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Positive transcription elongation factor b (P-TEFb) hyperphosphorylates the carboxy-terminal domain of
RNA polymerase II, permitting productive transcriptional elongation. The cyclin T1 subunit of P-TEFb
engages cellular transcription factors as well as the human immunodeficiency virus type 1 (HIV-1) transac-
tivator Tat. To identify potential P-TEFb regulators, we conducted a yeast two-hybrid screen with cyclin T1 as
bait. Among the proteins isolated was the human I-mfa domain-containing protein (HIC). HIC has been
reported to modulate expression from both cellular and viral promoters via its C-terminal cysteine-rich
domain, which is similar to the inhibitor of MyoD family a (I-mfa) protein. We show that HIC binds cyclin T1
in yeast and mammalian cells and that it interacts with intact P-TEFb in mammalian cell extracts. The
interaction involves the I-mfa domain of HIC and the regulatory histidine-rich region of cyclin T1. HIC also
binds Tat via its I-mfa domain, although the sequence requirements are different. HIC colocalizes with cyclin
T1 in nuclear speckle regions and with Tat in the nucleolus. Expression of the HIC cDNA modulates Tat
transactivation of the HIV-1 long terminal repeat (LTR) in a cell type-specific fashion. It is mildly inhibitory
in CEM cells but stimulates gene expression in HeLa, COS, and NIH 3T3 cells. The isolated I-mfa domain acts
as a dominant negative inhibitor. Activation of the HIV-1 LTR by HIC in NIH 3T3 cells occurs at the RNA level
and is mediated by direct interactions with P-TEFb.

Cyclin T1 is a component of the essential cellular transcrip-
tion elongation factor P-TEFb (positive transcription elonga-
tion factor b), which is required for the transcription of cellular
genes in humans, insects, and nematodes (38). P-TEFb con-
tains cyclin-dependent kinase 9 (CDK9) together with cyclin
T1, T2a, T2b, or K. Initially discovered as a transcription factor
in Drosophila extracts (29), it hyperphosphorylates the car-
boxy-terminal domain (CTD) of RNA polymerase II, resulting
in the transition from abortive to productive elongation. P-
TEFb complexes consisting of cyclin T1 and CDK9 serve as a
human cellular cofactor for the human immunodeficiency virus
type 1 (HIV-1) protein Tat (transactivator of transcription)
(13, 16, 47, 49, 56). The Tat–P-TEFb complex stimulates
HIV-1 transcriptional elongation via interactions with the
TAR (transactivator response) RNA element located at the 5�
ends of nascent viral transcripts. Defects in the Tat–TAR–P-
TEFb axis lead to the abortive termination of most viral tran-
scription; in the presence of this complex, however, there is a
dramatic increase in the generation of full-length viral tran-
scripts.

In support of its role in transcription elongation, immu-
nodepletion of P-TEFb from HeLa nuclear extracts eliminates
both basal and Tat-activated HIV-1 transcription. Supplement-
ing the depleted extract with partially purified wild-type human
P-TEFb, but not a kinase-defective mutant, restores both ac-
tivities (26, 56). Accumulating evidence suggests that P-TEFb
also modulates gene expression by interacting, either directly
or indirectly, with a number of cellular transcription factors.

Examples include the major histocompatibility complex class II
transactivator CIITA (19), NF-�B (1), the p160 coactivator
GRIP1 (21), c-Myc (6, 7), FBI-1 (35), Pur � (5), Tat-SF1 (9),
the androgen receptor (23), granulin (17), and the CTD itself
(45, 51).

Cyclin T1 is 726 amino acids (aa) in length, much larger than
most other members of the cyclin family (see Fig. 1A). The
protein is highly conserved at its N terminus, which contains
the characteristic cyclin domain, whereas its C terminus is
unique. Adjacent to the N-terminal cyclin domain is the Tat-
TAR recognition motif (TRM). These elements are required
for interactions with CDK9, Tat, and TAR. The C-terminal
region contains a putative coiled-coil motif, a histidine-rich
region, and a serine-rich region. The extreme C terminus is
occupied by a PEST sequence which has been reported to
destabilize CDK9 in human cells (20). The C-terminal half of
cyclin T1 contributes to both basal and Tat-stimulated HIV-1
transcription (9, 36). We therefore postulated that this non-
conserved region contains binding sites for regulatory proteins
which function to control transcription of cellular and/or viral
genes.

To identify such putative cellular regulatory proteins, we
conducted a yeast two-hybrid screen with cyclin T1 as bait. Five
cDNAs were isolated in this screen, one of which encodes part
of the growth factor granulin. Granulin binds to the His-rich
domain that was recently shown to be included in the region
that interacts with the CTD (45), and it interferes with P-TEFb
function (17). Another cDNA clone corresponds to the re-
cently discovered transcriptional regulator known as HIC (hu-
man I-mfa domain-containing protein).

The major translation product of the HIC cDNA is a 246-aa
protein with a C-terminal I-mfa domain (Fig. 1B) (46). This
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cysteine-rich domain of HIC is 82 aa long and is 74% identical
to the corresponding region of the cellular protein I-mfa (in-
hibitor of MyoD family a), but the N termini of these proteins
exhibit a lesser homology. I-mfa binds to the muscle-specific
transcription factor MyoD, leading to decreased expression of
muscle-specific genes and resulting in inhibition of myogenesis
(3). HIC was found to stimulate Tax-mediated transactivation
of a reporter gene driven by the human T-cell leukemia virus
type 1 long terminal repeat (LTR) and, conversely, to inhibit
Tat-mediated transactivation of a reporter gene driven by the
HIV-1 LTR. Both of these effects were dependent upon the
C-terminal I-mfa domain of HIC (46). Recently, HIC was
shown to bind the Axin complex through its C-terminal I-mfa
domain and to regulate signaling via �-catenin and the c-Jun
N-terminal kinase (JNK) pathway (22). Transcriptional func-
tions that control cell fate and differentiation events via the Tcf
enhancer binding protein and the Wnt signaling pathway have
been inferred for XIC, the Xenopus orthologue of HIC (44). Its
rat orthologue interacts with the zinc finger protein gonado-

tropin-inducible transcription factor 1 (31). Thus, HIC has
been implicated in several transcriptional regulatory pathways.

We show here that HIC interacts with cyclin T1 and also
with HIV-1 Tat, in mammalian cells as well as in yeast. The
interaction requires the His-rich domain of cyclin T1, which is
emerging as a key regulatory region of the protein. HIC colo-
calizes with cyclin T1 in nuclear speckles and with Tat in the
nucleolus. Furthermore, the CDK9 subunit of P-TEFb coim-
munoprecipitates with HIC, implying that it binds to the intact
elongation factor. All of these interactions are dependent upon
the C-terminal I-mfa domain of HIC. Transactivation of the
HIV-1 promoter is stimulated by expression of HIC cDNA in
HeLa, COS, and NIH 3T3 cells but not in CEM cells. On its
own, the I-mfa domain is a potent inhibitor of Tat transacti-
vation. By tethering cyclin T1 to the HIV-1 promoter, we show
that HIC regulates transcription via P-TEFb.

