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Introduction

Cell cycle is regulated by cyclin-dependent kinases (CDK) which 
form heterodimer complexes with cyclins, cofactors required for 
the CDK activity. There are at least 9 different CDK (CDK1-
CDK9)1 and many more cyclins (Cyclin A through T).2 When 
CDK are activated by the binding of its partner cyclin, phospho-
rylation cascades are turned on to orchestrate the coordinated 
entry in the next phase of the cell cycle. Different cyclin-CDK 
combinations determine the downstream proteins targeted. 
CDKs are constitutively expressed in cells whereas cyclins are 
synthesized at specific stages of the cell cycle, in response to vari-
ous molecular signals.3

Cell cycle deregulation is a common feature of human can-
cer. Cancer cells frequently display unscheduled proliferation, 
genomic instability (increased DNA mutations and chromosomal 
aberrations) and chromosomal instability (changes in chromo-
some number).3 Constitutive and deregulated CDK activation 
may contribute not only to unscheduled proliferation but also to 
genomic and chromosomal instability in cancer cells.

More than 90% of human neoplasias have abnormalities in 
some component of the cell cycle. These abnormalities are due 
to hyperactivation of CDK as a result of amplification/over-
expression of positive cofactors, cyclins/CDKs or downregula-
tion of negative factors.4 These changes promote deregulated 
S-phase progression in a way that ignores growth factor signals, 
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with loss of G
1
 checkpoints.5 Previous reports clearly demon-

strated that aberrant induction of Cyclin D1 activity, an essen-
tial regulator of cell cycle progression, is involved in human 
tumorigenesis5,6 and its deregulation has been documented 
in a variety of cancer types.7 Even more, Cyclin D1 activity 
was shown to be critical for tumor formation induced by other 
oncogenes (e.g., Ras), as mice deficient in Cyclin D1 are resis-
tant to tumorigenesis.8

Human PTEFb is a protein kinase composed by CDK9 and 
Cyclin T (T1, T2a or T2b) that controls the elongation phase 
of RNA Pol II. This complex is a cellular cofactor required for 
the transcriptional activation of the viral transactivator Tat in the 
HIV-1 genome.9 Cdk9 gene is widely expressed in human and 
murine tissues, with higher levels found in terminally differenti-
ated cells.10 Cyclin T1 and T2 mRNAs were detected in adult 
human tissues with higher levels in the muscle, spleen, thymus, 
testis, ovary and peripheral blood lymphocytes. In HeLa nuclear 
extracts, roughly 80% of CDK9 is complexed with Cyclin T1 
and 10% with Cyclin T2a and Cyclin T2b.11,12

PTEFb was also found to be involved in the phosphorylation 
and regulation of the carboxy-terminal domain (CTD) of the 
largest RNA Pol II subunit.13 It was also reported that the CDK9/
Cyclin T1 complex affected the activation and differentiation 
program of lymphoid cells.14 However, the molecular mechanism 
through which the CDK9/Cyclin T1 complex is altered in malig-
nant transformation needs to be elucidated.
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3T3 β-gal) as control. Cyclin T1 overexpression was confirmed 
by RT-PCR and northern blot analysis using human specific 
primers or a PCR generated probe, respectively (Fig. 3A and B). 
We also used RNA from HEK 293 cell line as human positive 
control. As shown in Figure 3A and B, we obtained two different 
clones (8 and 9) overexpressing human Cyclin T1. Even more, 
we also detected the protein overexpression by western blot using 
a Cyclin T1 antibody that recognizes both, human and mouse 
protein (Fig. 3C).

Upon establishment of the Cyclin T1 expressing cells, we 
studied the growth properties of these transfectants. NIH 3T3 
Cyclin T1 cells were found to grow faster in low serum (0.5% 
and 2%) compared to controls (NIH 3T3 Ras and NIH 3T3 
β-gal) (Fig. 4A). Furthermore, the doubling time was shorter for 
NIH 3T3 Cyclin T1 (31 h) in comparison with NIH 3T3 Ras 
(42 h) or NIH 3T3 β-gal (65 h). Altogether, these results sug-
gest that Cyclin T1 overexpression highly increases proliferation 
in vitro.

