDE from 293T cell extracts. GrnCDE complexes were immuno-
precipitated from cells overexpressing FLAG-GrnCDE, FLAG-
GrnCDE together with HA-Tat, or the corresponding empty vectors.
Immunoblot analysis of these complexes with anti-HA antibody de-
tected the presence of Tat in GrnCDE complexes when Tat was co-
expressed with GrnCDE (lane 4) and not when it was expressed with
the empty vector (lane 3).
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Granulin inhibits Tat transactivation. The observations that
granulin binds the His-rich domain of cyclin T1, blocks the
phosphorylation of CTD4 by P-TEFb, and interacts with the
Tat activation domain suggested that it might inhibit Tat trans-
activation. Anticipating that any response would be more
evident in cells that express less endogenous granulin, we
surveyed a series of cell lines for the influence of GEP
overexpression on Tat transactivation (Fig. 9A). Transacti-
vation was monitored by assaying the expression of lucif-
erase under the control of the HIV-1 long terminal repeat.
Tat transactivation was observed in three human cell lines,
U937 (promonocytic), MCF-7 (breast carcinoma), and CEM
(T cell). Cotransfecting a GEP expression vector reduced
transactivation in both MCF-7 and CEM cells, which express
intermediate and low levels of granulin mRNA, respectively,
but had little or no effect on transactivation in U937 cells,
which express relatively high levels of granulin mRNA (5).

The actions of GEP and GrnCDE on basal and Tat-trans-
activated gene expression in CEM cells were compared in the
experiment in Fig. 9B. Tat stimulated transcription from the
HIV-1 promoter by �30-fold, as measured by luciferase ex-
pression. Cotransfection with GEP or GrnCDE reduced the
Tat stimulation by �75%. In contrast, GEP and GrnCDE had
only a small inhibitory effect on the basal expression of firefly
luciferase from the HIV-1 promoter and on Renilla luciferase
expression from the RSV promoter.

Specificity of granulin’s transcriptional effect. Mouse NIH
3T3 cells elicited only a weak response to Tat, as expected (61),
but coexpression of human cyclin T1 allowed a robust trans-
activation which was repressed by GEP (Fig. 9A). These data
are in keeping with the low level of endogenous granulin
mRNA in NIH 3T3 cells (5) and with the involvement of cyclin
T1 in the granulin response. Results of yeast two-hybrid assays
showed that either the N- or C-terminal portion of GEP,
GrnPGFBA and GrnCDE, respectively, can interact with cy-
clin T1, whereas GrnC does not (Table 1). Correspondingly,
GrnPGFBA and GrnCDE both inhibited transactivation me-
diated by cyclin T1 in 3T3 cells were transfected as in Fig. 9A
except that 0.1 �g of RSV-Renilla was included in all cases
(Fig. 9C). There was no effect of GrnCDE on the expression of
firefly luciferase from the human PCNA promoter, which is not
responsive to the exogenous expression of cyclin T1 (Fig. 9D).
We conclude that granulin can selectively repress Tat transac-
tivation in human and mouse cells.

Since granulin also interacts with Tat, we wanted to deter-
mine whether the transcriptional inhibition by granulin re-

quired the presence of Tat. For this purpose, we conducted
transactivation assays in the absence of Tat using a Gal4BD-
cyclin T1 fusion protein to tether cyclin T1 to the HIV-1
promoter via Gal4 binding sites inserted in the reporter con-
struct (37). As shown in Fig. 9D, cotransfection of GEP or
GrnCDE reduced luciferase expression in the absence of Tat.
Similarly, transcriptional activation by tethered CDK9 was also
inhibited by GrnCDE. These findings are consistent with a
direct and specific action of granulin on transcription via its
interaction with cyclin T1.

DISCUSSION

Cyclin T1 is a subunit of the essential transcription factor
P-TEFb as well as the longest cyclin known to date, implying
that it is likely to engage in interactions with numerous regu-
latory proteins. Granulin was identified in a screen for cyclin
T1-interacting proteins. Remarkably, this protein also interacts
with HIV-1 Tat, an established viral cofactor of cyclin T1. We
found that granulin inhibits CTD phosphorylation in vitro as
well as the human cyclin T1-dependent activation of the HIV-1
promoter in vivo, suggesting that it can act as a cellular repres-
sor of transcription elongation. Although it was originally pu-
rified as a growth factor from conditioned medium and its
biological effects were assessed after its addition to tissue cul-
ture medium, granulin also works as a growth factor when
expressed inside cells (35, 66). Our data demonstrate that
granulin is present within cells, whether expressed endog-
enously or from plasmid vectors. These findings suggest a
model in which granulin’s growth-promoting effects are elicited
by repressing the transcriptional elongation of genes involved
in limiting cell growth, such as tumor suppressor genes.