MATERIALS AND METHODS

Cell culture. CEM, HeLa, COS7, and NIH 3T3 cells were obtained from the
American Type Culture Collection. CEM cells were maintained in RPMI 1640
medium (Invitrogen Life Technologies, Carlsbad, Calif.) supplemented with
10% heat-inactivated (at 50°C for 30 min) fetal bovine serum (Sigma-Aldrich, St.
Louis, Mo.). Adherent cells (HeLa, COS7, and NIH 3T3) were maintained in
Dulbecco’s modified Eagle’s medium (Invitrogen) supplemented with 10% heat-
inactivated fetal bovine serum.

Plasmids and plasmid construction. The yeast two-hybrid plasmids pGBT9,
pGADGH, and pACT2 and the yeast strain CG1945 were obtained from Clon-
tech Laboratories Inc. (Palo Alto, Calif.). CyclinT1�PEST(1-708) was cloned
into pGBT9, generating pGBT9-cyclinT1�PEST(1-708), and pACT2, generating
pACT2-cyclinT1�PEST(1-708). Versions of pGBT9-cyclinT1�PEST(1-708) that
express aa 1 to 229, 1 to 288, 1 to 418, 1 to 573, 229 to 708, 364 to 708, and 573
to 708 of cyclin T1 were generated. These truncations were generated by restric-
tion enzyme digestion, blunt ending with Klenow fragment or T4 polymerase,
and religation of the vector. The restriction enzymes used were StyI-XhoI, SacI-
XhoI, NdeI-XhoI, PpuMI-XhoI, EcoRI-StyI, XmaI-PflMI, and XmaI-PpuMI, re-
spectively. Shorter versions encompassing the His-rich region (aa 501 to 530, 480
to 530, and 480 to 570) were constructed by PCR amplification of the corre-
sponding cyclin T1 sequences followed by ligation into pGBT9. CDK9 was
subcloned into pACT2, generating pACT2-CDK9. HIV-1 Tat72 was cloned into
pACT2 by PCR amplification, generating pACT2-Tat. pGADGH-HIC (aa 19 to
246) was purified from the library screen, and truncations of the vector express-
ing HIC aa 19 to 246, 177 to 246, and 115 to 246 were generated by restriction
enzyme digestion, blunt-ending with Klenow fragment, and religation of the
vector. The restriction enzymes used were PshAI-XhoI, EcoRI, and BamHI,
respectively. HIC (aa 19 to 246) was also cloned into pGBT9, generating pGBT9-
HIC. pGADGH-GrnCDE was isolated from the library screen. pVA3 expressing
Gal4BD-p53, pTD1 expressing Gal4AD-simian virus 40 (SV40) T antigen, and
pLAM5� expressing Gal4BD-lamin C were obtained from Clontech Laboratories
Inc.

Full-length HIC was generated by a reverse transcription-PCR (RT-PCR)
procedure with the Advantage one-step RT-PCR kit from Clontech. The product
was cloned into pcDNA3.1 (Invitrogen), generating full-length pHIC for expres-
sion in mammalian cells. The p32 isoform of HIC was constructed by PCR
amplification of the open reading frame and subcloning into full-length pHIC,
thereby deleting the 5� untranslated region and p40 sequences, generating
pHICp32. For fusions with enhanced green fluorescent protein (EGFP), full-
length HIC was cloned into pBI-EGFP (Clontech), generating full-length pBI-
HIC-EGFP. EGFP-HIC fusion vectors were constructed by inserting PCR-am-
plified EGFP from pBI-EGFP into pHICp32, generating pEGFP-HIC. The
C-terminal fusion, pHIC-EGFP, was constructed by cloning EGFP at the C
terminus of the p32 open reading frame. pEGFP-HIC�1, pEGFP-HIC�2, and
pEGFP-HIC�3 were generated by PCR amplification of the corresponding se-
quences and cloning into pEGFP-HIC. pRFP-Tat (Tat72) and pRFP-
CyclinT1�PEST were generated by PCR amplification of the corresponding
sequences into the pDSRed1-C1 vector (Clontech). All FLAG-tagged vectors
(pFLAG, pFLAG-HIC, pFLAG-HIC�1, pFLAG-HIC�2, and pFLAG-HIC�3)
were constructed by chemically synthesizing complementary oligonucleotides
corresponding to the FLAG epitope, annealing them, and cloning the duplex

FIG. 1. Mapping of interaction in yeast. HIC interacts with the
His-rich region of cyclin T1, while cyclin T1 and Tat interact with the
C-terminal I-mfa domain of HIC. (A) Top, schematic representation
of cyclin T1. Bottom, the indicated cyclin T1 truncations depicted were
tested for their ability to interact with the HIC construct isolated from
the library screen (aa 19 to 246; nucleotides 645 to 4152). Yeast
cells were transformed with Gal4AD-HIC and plasmids expressing
Gal4BD-cyclinT1�PEST or the truncations illustrated. (B) Top, sche-
matic representation of HIC. Bottom, HIC (aa 19 to 246) truncations
were tested for their ability to interact with cyclin T1 and Tat. Yeast
cells were transformed with plasmids expressing Gal4AD-HIC or its
truncations and with plasmids expressing Gal4BD-cyclin T1 or
Gal4BD-Tat. Interactions were determined as described for Table 1.
Solid lines, truncations that interacted; dotted lines, truncations that
did not interact.
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into pcDNA3.1 or the pEGFP-HIC vectors in place of the EGFP tag. pFLAG-
HIC-N and pFLAG-HIC-Imfa were constructed by PCR amplification of the
corresponding sequences from pHICp32 and cloning into pQW3.1Flag, which
contains the sequence encoding the FLAG epitope inserted between the NheI
and HindIII sites of pcDNA3.1. Additional plasmids for expression in mamma-
lian cells were pcDNA3-HATatWT (expressing Tat72) from B. M. Peterlin (10),
pcDNA3.1-HAcyclinT1 from D. H. Price (37), and Gal4BD/Gal4BD-cyclin T1
from L. Lania (25). Reporter plasmids were pHIV1LTR-firefly luciferase and
pRSV-Renilla luciferase (constructed by S. Reza in our laboratory) (40), pCMV-
Renilla luciferase (Promega, Madison, Wis.), and G5-HIV-firefly luciferase
(from L. Lania) (25). The PCNA-firefly luciferase plasmid, containing the pro-
moter (�560 to � 60) of the proliferating cell nuclear antigen gene (32), was
provided by T. W. Reichman in our laboratory. pSP-luc� and pSP-rluc were
purchased from Promega. Glutathione S-transferase–HIC (GST-HIC), GST–
HIC-N, and GST–HIC-Imfa were constructed through PCR amplification of the
corresponding sequences and cloning into pGEX-6P-1, purchased from Amer-
sham Biosciences (Piscataway, N.J.). All constructs generated for this study were
confirmed by sequencing.