Next we tested Cyclin T1 clones ability to grow in soft agar. 
Cyclin T1 and Ras overexpression strongly increased the cells 
capacity to form colonies in soft agar (Fig. 4B). These results 
suggest that Cyclin T1 may function as an oncogene in vitro.

We then analyzed the in vivo tumorigenicity of NIH 3T3 
Cyclin T1, NIH 3T3 β-gal and NIH 3T3 Ras cells inoculated 
in immunodeficient nude mice. As shown in Figure 4C, sub-
cutaneous injection of Cyclin T1 transfected cells into nude 
mice resulted in tumor growth within 3 weeks (five out of five 
animals). None of the mice injected with the NIH 3T3 β-gal 
induced tumors along the experimental time (60 days) assayed 
(five out of five animals). Animals injected with NIH 3T3 Ras 
developed tumors 8 days after injection (data not shown). These 
results strikingly demonstrate that Cyclin T1 also functions as an 
oncogene in vivo.

Cyclin T1 induces cell proliferation and CDK4-Rb phos-
phorylation. To further investigate the increased proliferation of 
NIH 3T3 Cyclin T1 cells, we performed BrdU assay. The cells 
were starved for 24 h and then grew in the absence (0 h) or pres-
ence of serum (7 or 9 h). As shown in Figure 5A and B, Cyclin 
T1 and Ras significantly enhanced the percentage of S phase cells 
in all the conditions assayed, clearly confirming that the prolif-
eration is induced.

To understand the mechanism that triggers Cyclin T1-induced 
proliferation, cells were grown under starvation for 24 h and 
afterwards serum was added during different times (1, 3, 5, 7 or 
9 h). Proteins involved in cell cycle regulation were analyzed by 
immunobloting. As shown in Figure 5C, Cyclin A, D1 and E2F1 
proteins levels were induced in the NIH 3T3 Cyclin T1 clone 
even after an hour of serum addition. Furthermore, we detected 
an increase in Rb hyperphosphorylation at the CDK4 specific 
sites (780 and 795) suggesting that the proliferation induction in 
the NIH 3T3 Cyclin T1 clones is probably due to an increase in 
Rb phosphorylation by CDK4. Even more, Flavopiridol, a potent 
cdks inhibitor, significantly decreased the number of colonies 
induced by Cyclin T1 (Fig. 5D). Similar results were obtained 
when the colony formation assay was performed in the presence 
of PD98059, a potent ERK pathway inhibitor. These results 

In the present study, we demonstrated that Cyclin T1 expres-
sion levels are increased in head and neck carcinoma cell lines. 
A striking finding of our investigation was that Cyclin T1 is 
directly involved in malignant transformation and is able to 
induce tumor growth in vivo. Furthermore, we present herein 
evidence that Cyclin T1 effect on cellular proliferation is prob-
ably mediated by Rb/E2F1 pathway.

Results

Cyclin T1 and CDK9 are overexpressed in head and neck 
human tumor cell lines. We first analyzed Cyclin T1 and CDK9 
protein expression in different head and neck tumor cell lines 
(HaCaT, IHOK, 15b, HN4, HN6, HN12, HN13, HN30 and 
HN31) by western blot. As control, we used a normal cell line 
(NHEK). Cyclin T1 and CDK9 protein levels were found to be 
increased in most of the tumor cell lines analyzed (Fig. 1).

Cyclin T1 induces transformation in vitro. In order to inves-
tigate whether PTEFb induces transformation in vitro, we per-
formed the focus formation assay transfecting NIH 3T3 cells 
with expression vectors for Cyclin T1 or CDK9. In addition cells 
were transfected with Ras as positive control. As shown in Figure 
2A and B, Cyclin T1 but not CDK9 induces foci formation. The 
number of foci generated by Cyclin T1 were similar to the foci 
generated by Ras (Fig. 2B–D).

We also co-transfected NIH 3T3 cells with the Cyclin T1 or 
CDK9 in combination with Ras and we determined the number 
of foci. As shown in Figure 2B and D the number of foci is signif-
icantly increased when a very low amount of Ras is cotransfected 
with Cyclin T1. Furthermore, Cyclin T1 and Ras combination 
foci are morphological different and bigger than the foci pro-
duced by Cyclin T1 or Ras alone (Fig. 2C). These results suggest 
that Cyclin T1 is sufficient to induce transformation; however a 
synergistic effect is achieved in combination with Ras.