Cyclin T1 interaction with granulin. Since the isolation of
cyclin T1 as a CDK9 partner and Tat-interacting protein, three
other cellular proteins have been identified that bind directly
to the cyclin box (amino acids 1 to 254) of cyclin T1, the major
histocompatibility complex class II transactivator CIITA, the
NF-
B RelA/p65 subunit, and the glucocorticoid receptor in-
teracting polypeptide 1 GRIP-1 (3, 24, 30). Tat binding also
requires the cyclin box in addition to the adjacent Tat-TAR
recognition motif (amino acids 250 to 262) (14). Like the CTD
of polymerase II (56), granulin binds outside this N-terminal
region in the His-rich region. The interaction sites for these
two proteins on cyclin T1 may not be congruent, however, since
the phosphorylation by P-TEFb of granulin is inhibited by the
His-rich peptide (amino acids 511 to 530), whereas CTD phos-

FIG. 9. Inhibition of gene expression by granulin. (A) Effect of GEP on Tat transactivation in different cell types. CEM and U937 cells were
transfected with 4 �g of HIV long terminal repeat-firefly luciferase reporter plasmid, 0.1 �g of RSV-Tat, and 10 �g of CMV-GEP plasmid as
indicated. MCF-7 and 3T3 cells were transfected with 0.1 �g, 0.02 �g, and 2 �g of these plasmids, respectively. Where indicated, 3T3 cell
transfections were supplemented with 0.1 �g of human cyclin T1 (hT1). Each cell type was tested in two or three experiments. Results are the
average of duplicates, with standard errors, expressed relative to the respective controls without Tat. (B) Both GEP and GrnCDE inhibit Tat
transactivation in CEM cells. Transfections were performed as in A except that 1 �g of RSV-Renilla luciferase plasmid was included in all cases
(black bars). (C) Inhibition of Tat transactivation correlates with granulin-cyclin T1 interactions. Mouse 3T3 cells were transfected as in A except
that 0.1 �g of RSV-Renilla luciferase plasmid was included. (D) GrnCDE has no effect on the expression of firefly luciferase from the human
PCNA promoter. 3T3 cells were transfected with 0.1 �g of PCNA-firefly luciferase, 0.1 �g or 0.5 �g of human cyclin T1, and 1 or 2 �g of GrnCDE
as indicated. Results are expressed as the ratio of firefly to Renilla luciferase activity, with standard errors. The value for controls lacking human
cyclin T1 and GrnCDE was set at 100. (E) Inhibition of cyclin T1 function by granulin. NIH 3T3 cells were transfected with 0.1 �g of G5-HIV
luciferase, 0.1 �g of RSV-Renilla, 0.25 �g of Gal4-cyclin T1 or 0.25 �g of Gal4-CDK9, and 1.6 �g of GEP or equimolar amounts of GrnCDE or
empty vector, as indicated.
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phorylation is resistant (Fig. 6C). Granulin interacts directly
with the histidine-rich domain of cyclin T1 (amino acids 501 to
530), but not with the corresponding region of cyclin T2a,
which is less rich in histidine residues (Fig. 2); this suggests that
P-TEFb complexes containing cyclin T2 may not recognize
granulin as a substrate. These findings suggest that the His-rich
region may be a regulatory domain and substrate-binding site
for cyclin T1. Competition experiments indicate that the highly
histidine-rich core of the His-rich peptide (amino acids 516 to
525) is necessary but not sufficient for the interaction.

The mapping of the granulin interaction site has structural
and functional implications. Granulin is a cysteine-rich protein,
containing seven and a half repeats of the consensus sequence
CX5-6CX5CCX8CCX6CCX5CCX5CX5-6C (with the exception
of the G repeat, which has 10 cysteines instead of 12). The
three-dimensional structure of carp granulin 1 (one repeat)
displays a novel superhelix consisting of four stacked �-hair-
pins linked by an axial rod of six disulfide bonds. In its N-
terminal subdomain, granulin shows structural homology with
the N-terminal part of epidermal growth factor and transform-
ing growth factor alpha, which are involved in receptor bind-
ing. The C-terminal subdomain contains the conserved se-
quence CCXDX2HCCP, and it has been suggested to have a
metal binding site and to be involved in regulatory function
(20).

Cysteines and histidines coordinate zinc ions to form struc-
tural elements such as zinc fingers and RING fingers, which
participate in protein-protein interactions that are bridged by
binding to zinc ions (23, 31, 52). In the cyclin T1-granulin
interaction, the His-rich domain of cyclin T1 interacts with
cysteine-rich granulin motifs. We speculate that granulin-cyclin
T1 binding is mediated by zinc ions bridging between cysteines
present in one or more of granulin’s repeats and the polyhis-
tidine stretch of cyclin T1. Such zinc-mediated association be-
tween one protein containing a cysteine-rich region and an-
other containing a histidine-rich sequence could be a novel
general type of protein-protein interaction.