Yeast two-hybrid experiments. Yeast two-hybrid protein interaction experi-
ments and library screening were performed according to the MATCHMAKER
Gal4 two-hybrid user manual (Clontech). pGBT9-cyclinT1�PEST was used as
bait to screen a MATCHMAKER HeLa cDNA library (Clontech) contained in
the Gal4 activation domain expression vector, pGADGH. Interactions were
screened by the ability of the cells to grow on selective medium (lacking leucine,
tryptophan, and histidine) and the expression of �-galactosidase, which was
measured by colony filter lift assays according to the manufacturer’s instructions.
All putative interacting proteins were subjected to three rounds of screening. The
Gal4AD plasmid was purified from positive clones. Each plasmid carrying a
unique open reading frame was cotransformed with pGBT9-cyclinT1 and tested
for the ability of the encoded proteins to interact by using the above procedure.
Plasmids that gave positive interactions were identified by PCR sequencing.

Coimmunoprecipitation. COS cells were seeded at 10 � 105 cells in a six-well
dish, transfected 12 h later with 4 	g of each plasmid (pFLAG, pFLAG-HIC,
pFLAG-HIC�1, pFLAG-HIC�2, and pFLAG-HIC�3), and harvested at 48 h
posttransfection. Alternatively, 1 	g of each plasmid and 1 	g of pcDNA3.1-
HATat were used for transfections, and cells were harvested at 24 h posttrans-
fection. Transfections were performed with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instructions. Cells were lysed in 300 	l of lysis
buffer (50 mM Tris-Cl [pH 7.4], 150 mM NaCl, 1 mM EDTA, and 1% Triton
X-100) containing 0.1 mg of phenylmethylsulfonyl fluoride per ml, 1 	g of
pepstatin per ml, 1 	g of leupeptin per ml, 1 	g of aprotinin per 	l, and 1 	g of
NaF per ml. Lysis was performed by rocking at 4°C for 30 min. Extracts were
cleared, and supernatants were collected after a 10-min centrifugation at 4°C
(Eppendorf centrifuge, 12,000 rpm). Cell extracts (300 	g of protein) were
incubated overnight at 4°C with anti-FLAG M2 monoclonal antibody (Sigma-
Aldrich) or for 2 h at 4°C with antihemagglutinin (anti-HA) (Y-11) rabbit
polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA). Immune com-
plexes were collected on protein A-Sepharose, washed extensively with lysis
buffer to remove unbound proteins, separated by denaturing polyacrylamide gel
electrophoresis, and subjected to immunoblotting as described previously (39).
Western blots were probed with anti-cyclin T1 (T-18) goat antibody or anti-
CDK9 rabbit antibody (Santa Cruz Biotechnology) or with the antibodies to HA
or FLAG mentioned above.

Confocal microscopy. COS cells were seeded at 2 � 105 cells in six-well dishes
containing collagen-coated coverslips. Localization experiments were performed
by transfecting 1 	g of pEGFP-HIC, pEGFP-HIC�1, pEGFP-HIC�2, or
pEGFP-HIC�3. Colocalization experiments were performed by transfecting 1
	g of an EGFP expression plasmid together with 1 	g of pRFP-Tat or pRFP-
cyclinT1�PEST, using polyethylenimine (Sigma). Live cells were viewed with a
Nikon PCM 2000 confocal microscope, and digital images were processed by
using Adobe Photoshop. For Fig. 3D, visualization was performed as described
above except that the cells were fixed on coverslips and viewed with a fluores-
cence microscope.

Gene expression assays. CEM cells (107 cells in 250 	l of RPMI without fetal
bovine serum) were transfected by electroporation, in 1.4-mm cuvettes (USA
Scientific, Inc.), with a Bio-Rad Gene Pulser at 250 V, 960 	F, and 186 
. After
electroporation, the cells were transferred into 10-cm-diameter plates containing
10 ml of RPMI supplemented with 10% fetal bovine serum. Cells were harvested
24, 32, 48, and 72 h posttransfection, washed with phosphate-buffered saline, and
lysed in 50 	l of passive lysis buffer according to the instructions of the manu-
facturer (Promega). HeLa and COS cells (1.6 � 105 cells) and NIH 3T3 cells (1
� 105 cells) were seeded in six-well dishes and transfected 24 h later by using
Lipofectamine 2000 (Invitrogen). Cells were harvested at 24 h posttransfection

and lysed in 300 	l of passive lysis buffer (Promega). Luciferase assays were
performed with the Promega dual luciferase reporter system according to the
manufacturer’s instructions. Data are normalized to internal controls as specified
in the figure legends.

RNase protection assay. NIH 3T3 cells (6 � 105 cells) were seeded in 10-cm-
diameter plates and transfected 24 h later by using Lipofectamine 2000. Cells
were harvested at 24 h posttransfection by lysis in 0.5% NP-40. Extracts were
centrifuged at 200 � g for 2 min, and then cytoplasmic RNA and nuclear RNA
were isolated from the supernatant and pellet, respectively, by using Trizol
(Invitrogen) according to the manufacturer’s instructions. The RNase protection
assay was performed with 10 	g of cytoplasmic RNA and 3 	g of nuclear RNA,
using the RPAIII kit from Ambion (Austin, Tex.) according to the manufactur-
er’s instructions. pSp-luc� and pSP-rluc were linearized with HincII and BsaA1,
respectively. Radiolabeled RNA was generated by transcription of the digested
plasmids with T7 RNA polymerase in the presence of [�-32P]UTP (ICN Phar-
maceuticals Inc., Costa Mesa, Calif.). Each reaction mixture was incubated for
1 h at 37°C, DNA templates were removed by DNase I digestion, and the RNA
probes were purified by gel electrophoresis. The resulting firefly and Renilla
probes were 390 and 245 nucleotides, respectively.

RESULTS

Cyclin T1 and Tat interact with HIC in yeast. We conducted
a yeast two-hybrid screen with cyclin T1 as bait to identify
cellular proteins that may regulate this transcription factor.
Cyclin T1 (aa 1 to 708), with a deletion of its C-terminal PEST
sequence, was cloned into a vector with the Gal4 DNA-binding
domain (BD), generating a plasmid expressing the Gal4BD-
cyclin T1�PEST fusion protein. The cyclin T1 PEST sequence
was removed to eliminate the risk of triggering proteolysis in
yeast cells. For a positive control, yeast cells were cotrans-
formed with this cyclin T1 derivative and a vector expressing
CDK9 fused to the GAL4 activation domain (AD). Growth
occurred on selective medium, as expected, and �-galactosi-
dase activity was detected by colony filter lift assays (Table 1).
Neither growth nor reporter gene expression was seen when
either the CDK9- or the cyclin T1-encoding sequence was
omitted.

Cyclin T1�PEST was then used to screen a HeLa cell cDNA
library. Five cDNAs were isolated in this screen, including the
cDNA encoding most of HIC (aa 19 to 246). The Gal4AD-
HIC plasmid was isolated from yeast cells, and the interaction
with cyclin T1 was verified by using purified plasmids (Table 1).
Negative controls included the Gal4BD alone, the “sticky”

TABLE 1. HIC interactions in the yeast two-hybrid system

Sequence fused with:
Growtha �-Galb

Gal4BD Gal4AD

Cyclin T1 CDK9 � �
—c CDK9 � �
Cyclin T1 — � �
Cyclin T1 HIC � �
— HIC � �
Lamin C HIC � �
P53 HIC � �
HIC Cyclin T1 � �
HIC Tat � �
HIC CDK9 � �
HIC Granulin-CDE � �
HIC HIC � �
Lamin C Tat � �

a Growth on selective medium (lacking leucine, tryptophan, and histidine).
b �-Galactosidase activity determined by using colony filter lift assays.
c —, empty vector.
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fusion protein Gal4BD-lamin C, and Gal4BD-p53 (which was
employed, together with Gal4AD-SV40 T antigen, as a stan-
dard yeast two-hybrid positive control). For further confirma-
tion, the Gal4 fusion proteins were switched between cyclin T1
and HIC. When cotransformed into yeast, the interaction of
Gal4BD-HIC with Gal4AD-cyclin T1�PEST was observed
(Table 1).