Cyclin T1 induces colony and tumor formation. To further 
investigate the transformation process induced by Cyclin T1, we 
generated NIH 3T3 stable transfected cell lines with Cyclin T1 
expression vector (NIH 3T3 Cyclin T1) or β-galactosidase (NIH 

Figure 1. PTEFb is increased in head and neck human tumor cell lines. 
Head and neck tumor cell lines (HaCaT, IHOK, 15b, HN4, HN6, HN12, 
HN13, HN30 and HN31) or normal keratinocytes (NHEK) were analyzed 
by western blot using anti-Cyclin T1, anti-CDK9 or anti-HSP90 antibod-
ies.
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Cyclin T1 is not a typical cell cycle regulator since its levels 
does not oscillate at any phase during the cell cycle (Fig. 5). 
This suggests cyclin T1 involvement in specialized func-
tions, such as peripheral blood monocytes and lymphocytes 
differentiation.14,16,17

Among the cyclins of the T-family, cyclin T1 appears to play 
the most important role in regulating Cdk9 activity. Cyclin T1 
is ubiquitously expressed, but in contrast to Cdk9 its expres-
sion level is not constantly high, as the protein is synthesized in 
response to specific stimuli.14,16 Interestingly, cyclin T1 appears to 
be conserved from Drosophila to human, especially in the cyclin 
box.18 Amino acid substitutions in specific regions of the protein 
can be responsible for the loss of its activity. A cysteine residue 
at position 261 seems to be of particular importance for cyclin 
T1 activity.17,19 The most investigated function of the complex 
Cdk9/cyclin T1 is the phosphorylation of the carboxyl-terminal 
domain (CTD) of the RNA Polymerase II, that activates tran-
scription elongation.

A required step during transcription initiation is the phos-
phorylation of serine 5 in the CTD of Pol II by the kinase subunit 
of TFIIH, CDK7,20,21 after which Pol II pauses to ensure proper 
pre-mRNA capping.22,23 The transition from pausing to elonga-
tion is facilitated by the PTEFb elongation complex, which also 
mediates efficient elongation.24 PTEFb consists of two subunits, 
Cyclin T1 and the kinase CDK9, which phosphorylates serine 
2 of the CTD, required for the productive elongation and the 
recruitment of complexes involved in mRNA processing (splicing 

suggest that Cyclin T1 oncogenic function is probably mediated 
by Ras pathway and cdks activity.

Due to Cyclin T1 overexpressing cells show increased pro-
liferation and Rb phosphorylation, we next analyzed Rb/E2F1 
pathway role in the Cyclin T1 transformation mechanism. We 
performed focus formation assay transfecting NIH 3T3 cells 
with Cyclin T1 or pcDNA3 β-gal control plasmids with or 
without the shRNA E2F1 plasmid to silence E2F1 expression 
and in consequence to turn off Rb/E2F1 pathway. As shown in 
Figure 5E, E2F1 silencing abolished the Cyclin T1 foci strongly 
suggesting that Cyclin T1 induces transformation via Rb/E2F1 
pathway.

Discussion

It is well documented that cell cycle deregulation leads to 
uncontrolled proliferation, one of  the hallmarks of cancer cells. 
However, more critical players in this process remained unidenti-
fied. In this paper, we demonstrate for the first time that Cyclin 
T1 functions as an oncogene in vitro and in vivo.

During the cell cycle, an important role is played by cyclins, 
a family of proteins named for their cyclical expression and 
degradation.15 Cyclins act as regulatory subunits of complexes 
together with the family of related protein kinases (CDKs) that 
function as catalytic subunits. Interaction between the cyclins 
and the CDKs occur at specific stages of the cell cycle, and the 
progression through the cell cycle requires their activities.15 

Figure 2. Cyclin T1 induces foci formation in NIH 3T3 cells. (A) pcDNA3 β-gal (vector), pcDNA3 Ras or pcDNA3 Cyclin T1 were transfected in NIH 3T3 
cells for the focus formation assay as described in Materials and Methods. (B) pcDNA3 β-gal (vector), pcDNA3 Ras, pcDNA3 Cyclin T1 or pcDNA3 Cdk9 
and the combinations detailed were transfected in NIH 3T3 cells for the focus formation assay as described in Materials and Methods. (C) Morphology 
foci were observed at the microscope and photographed. (D) Average ± Standard deviation of number of foci from three independent experiments 
were plotted.