Granulin interaction with Tat. Granulin has also been re-
ported to interact with the mammalian type III hexokinase,
possibly as part of a large multiprotein complex (54), but the
significance of this interaction is unknown. It also binds to Tat,
as shown here (Table 1 and Fig. 8) and previously (57). As with
cyclin T1, the granulin interaction is with the activation domain
of Tat (Fig. 8). Although Tat is not required for granulin’s
inhibitory effect on transcription (Fig. 9E), the possibility that
Tat modulates the transcriptional action of granulin remains to
be explored.

The requirements for granulin binding to Tat and cyclin T1
are similar but not identical. In contrast to the three subunits
in GrnCDE, one unit of granulin, GrnC, is not sufficient to
bind to cyclin T1 or Tat in S. cerevisiae (Table 1), and this
subunit does not inhibit Tat transactivation (Fig. 9C). On the
other hand, although GrnDE fails to interact with cyclin T1, it
does interact with Tat in the yeast two-hybrid system (Fig. 5B
and data not shown). As with cyclin T1, Tat-granulin interac-
tions may be dependant on metal ions. The interaction be-
tween Tat and cyclin T1 in vitro is dependent on zinc, and it
has been suggested that Cys-261 in cyclin T1, which is crucial
for Tat binding to cyclin T1, is involved in Tat binding via a zinc
ion bridge (14, 50). Examination of the binding of zinc to a

Tat-derived peptide (amino acids 21 to 38) led to a structural
model in which five cysteines and one histidine were postulated
to bind to two zinc ions (21). Similarly, the binding of Tat to
granulin might be dependent on the coordinated binding of its
cysteines to zinc ions bridging between cysteines and histidines
in the interacting molecules.

How does granulin inhibit transcription? Granulin’s effect
on transcription correlates with cyclin T1 binding and is at least
partly independent of Tat binding (Table 1 and Fig. 9). Since
granulin binds to intact P-TEFb (Fig. 4), one possible expla-
nation for the transcriptional inhibition is that granulin re-
duces the availability of P-TEFb for Tat binding or transcrip-
tion. This could be accomplished by sequestering P-TEFb or
altering its subcellular distribution, a notion that is supported
by confocal microscopy data (Fig. 5). A second possibility is
that granulin alters the activity of P-TEFb. In contrast to
CIITA, which binds to the same region of P-TEFb as Tat and
therefore competes with Tat for P-TEFb binding, granulin
binds to the histidine-rich domain of cyclin T1 and presumably
allows Tat binding to another surface of P-TEFb at the same
time. Consistent with this view, P-TEFb bound to the Tat
activation domain can phosphorylate GST-GrnCDE, indicat-
ing that a ternary complex can form, at least transiently. When
P-TEFb is bound to GST-GrnCDE, however, there is no de-
tectable phosphorylation of CTD4 (Fig. 6), possibly because of
interference with the binding of the CTD to cyclin T1 (56).
Thus, the interaction of granulin with P-TEFb may block the
activity of CDK9 towards the polymerase II CTD and thereby
inhibit transcription elongation. These findings suggest that
granulin could be a paradigm for natural regulators and phar-
maceuticals that control transcription via P-TEFb.

Granulin phosphorylation. Granulin is phosphorylated by
immunocomplexes containing P-TEFb but not by two other
CTD kinases that are involved in transcription (Fig. 7). This
suggests that granulin may be involved in the transcription
elongation step where P-TEFb is known to function. P-TEFb
also phosphorylates human SPT5, an elongation factor which is
necessary for in vitro Tat transactivation and can enhance Tat
transactivation in vivo (28, 29, 63). In competition experiments,
human SPT5 is phosphorylated more effectively than the GST-
CTD. Similarly, our experiments suggest that granulin may be
a preferred substrate for P-TEFb (Fig. 6), in keeping with the
observation that tightly bound substrates are more readily
phosphorylated by CDK2 (53). The well-studied CDK2-cyclin
A complex interacts stably with its substrates E2F-1 and pRb.
These substrates bind directly to cyclin A, and their binding is
necessary for their recognition as substrates by CDK2 (8, 53).

P-TEFb may not be the only kinase that phosphorylates
granulin, since cell extract depleted of P-TEFb still contained
activity that could associate with GST-GrnCDE and phosphor-
ylate it (Fig. 7C). Hence, granulin may be regulated by multiple
kinases via its phosphorylation on multiple sites. By the same
token, it is conceivable that cyclin T1 binds many more cellular
and viral proteins which can serve as substrates and regulators
of CDK9, as found for other cyclins (40).
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