Subsequently, we tested components that modulate HIV-1
transcription for their ability to interact with HIC in yeast.
Surprisingly, the viral transactivator HIV-1 Tat was found to
interact with HIC but not with lamin C (Table 1). HIC did not
interact with CDK9 or with granulin-CDE, a second cyclin
T1-interacting protein isolated from the library screen and
containing the C-terminal portion of granulin (17). However,
HIC appeared to be capable of dimerizing in this system.

Mapping of interaction sites in yeast. The human cyclin T1
cDNA used in the library screen contains several domains and
motifs that could participate in the interaction with HIC (Fig.
1A). The cyclin domain is responsible for binding CDK9 and
various other proteins, including NF-�B (1) CIITA (19), and
GRIP1 (21); the TRM allows the cooperative binding of Tat
and TAR to cyclin T1 (12); the His-rich region binds the CTD
of RNA polymerase II (45) as well as granulin (17); and the
PEST domain is required for the interaction with SCFSKP2

(20). Because cyclin T1 has a long C-terminal extension, we
expected that this region would bind additional cellular regu-
latory proteins, possibly including HIC.

To map the sites of HIC interaction with cyclin T1, N- and
C-terminal truncations of cyclin T1 (Fig. 1A) were tested in the
yeast two-hybrid system. C-terminal truncations consisting of
aa 1 to 229, 1 to 288, and 1 to 418 did not bind HIC, indicating
that the N-terminal region of cyclin T1 containing the cyclin
domain, TRM, and part of the coiled-coil motif is not sufficient
for binding. However, the truncation consisting of aa 1 to 573
retained the ability to bind HIC, implying the existence of a
binding site in the C-terminal region which contains the puta-
tive coiled-coil and His-rich motif. The corresponding N-ter-
minal truncation, aa 573 to 708, did not bind, showing that the
extreme C terminus is not sufficient. Additional N-terminal
truncations consisting of aa 229 to 708 and aa 364 to 708 bound
HIC, narrowing down the region responsible for binding to aa
364 to 573. Three internal fragments consisting of aa 501 to
530, 480 to 530, and 480 to 570 all interacted with HIC. These
truncations defined aa 501 to 530 as a binding site for HIC: this
region is almost precisely coterminous with the His-rich region
of cyclin T1.

The region of HIC responsible for binding cyclin T1 and Tat
was determined by using similar methods. Two N-terminal
truncations and one C-terminal truncation of HIC were tested
for their ability to bind cyclin T1 and HIV-1 Tat in the yeast
two-hybrid assay (Fig. 1B). The N-terminal truncation (aa 115
to 246), which contains the I-mfa domain, interacted with both
cyclin T1 and Tat. Neither the C-terminal truncation (aa 19 to
186), which lacks nearly all of the I-mfa domain, nor the N-
terminal truncation (aa 177 to 246), which lacks its first 13 aa,
was able to bind either cyclin T1 or Tat. These data imply that
the I-mfa domain of HIC is required for the interaction with
cyclin T1 and Tat and that its N-terminal 13 residues are
indispensable.

P-TEFb and HIV-1 Tat bind HIC in vivo. All yeast experi-
ments were performed with the cDNA, isolated from the li-
brary screen, expressing a protein composed of HIC aa 19 to
246. Using primers designed according to the published se-
quence (46), we cloned the full-length cDNA by RT-PCR. It
was reported that the full-length sequence expresses a minor
form, p40, from an unusual upstream GTG start codon, in
addition to the predominant p32 form that begins at an ATG
codon. However, only the p32 isoform was detected in vivo in
Western blots with antibody directed against a polypeptide
common to both forms (46). Correspondingly, we detected
very little of the p40 form in cell-free translation experiments
with the reticulocyte system and none in cells transfected with
a HIC-EGFP fusion construct (data not shown). Therefore, we
conducted all further experiments in mammalian cells with
cDNAs expressing the p32 isoform of HIC or the truncations
�1, �2, and �3 lacking portions of the C-terminal I-mfa do-
main (Fig. 2A).

To confirm the HIC-cyclin T1 interaction in mammalian
cells, COS cells were transfected with vectors expressing
FLAG-tagged versions of the proteins or the epitope alone
(Fig. 2B). Extracts were subjected to immunoprecipitation with
anti-FLAG antibody followed by Western blotting with anti-
body against cyclin T1. Endogenous cyclin T1 was present in
complexes immunoprecipitated with FLAG-HIC (lane 2) but
not in complexes immunoprecipitated with FLAGHIC�1 (lane
3) or the FLAG epitope alone (lane1), indicating a specific
interaction between HIC and cyclin T1 that requires the C-
terminal I-mfa domain.

Most of the cyclin T1 in HeLa cell nuclear extracts is bound
to CDK9 in the P-TEFb complex (37). To determine whether
HIC interacts with intact P-TEFb, a Western blot similar to
that in Fig. 2B was probed with antibody against CDK9. En-
dogenous CDK9 was also present in complexes with FLAG-
HIC (Fig. 2C, lane 2) but not with FLAG or FLAG-HIC�1
(lanes 1 and 3, respectively). Since HIC did not interact di-
rectly with CDK9 in the yeast two-hybrid system (Table 1), this
indicates that HIC interacts through its I-mfa domain with the
cyclin T1 subunit of P-TEFb. The I-mfa domain contains 23
cysteine residues, including a stretch of five consecutive cys-
teines from position 200 to 204, which might contribute to the
binding of cyclin T1 via interactions with its His-rich domain.
To determine whether the five-cysteine run plays a part in
cyclin T1 binding, we constructed two further C-terminal de-
letions, HIC�2 and HIC�3, which are truncated immediately
before and after the five-cysteine stretch, respectively (Fig.
2A). They both failed to coimmunoprecipitate with cyclin T1
or CDK9 (Fig. 2B and C), implying that the extreme C-termi-
nal region of the I-mfa domain contains sequences important
for its interaction with cyclin T1.

Analogous experiments were performed to determine
whether Tat and HIC interact in mammalian cells. COS cells
were cotransfected with vectors expressing HA-tagged Tat and
FLAG-tagged HIC. Complexes immunoprecipitated with anti-
FLAG antibody were probed with anti-HA antibodies. Tat
interacted with HIC (Fig. 2D, lane 2) but not with HIC�1 (lane
3), indicating a specific interaction which is dependent upon
the I-mfa domain. In contrast to cyclin T1, HIC�2 and HIC�3
both coprecipitated with Tat (lanes 4 and 5, respectively).
Notably, the interaction with HIC�2, which lacks the five-
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cysteine run, was significantly weaker than that with full-length
HIC and HIC�3. The same result was obtained when the cell
extracts were immunoprecipitated with anti-HA antibodies
and Western blotting was performed with anti-FLAG antibod-
ies to detect the HIC fusion (Fig. 2E). Thus, the five-cysteine
stretch in the I-mfa domain increases the binding of HIC to
Tat, whereas the extreme C-terminal portion is dispensable.