3122	 Cell Cycle	 Volume 9 Issue 15 

and polyadenylation).12,24-26 PTEFb appears to function 
as a crucial CTD kinase for RNA Pol II transcribing 
immediate early genes (IEG).27,28 Recently, Fujita el al.29 
found that Thyrotropin-releasing hormone (TRH)-
induced recruitment of PTEFb abolished the pausing 
of Pol II and enhanced phosphorylation of CTD serine 
2, resulting in transcription elongation. In addition the 
authors determined that the ERK signaling pathway 
is decisive for TRH-induced recruitment of PTEFb to 
IEG and subsequent transcript elongation and process-
ing.29 In concordance with these findings, in this work 
we show that the transformation capacity of cyclin T1 
is induced by Ras (Fig. 2). Notably, we also observed 
that the colony formation was dramatically decreased 
in the presence of PD98059, an ERK pathway inhibitor 
(Fig. 5D). Even more, stable cell lines that overexpress 
cyclin T1 show increased CDK4/Rb phosphorylation 
(Fig. 5). Altogether these evidences indicate that ERK 
signaling pathway favors assembly of Cyclin T1/CDK9 
heterodimers, which form the active PTEFb enhanc-
ing transformation through cell cycle deregulation and 
provide novel functional insights for PTEFb pathway.

Furthermore, CDK9 and Cyclin T1 are important 
regulators of several cellular processes.14 A deregulation 
in the CDK9-related pathway may also be implicated 
in the establishment and/or maintenance of a trans-
formed cell phenotype.14,16,17,30-33 For instance, one of 
the functions of CDK9 and its Cyclin partners consists 
of protecting cells from apoptotic injuries in normal tis-
sues.34,35 In this context, CDK9 and type T cyclins may 
promote the expression of anti-apoptotic factors such as 
myeloid cell leukemia 1 (MCL-1).12,36,37 A deregulation 
in the antiapoptotic CDK9-signaling system may lead 
to malignant cell transformation, as reported in a num-
ber of other systems, such as insulin-like growth factor-I 
receptor, epidermal growth factor receptor, autocrine/
paracrine secreted Frizzled-related protein 2, AKT-
related pathway and surviving.38-41

A deregulated CDK9-related pathway was observed 
in several human tumors: lymphomas,14,30,42 neu-
roblastoma,17 primary neuroectodermal tumor 
(PNET),17 rhabdomyosarcoma31 and prostate cancer.32 
For instance, an imbalance in CDK9 and Cyclin T1 
mRNA was observed in several hematopoietic malig-
nancies: follicular lymphoma, diffuse large B cell 
lymphoma with germinal center phenotype, Burkitt’s 
lymphoma and cell lines of classical Hodgkin’s lym-
phoma.14 In addition, high levels of CDK9/Cyclin T1 
expression were detected in lymphomas derived from 
B and T cell precursors, follicular lymphomas and 
activated T cells (i.e., anaplastic large cell lymhpoma), 
whereas Hodgkin and Reed-Sternberg cells of classical 
Hodgkin’s lymphoma exhibited strong nuclear staining 
for both proteins.14

Our findings that Cyclin T1 induces transforma-
tion probably by CDK4-Rb mediated cell proliferation 

Figure 3. NIH 3T3 Cyclin T1 clones overexpresses Cyclin T1. RNA from stable trans-
fected cell lines (NIH 3T3 Cyclin T1, NIH 3T3 Ras or NIH 3T3 β-gal) was isolated and 
(A) RT-PCR; or (B) Northern blot analysis was performed. Human specific primers 
and PCR generated probe were designed, respectively. Human HEK 293 cell line 
also was used as positive control. (C) NIH 3T3 Cyclin T1, NIH 3T3 Ras and NIH 3T3 
β-gal were analyzed by western blot using anti-Cyclin T1 and anti-HSP90 antibod-
ies.
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Materials and Methods

Cell culture. NHEK, HaCaT, 
IHOK, 15b, HN4, HN6, HN12, 
HN13, HN30 and HN31 human 
keratinocytes cells were grown in 
D-MEM containing 10% fetal 
bovine serum (FBS) (Invitrogen, 
Carlsbad, California) in a 5% CO

2
 

humidified atmosphere at 37oC. 
NIH 3T3 cells were maintained in 
D-MEM containing 10% calf serum 
(Invitrogen).

Immunoblot analysis. Cell 
lysates were obtained as described 
previously.45 The following primary 
antibodies were used: Cyclin T1 
(clone T18), CDK9 (clone H169), 
Hsp 90 (clone H114), Cyclin A 
(C19), Cyclin D1 (C20), Cyclin 
E (E4), E2F1 (C20) and Rb (C15) 
from Santa Cruz Biotechnology, 
Inc., (Santa Cruz, CA); actin 
(Chemicon International, Temecula, 
CA) and Phospho-Rb antibodies 
(Ser-780, Ser-795) were from New 
England Biolabs, Inc., (Beverly, 
MA). Reactions were detected by 
horseradish peroxidase conjugated 
secondary antibodies and enhanced 
chemiluminescence (Pierce, 
Rockford, IL) following manufac-
turer’s directions.

Stable transfected cell lines gen-
eration. G418 concentration for 
selection (100 µg/ml) or maintains 
(50 µg/ml) were determined per-
forming a concentration curve in 
NIH 3T3 cells between 10 to 500 
µg/ml. NIH 3T3 stable cell lines 
were generated transfecting with 10 
µg of pcDNA3 Cyclin T1 wt (NIH 

3T3 Cyclin T1), pcDNA3 Ras (NIH 3T3 Ras) or pcDNA3 
β-galactosidase vectors (NIH 3T3 ß-gal) by calcium phosphate 
method in a 100 mm plate. Twenty four hours post-transfec-
tion, G418 was added at the concentration for selection. After 
10 days, single clones were amplified and Cyclin T1 expression 
was determined by western blot, northern blot and RT-PCR. 
Clones with the highest Cyclin T1 expression were used. 
pcDNA3 Cyclin T1 wt and pcDNA3 CDK9 plasmids were 
a gift from Dr. Matija Peterlin (University of California, San 
Francisco, USA). pcDNA3 Ras and pcDNA3 β-galactosidase 
plasmids were a gift from Dr. Silvio Gutkind (NIDCR, NIH, 
Bethesda, USA).

Focus formation assays. NIH 3T3 cells were grown up 
to 20% confluence in 10-cm plates and transfected with the 

may represent a potential therapeutic target. Hence, it is critical 
to dissect the mechanism for Cyclin T1 transformation and to 
identify the downstream targets and their crosstalk with other 
signaling networks in order to activate its oncogenic role. In this 
regard, very recently, Mueller et al.43 demonstrated that aberrant 
transcriptional elongation mediated by the Cyclin T1 contain-
ing PTEFb complex is a novel mechanism for oncogenic trans-
formation and more recent studies have identified Cyclin T and 
PTEFb as part of high molecular weight super complexes that 
may mediate aberrant transcriptional elongation in mixed lineage 
leukemia.44 This evidence in addition to our results, clearly dem-
onstrate that targeting Cyclin T and other Cyclin T containing 
complexes like PTEFb should be considered in new alternative 
options in cancer therapy.