Cyclin T1 and HIV-1 Tat colocalize with HIC. We investi-
gated the localization of HIC, cyclin T1, and Tat in living cells
by confocal microscopy with fluorescently tagged versions of
the proteins. COS cells were transfected singly with EGFP-
tagged HIC or its C-terminally deleted derivatives and with red
fluorescent protein (RFP)-tagged cyclin T1�PEST or Tat. As
expected from previous reports (8, 15, 27, 33), RFP-cyclin T1
was distributed in a speckled pattern in the nucleus but was

excluded from the nucleolus, and RFP-Tat localized in the
nucleus concentrated in the nucleolus (Fig. 3A). Both RFP-
tagged proteins were active in transactivation assays (data not
shown). EGFP-HIC was distributed throughout the cell, in
both the cytoplasm and nucleus, but was excluded from the
nucleolus. The C-terminal fusion protein, HIC-EGFP, gave an
identical distribution, indicating that the position of the fusion
did not affect the localization of HIC (data not shown). Similar
observations for wild-type HIC were reported by Thébault et
al. (46). EGFP-HIC�1 displayed a localization pattern similar
to that of wild-type HIC (Fig. 3A), as did EGFP-HIC�2 and
-�3 (data not shown), indicating that the I-mfa domain does
not influence the generalized intracellular distribution of HIC.

Since HIC and cyclin T1 interact in yeast and coimmuno-
precipitate from cell extracts, we wanted to visualize their

FIG. 2. HIC interacts with P-TEFb in vivo, and this interaction is dependent upon the I-mfa domain. (A) Schematic representation of HIC and
its truncations, HIC�1 to -�3. The sequence of the I-mfa region (aa 165 to 246) is shown in the box, and the C termini of the �2 and �3 proteins
are marked (/). (B) HIC interacts with cyclin T1 in vivo. COS cells were transfected with plasmids expressing FLAG-HIC (lane 2), FLAG-HIC�1
(lane 3), FLAG-HIC�2 (lane 4), FLAG-HIC�3 (lane 5), or the FLAG tag alone (lane 1), and cell extracts prepared at 24 h posttransfection were
subjected to immunoprecipitation (IP) followed by Western blotting (WB). Top, complexes immunoprecipitated with anti-FLAG antibody were
resolved in a sodium dodecyl sulfate-polyacrylamide gel, transferred to nitrocellulose, and probed with anti-cyclin T1 antibody. Bottom, as a
control, 10% of the inputs used for the immunoprecipitation reactions were analyzed. (C) HIC coimmunoprecipitates with CDK9 in vivo.
Transfected COS cell extracts were analyzed as for panel B except that the blot was probed with anti-CDK9 antibody. (D) HIC interacts with Tat
in vivo. COS cells cotransfected with HA-Tat plasmid and the FLAG-HIC constructs were analyzed as for panel B except that the blot was probed
for Tat with anti-HA antibody. (E) As for panel D, except that Tat-containing complexes were immunoprecipitated with anti-HA antibody and
probed for HIC with anti-FLAG antibody.
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interaction in living cells. COS cells were cotransfected with
vectors expressing the two fusion proteins. As seen in Fig. 3B,
the presence of RFP-cyclin T1 caused a change in the distri-
bution of EGFP-HIC such that the two proteins colocalized in
nuclear speckles. In contrast, EGFP-HIC�1, which lacks the
I-mfa region responsible for cyclin T1 binding, did not colo-
calize with cyclin T1 (Fig. 3B), indicating that the I-mfa do-
main of HIC is required for the proteins to colocalize as well
as to interact biochemically. As expected, EGFP-HIC�2 and
EGFP-HIC�3, which do not bind cyclin T1, also failed to
colocalize with cyclin T1 (data not shown). Vectors expressing
the EGFP and RFP fluorescent tags were used as negative
controls; both proteins were uniformly distributed throughout
the cell and did not colocalize with cyclin T1 or HIC (data not
shown).

When cells were cotransfected with vectors expressing the
HIC and Tat fusion proteins, EGFP-HIC redistributed into the

nucleolus, where it colocalized with RFP-Tat (Fig. 3C). EGFP-
HIC�1 did not colocalize with Tat, as expected from the re-
quirement for the I-mfa domain in the HIC-Tat interaction
demonstrated in yeast and coimmunoprecipitation assays.
Since HIC is excluded from the nucleolus in the absence of
Tat, these observations indicate that HIC may be recruited
through the interaction of its I-mfa domain with Tat. EGFP-
HIC�2 and EGFP-HIC�3 were able to colocalize with Tat
(Fig. 3C). With these two truncations the nuclear foci were
generally slightly less intense than those seen with wild-type
HIC, implying that additional factors are required for them to
colocalize efficiently with Tat. Thus, a functional correlation
exists between the abilities of the HIC deletion mutants to
form complexes and colocalize with Tat.

Effects of HIC on Tat-mediated transactivation. For CEM
cells, Thébault et al. (46) reported that HIC caused an approx-
imately twofold reduction in the Tat-mediated expression of

FIG. 3. HIC colocalizes with Tat and cyclin T1. COS7 cells were transfected or cotransfected with plasmids expressing HIC proteins carrying
the EGFP fluorescent tag (green) and cyclin T1 (T1) or Tat proteins carrying the RFP fluorescent tag (red). Live cells were viewed at 24 h
posttransfection by confocal microscopy. (A) Cells were transfected singly with the plasmids indicated. Single fluorescence, green or red, is shown
in each panel. (B to D) Cells were cotransfected with the plasmids indicated. The green, red, and dual fluorescences are shown from left to right.
Yellow signifies colocalization of the two proteins.
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luciferase driven by the HIV1 LTR. We were able to repro-
duce this result, but in our hands the maximal inhibition did
not exceed 30%. This modest effect disappeared when the cells
were growing rapidly (compare Fig. 4A and B). On the other
hand, expression of HIC cDNA gave a robust stimulation in
HeLa cells (Fig. 4C) and COS cells (Fig. 4D). HIC alone had
no significant effect on basal gene expression. Tat stimulated
HIV-1 transcription 35- to 60-fold, and cotransfection of Tat

and HIC resulted in a further 2.5- to 3-fold stimulation. In
contrast, luciferase expression driven by the cytomegalovirus
(CMV), Rous sarcoma virus (RSV), and SV40 promoters was
either unaffected or only modestly affected (data not shown).