Figure 4. NIH 3T3 Cyclin T1 clones show increased proliferation, colony formation and tumor growth. (A) 
NIH 3T3 Cyclin T1, NIH 3T3 Ras or NIH 3T3 ß-gal clones were grown in the presence of different percent-
age of serum (0.5; 2 or 10%) and number of cells was determined every day during 10 days. (B) Colony 
formation assays were performed for the NIH 3T3 stable transfected clones as described in Materials and 
Methods. Average ± Standard deviation of number of colonies from three independent experiments 
were plotted. (C) NIH 3T3 Cyclin T1 or NIH 3T3 ß-gal clones were s.c. injected in nu/nu mice as described 
in Materials and Methods. Average ± standard deviation of the tumor volumes were determined.
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Figure 5. NIH 3T3 Cyclin T1 clones show increased proliferation and Rb phosphorylation. (A) NIH 3T3 Cyclin T1, NIH 3T3 Ras or NIH 3T3 β-gal clones 
were starved and then grown in the absence or presence of serum (7 h). BrdU analysis was performed as described in Materials and Methods. (B) BrdU 
quantitation is shown as % of S-phase cells. (C) NIH 3T3 Cyclin T1 or NIH 3T3 β-gal clones were grown in complete medium (10% FBS) (EG); serum 
starved (ss) or starved and then grown in the presence of serum for different times (1, 3, 5, 7 or 9 h). Western blot were performed using the detailed 
antibodies. (D) Colony formation assays were performed for the NIH 3T3 stable transfected clones as described in Materials and Methods and the 
cells were incubated in media with Flavopiridol (3 nM), PD98059 (500 nM) or DMSO. Average ± Standard deviation of number of colonies from two 
independent experiments were plotted. (E) pcDNA3 β-gal (vector), pcDNA3 Cyclin T1 and/or shRNA E2F1 plasmids were transfected in NIH 3T3 cells for 
the focus formation assay as described in Materials and Methods.
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feed once per week with 200–400 µl of media with 10% calf 
serum and after two weeks colonies were counted.

Xenograft model. All animal experiments were done in 
accordance with institutional guidelines for animal welfare. 
NIH 3T3 β-gal, NIH 3T3 Cyclin T1 or NIH 3T3 Ras (5 x 106) 
cells were injected s.c. into 5 to 6-week-old male immunodefi-
cient nu/nu mice. Tumors were measured with a caliper twice a 
week, and their volumes were calculated using the formula π/6 
x a x b2, where a is the longest dimension of the tumor and b is 
the width. Tumors injected with NIH 3T3 β-gal or NIH 3T3 
Cyclin T1 were allowed to grow 60 days and then mice were 
sacrificed.

BrdU assay. NIH 3T3 stable transfected cell lines were seeded 
on glass coverslips and serum starved for 24 h. Then, media was 
replaced with media with 10% of calf serum and after 7 hs or 9 
hs, incubation with BrdU staining was performed using BrdU 
Immunofluorescence Assay Kit (Roche Applied Science), fol-
lowing the manufacturer protocol. Coverslips were mounted in 
Vectashield mounting medium with 4',6-diamidino-2-phenyl-
indole (Vector Laboratories, Inc., Burlingame, CA), and viewed 
using a Leica TCS-SP2 confocal system (Heidelberg, Germany).

plasmids detailed by calcium-phosphate precipitation technique 
as previously described.46 The day after transfection, cells were 
washed and incubated in DMEM supplemented with 5% calf 
serum. The cultures were maintained in the same medium, 
with medium changes every 3 days, until the appearance of foci 
from transformed cells was evident (usually 15 to 25 days after 
transfection). Plasmid used in the transfection were pcDNA3 
Cyclin T1 wt, pcDNA3 CDK9, pcDNA3 Ras and pcDNA3 
β-galactosidase described above and shRNA E2F1 A, shRNA 
E2F1 B and pGIPS obtained from OpenBiosystems.

Northern blot analysis. Total RNA was extracted using 
TRIZOL (Invitrogen) following manufacturer’s recommenda-
tions. Northern blot analysis was performed as described.45 Full 
length Cyclin T1 probe (2.2 Kb) was generated by PCR from 
pcDNA3 Cyclin T1 plasmid. GAPDH probe was obtained from 
Ambion Inc, Austin, Texas.

Colony formation assay. A bottom layer of media with 10% 
of calf serum and 1% of agar (4 ml) was poured in a 6 cm plate. 
After solidifying another layer containing a lower amount of agar 
(0.5%) and serial dilutions of cells (1 x 103 to 1 x 105) was poured 
over the bottom layer. The plates were placed in the incubator, 
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