As seen in NIH 3T3 cells (Fig. 4E) transactivation of the
HIV-1 LTR in mouse cells is enhanced by the introduction of
human cyclin T1 (11, 44). In the absence of Tat, regardless of
the presence or absence of cyclin T1, reporter gene expression

FIG. 4. Effects of HIC on Tat transactivation. HIC inhibits Tat transactivation in CEM cells (A and B) but stimulates Tat transactivation in
HeLa, COS, and 3T3 cells (C to F). (A and B) CEM cells were electroporated with 4 	g of HIV-1 LTR-firefly luciferase reporter plasmid, 1 	g
of CMV-Renilla luciferase reporter plasmid, 0.5 	g of pcDNA3.1-HA-Tat or pcDNA3.1, and 10 	g of pcDNA3.1-HIC expression vector or
pcDNA3.1 empty vector. Cells were harvested at the times indicated and assayed for luciferase by using the dual luciferase reporter assay. Cells
used for electroporation either were grown at low density and were actively dividing (A) or were grown at a high density and were not actively
dividing (B). Data represent Tat transactivation, calculated as the relative firefly/Renilla luciferase activity normalized to the value obtained without
Tat, at each time point, in the absence and presence of HIC. Data for each time point are averages from two to four experiments with standard
errors. (C) HeLa cells were cotransfected with 100 ng of HIV-1 LTR-firefly luciferase reporter plasmid, 20 ng of CMV-Renilla luciferase reporter
plasmid, 5 ng of pcDNA3.1-HA-Tat expression vector or pcDNA3.1 empty vector, and 2 	g of pcDNA3.1-HIC expression vector or pcDNA3.1
empty vector. (D) COS cells were cotransfected as for panel C except that 20 ng of RSV-Renilla luciferase reporter plasmid was used to control
for transfection efficiency. (E) NIH 3T3 cells were cotransfected with 100 ng of HIV-1 LTR-firefly luciferase reporter plasmid, 20 ng of
CMV-Renilla luciferase reporter plasmid, 5 ng of pcDNA3.1-HA-Tat, 100 ng of pcDNA3.1-HA-cyclinT1 (T1), and 2 	g of pcDNA3.1-HIC
expression vector. The total amount of DNA was kept constant in each sample by the addition of the pcDNA3.1 empty vector. In panels C to E,
transactivation was measured at 24 h in the presence or absence of HIC, and the data represent averages from three experiments with standard
errors. (F) NIH 3T3 cells were cotransfected as for panel E (shaded bars), except that 100 ng of PCNA-firefly luciferase was used in place of HIV-1
firefly luciferase (solid bars). The total amount of DNA was kept constant in each sample by the addition of the pcDNA3.1 empty vector.
Transactivation was measured at 24 h and expressed as firefly/Renilla luciferase activity. Data represent the averages from two experiments.
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was low, and HIC did not show any significant effect on tran-
scription. In the presence of Tat, HIC cDNA stimulated ex-
pression �3-fold in the absence of cyclin T1 and 3.5- to 4-fold
in its presence. Equivalent results were obtained by using
chloramphenicol acetyltransferase instead of firefly luciferase
as reporter (data not shown). HIC stimulation was most evi-
dent when the cells were at low confluency. Under these con-
ditions, Tat activated expression from the HIV LTR by �20-
fold, compared to �10-fold seen previously (12). Specificity
was examined by comparison of effects on the HIV-1 and
PCNA promoters in NIH 3T3 cells. The PCNA promoter is
not affected by cyclin T1 expression (17). As seen in Fig. 4F,
HIC stimulated the expression of luciferase from the viral
promoter about threefold, whereas expression from the PCNA
promoter increased by only �50%. Therefore, HIC appears to
have distinct cell type- and promoter-specific roles in gene
expression.

The I-mfa domain inhibits gene expression. Two further
HIC deletion mutants (Fig. 5A) were constructed to examine
the activities of the I-mfa domain and the N-terminal region
separately. HIC-Imfa consists of the FLAG-tagged I-mfa do-
main (aa 164 to 246), and HIC-N is the FLAG-tagged N
terminus of the protein (aa 1 to 163) lacking the I-mfa domain.
As expected, both GST–HIC-Imfa and GST-HIC efficiently
pulled down cyclin T1 and CDK9 from HeLa cell extract,
whereas no binding to GST or GST–HIC-N was detected (Fig.
5B). Correspondingly, cyclin T1 and CDK9 coimmunoprecipi-
tated with FLAG–HIC-Imfa but not with FLAG–HIC-N (Fig.
5C) from COS cell extracts. The relatively weak signals ob-
tained with FLAG–HIC-Imfa compared with FLAG-HIC cor-
relate with the relatively low expression level of the isolated
I-mfa domain (Fig. 5C, bottom panel). These results show that
the isolated I-mfa domain is sufficient, as well as necessary, for
the interaction of HIC with P-TEFb.

The HIC N-terminal region elicited a small but reproducible
stimulation of gene expression driven by the HIV1 LTR
(mean, 80%; range, 50 to 150%) when transfected into HeLa,
COS, 293, or NIH 3T3 cells (Fig. 5D). By contrast, the isolated
I-mfa domain caused a substantial reduction of reporter gene
expression (mean, fivefold; range, three- to ninefold). This
inhibitory response is profound in view of the relatively low
accumulation of the I-mfa domain (Fig. 5C). Similar results
were obtained in experiments using the RSV promoter to drive
the Tat gene and the Renilla control construct (data not
shown). We conclude that the isolated I-mfa domain is a po-
tent inhibitor of transactivation, presumably because it is act-
ing as a dominant negative repressor.

HIC acts directly on cyclin T1-mediated transcription. The
promoter specificity of the HIC effect in transient-expression
assays, as well as the interaction of HIC with cyclin T1, sug-
gested that HIC’s action is likely to be at the transcriptional
level. We carried out RNase protection assays to examine the
effect of HIC on transcripts from the HIV-1–firefly luciferase
construct in NIH 3T3 cells expressing human cyclin T1. As
expected, Tat increased the abundance of luciferase transcripts
in both the nuclear and cytoplasmic fractions (Fig. 6), whereas
transcripts from the CMV-Renilla luciferase control vector
were unaffected (data not shown). A further increase in firefly,
but not Renilla, luciferase transcripts was observed with HIC,

strongly supporting the conclusion that HIC acts at the level of
transcription.

To determine whether Tat is essential for the activation by
HIC, we used a version of the HIV promoter in which Gal4
binding sites have been inserted upstream of the promoter and
human cyclin T1 is supplied as a fusion with the Gal4 binding
domain (25) (Fig. 7A). In this system, Gal4-cyclin T1 activates
gene expression in the absence of Tat (25) (Fig. 7B). Introduc-
tion of HIC stimulated luciferase expression almost twofold,
showing that HIC can stimulate transcription in the absence of
Tat. Cotransfection of a plasmid encoding Tat gave an addi-
tional �2-fold activation, in both the absence and presence of
HIC. This indicates that Tat can stimulate expression mediated
by tethered cyclin T1 and that Tat is not absolutely necessary
for the effect of HIC but acts additively with it to stimulate
transcription from the HIV-1 LTR.

FIG. 5. The I-mfa domain inhibits Tat transactivation. (A) Sche-
matic representation of HIC and its truncations, HIC-N and HIC-
Imfa. (B) The HIC I-mfa domain interacts with P-TEFb in vitro. Total
HeLa cell extract was incubated with the indicated GST fusion pro-
teins or with GST itself, as described by Hoque et al. (17). Bound
proteins were examined by Western blotting (WB) with antibody di-
rected against cyclin T1 (top panel) or CDK9 (bottom panel). (C) HIC
I-mfa–P-TEFb complexes in cell extracts. COS cells were transfected
with the indicated pcDNA3.1 expression vectors, and immunoprecipi-
tation-Western analysis was conducted as described for Fig. 2B. Im-
munoprecipitates prepared with anti-Flag antibodies were probed with
antibody against cyclin T1 (top panel), CDK9 (middle panel), or the
Flag epitope (bottom panel). The second and fourth panels show
Western blots of cell extract (without immunoprecipitation, equivalent
to 10% of the input) probed with anti-cyclin T1 and anti-CDK9 anti-
bodies, respectively. (D) HeLa, COS, 293, and NIH 3T3 cells were
transfected with 100 ng of HIV-1 LTR-firefly luciferase, 20 ng of
CMV-Renilla luciferase, 5 ng of pcDNA3.1-HA-Tat, and 2 	g of
pFLAG-HIC-N or pFLAG-HIC-Imfa. The total amount of DNA was
kept constant in each sample by the addition of pQW3.1FLAG empty
vector. Transactivation was measured at 24 h and expressed as firefly/
Renilla luciferase activity normalized to the value obtained with Tat
alone. Data represent the averages from three experiments with stan-
dard errors.

6380 YOUNG ET AL. MOL. CELL. BIOL.



DISCUSSION

HIC was first identified in a yeast two-hybrid screen with the
cytoplasmic tail of the CD4 receptor as bait (46). Although the
biological significance of this interaction is unknown, the C

terminus of HIC is largely identical to the corresponding do-
main of I-mfa, a cellular factor known to inhibit the transcrip-
tional activity of MyoD family members and Mash2 (3). Both
HIC and I-mfa participate in a growing list of functions in
transcription, development, and cell signaling. Here, we dem-
onstrate interactions of HIC with cyclin T1/P-TEFb and Tat
which are dependent upon the C-terminal I-mfa domain of
HIC and can modulate the activity of the HIV promoter.

Interactions of HIC with cyclin T1. HIC binds cyclin T1, but
not CDK9, in yeast and coimmunoprecipitates with both com-
ponents of P-TEFb from mammalian cell extracts (Fig. 2B and
C; Table 1). These observations indicate that HIC interacts
directly with cyclin T1 present in free form or in the P-TEFb
complex. While CDK9 binds to the N-terminal cyclin domain
of cyclin T1, HIC interacts with the His-rich domain in the C
terminus of cyclin T1. Other proteins that have recently been
reported to interact with the C terminus of cyclin T1 include
Tat-SF1 (9), the CTD (45), granulin (17), and PIE-1 (51). Both
HIC and granulin specifically interact with a discrete 30-aa
stretch containing the His-rich region of cyclin T1. The CTD
and PIE-1 bind to sites encompassing this domain, although
they have not been mapped so finely. All of these proteins have
been reported to regulate Tat-mediated transactivation via P-
TEFb. P-TEFb phosphorylates the CTD, thereby enabling pro-
cessive transcription (38); Tat-SF1 is a Tat-specific cofactor
(54, 55); granulin inhibits Tat-mediated transactivation (17);
and PIE-1 inhibits transcriptional elongation by P-TEFb (51).
Thus, the C-terminal region of cyclin T1, especially its His-rich
domain, may serve to bind cellular proteins which modulate
P-TEFb’s ability to regulate transcription of the HIV-1 LTR as
well as cellular targets.

Colocalization of HIC with cyclin T1 in mammalian cells
lends support to the idea that they interact functionally. Co-
expression with cyclin T1 caused a redistribution of HIC such
that it largely colocalized in a characteristic speckled pattern
(Fig. 3B). Endogenous cyclin T1 localizes to specific foci in the
nucleus. Cyclin T1 has been reported to localize in nuclear
speckle regions and to colocalize with a number of splicing
factors that also produce a speckled labeling pattern (15).
Furthermore, cyclin T1 relocalized CDK9 and Tat to speckles,
suggesting that it functions to recruit its binding partners to
nuclear speckles and that nuclear speckles are a site of P-TEFb
function or storage (33). On the other hand, it has been shown
that cyclin T1 foci are juxtaposed with nuclear speckles but not
exactly coincident with them and that overexpression of Tat
determines recruitment of cyclin T1 outside these compart-
ments (27). Additionally, cyclin T1 interacts via its C-terminal
region with promyelocytic leukemia (PML) protein in vivo
within specific subnuclear compartments that are coincident
with PML nuclear bodies (28). Hence, HIC may be colocaliz-
ing with cyclin T1 in nuclear speckles or PML bodies, which
contain several proteins known to participate in transcriptional
regulation. The overexpression of HIC results in a diffuse nu-
clear and cytoplasmic staining in the absence of cyclin T1
overexpression but in a nuclear speckling pattern in its pres-
ence. This indicates that cyclin T1 is functioning to recruit
HIC. The fact that endogenous, as well as overexpressed, cyclin
T1 localizes to speckles indicates that its colocalization with
HIC may be functionally significant.

Evidence that the HIC–P-TEFb interaction is physiologi-

FIG. 6. HIC increases reporter gene RNA levels. NIH 3T3 cells
were cotransfected as described for Fig. 4. RNA was isolated from
nuclear and cytoplasmic fractions and subjected to RNase protection
assays with a probe for firefly luciferase RNA. The control lane lacked
cellular RNA but was digested with RNases A and T1. The probe lane
contains 10% of undigested probe RNA. The arrow indicates the
position of protected luciferase probe.

FIG. 7. Stimulation of gene expression by HIC in the absence of
Tat. (A) Schematic representation of HIV-1 LTR-firefly luciferase
construct furnished with five upstream Gal4 sites (top) and the Gal4
binding domain-cyclin T1 fusion protein (bottom). (B) NIH 3T3 cells
were transfected with 100 ng of Gal4BD-HIV-1 LTR-firefly luciferase
reporter plasmid, 20 ng of CMV-Renilla luciferase reporter plasmid,
100 ng of Gal4-cyclin T1 (Gal4-T1) expression vector or pcDNA3.1
empty vector, 2 	g of pcDNA3.1-HIC expression vector or pcDNA3.1
empty vector, and 5 ng of pcDNA3.1-HA-Tat expression vector or
pcDNA3.1 empty vector. Data represent activation by Gal4-cyclin T1
at 24 h, calculated as the relative firefly/Renilla luciferase activity nor-
malized to the value obtained without Gal4-cyclin T1, HIC, or Tat.
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cally significant comes from the observation that removal of
the N-terminal portion of the HIC protein converts it into a
translational repressor (Fig. 5). Most likely this is due to the
interaction of the I-mfa domain of HIC with P-TEFb in com-
plexes that are inactive because the protein’s N-terminal do-
main is missing. The isolated N terminus exerts a small but
reproducible stimulatory effect. Mechanistically, the interac-
tion of HIC with P-TEFb might influence transcription in two
principal ways, although they are not mutually exclusive. First,
it could activate the expression of genes that are highly depen-
dent on P-TEFb via a direct action on chain elongation. For
example, the binding of HIC to the C-terminal part of cyclin T1
might relieve intramolecular autoinhibition, as suggested for
Tat-SF1 (9). The interaction of Tat-SF1 with the C-terminal
region of cyclin T1 enhanced formation of the Tat–TAR–P-
TEFb complex. Deletion of this region was more effective,
however, suggesting that other cellular factors such as HIC
may bind the His-rich region and stabilize the complex. Alter-
natively, HIC could act by reducing the binding of a P-TEFb
inhibitor such as 7SK RNA (34, 50). Physiologically, external
signals such as UV light and cardiac hypertrophy stimulate
P-TEFb activity via 7SK dissociation (41). HIC might also
enhance CDK9 autophosphorylation (11) or the interaction of
cyclin T1 with its CTD substrate (45). Second, since HIC can
dimerize (Table 1) and bind to several transcription regulators,
it could recruit them to form complexes with P-TEFb. Further-
more, the associated CDK9 kinase could modulate the activity
of such factors via phosphorylation, as seen with Spt5, where
phosphorylation by P-TEFb prevents early termination of tran-
scription (2).

Interactions of HIC with Tat. HIC also binds the HIV-1 Tat
protein, in both yeast and mammalian cells (Fig. 2D and E;
Table 1). Tat localizes to the nucleus, where it has been ob-
served in the nucleoli of transfected and infected cells (24), as
well as in a nucleoplasmic speckled pattern (4). Accumulating
data suggest that Tat distributes between these two compart-
ments, depending on its concentration and the levels and lo-
calization of its binding partners (4). Although it has been
suggested that the nucleolar localization of Tat may be a con-
sequence of overexpression, a role in HIV-1 replication has
been attached to Tat’s presence in nucleoli (30). In our study,
Tat was predominantly nucleolar but also gave a nucleoplasmic
speckled pattern. When Tat and HIC were coexpressed, HIC
redistributed to colocalize with Tat in the nucleolus. On the
other hand, cyclin T1 and HIC colocalized in nucleoplasmic
speckles. The two complexes, HIC-cyclin T1 and HIC-Tat,
could be functioning in separate regions of the nucleus; alter-
natively, the HIC-Tat complex could assemble in the nucleo-
plasm and then be recruited by cyclin T1 to nuclear speckles in
a ternary complex containing HIC, Tat, and P-TEFb. Consis-
tent with this idea, CDK9 is present together with cyclin T1
and Tat in nuclear speckles (15).

Tat interacts with the N terminus of cyclin T1 via its activa-
tion domain and with TAR via its basic domain, but we do not
yet know which region of Tat is responsible for binding to HIC.
Since granulin and Tat-SF1 also bind both Tat and cyclin T1,
there may be a class of proteins that bind the His-rich domain
of cyclin T1 as well as a transcriptional activator, such as Tat,
and modulate transcription by increasing or decreasing
P-TEFb function. Several other proteins, including NF-�B (1)

and CTIIA (19), interact with the cyclin homology domain in
the N terminus of cyclin T1. It has been suggested that these
proteins serve to recruit P-TEFb to enhancer elements (45). In
this scenario, P-TEFb could facilitate productive elongation by
linking activators bound to enhancers with transcription com-
plexes. We therefore speculate that one subset of proteins
binds enhancer elements and interacts with P-TEFb through
the N-terminal region of cyclin T1 and that another subset of
proteins binds the C terminus of cyclin T1 and modulates
transcription by affecting the interactions of P-TEFb with
paused RNA polymerase II elongation complexes.

HIC and Tat transactivation. The HIC cDNA regulates
gene expression in a cell-type-specific fashion (Fig. 4 and 5); it
inhibits Tat transactivation to some extent in CEM cells but
stimulates Tat transactivation in HeLa, COS, and NIH 3T3
cells. Whether this is due to intrinsic differences between cell
types or to an imbalance in the levels of factors leading to
squelching in CEM cells is presently unclear. Interestingly, the
inhibitory and stimulatory effects were both sensitive to cell
confluency and growth rate: the inhibition was reduced and the
stimulation was increased when the cells were growing rapidly,
suggesting that the two phenomena are linked.

Enhanced Tat transactivation could be due to the increased
formation of Tat–TAR–P-TEFb complexes resulting from the
binding of HIC to both Tat and cyclin T1. Since HIC binds to
the His-rich domain of cyclin T1 while Tat binds to the TRM,
in principle both proteins could interact with cyclin T1 simul-
taneously. On the other hand, HIC is capable of stimulating
transcription via P-TEFb in the absence of Tat as evidenced in
the cyclin T1 tethering experiments (Fig. 7). The observation
that supplying Tat gave rise to a further increase in gene
expression indicates that Tat is required for maximal activation
by HIC and implies that HIC and Tat can activate transcription
from the HIV-1 LTR through distinct mechanisms.

Role of the I-mfa domain. To date, the I-mfa domain has
been found in two proteins, I-mfa itself and HIC, both of which
play roles in transcription regulation and development. The
I-mfa domain is necessary for the binding of these proteins to
basic helix-loop-helix transcription factors such as MyoD (3),
HMG box transcription factors such as Tcf3 and Lef (44), and
the scaffolding protein Axin, which participates with �-catenin
in the Wnt signaling pathway (22). Correspondingly, deletion
of the I-mfa domain eliminated the functions of I-mfa, HIC,
and XIC (3). Similarly, the I-mfa domain of HIC is required
for its association with Tat and cyclin T1 (Fig. 1 and 2B, D, and
E) and for its transcriptional effects (46). Although the I-mfa
domain did not appear to influence the distribution of HIC
between the nucleus and cytoplasm, its deletion eliminated
HIC’s colocalization with cyclin T1 and Tat (Fig. 3B).

Smaller deletions from the C terminus of HIC revealed
differences between cyclin T1 and Tat in their interactions with
the I-mfa domain. Specifically, the binding of Tat was reduced,
but not abolished, by deletion of the C terminus of the I-mfa
domain, whereas cyclin T1 interaction was eliminated (Fig. 2B,
D, and E). Deleting the N-terminal 13 residues of the I-mfa
domain prevented it from interacting with both Tat and cyclin
T1 (Fig. 1). Remarkably, HIC and I-mfa have 23 conserved
cysteine residues out of some 80 residues in the I-mfa domain.
These cysteines presumably determine its structure and inter-
actions with other proteins. In the case of cyclin T1, the inter-
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action may be dependent on metal ions such as zinc, which
could mediate cysteine-histidine interactions with the cyclin T1
His-rich domain. The interactions of the HIC I-mfa domain
with Tat may also involve cysteine residues, since Tat is known
to bind several proteins through its Cys-rich domain (18, 48).

Finally, it is notable that CDK9 is capable of phosphorylat-
ing MyoD in vitro (42) and that overexpression of CDK9 with
cyclinT2a (but not cyclin T1) enhances MyoD function and
promotes myogenic differentiation (42). Conversely, CDK2
and cdc2 can inactivate MyoD function and inhibit myogenic
differentiation by phosphorylation-triggered degradation (14,
43, 52, 53). These findings raise the possibility that HIC par-
ticipates in a network of controls over myogenic transcription
that operate by regulating the phosphorylation status of MyoD.
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