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Abstract

The tumour suppressors p15INK4B and p16INK4A block the cell cycle by binding to and 
inhibiting the catalytic activities of the cyclin-dependent kinases CDK4 and CDK6, 
which are required for progression through G1. Both INK4 proteins have been 
implicated in the onset of premature cellular senescence as they are induced by 
the unscheduled activation of oncogenes. Consistent with this, the genes encoding 
p15INK4B and p16INK4A (CDKN2B and CDKN2A, respectively) are commonly lost in 
human cancer, often simultaneously. This has led to the hypothesis that they can 
compensate for each other’s loss during carcinogenesis. Indeed, in mice, such a 
compensatory mechanism has been demonstrated. Here we show that also in human 
cells, whether primary or tumour cells, p15INK4B levels are regulated as a function 
of p16INK4A expression. We find this regulation to be unidirectional. Reduction of 
p16INK4A levels results in increased binding of CDK4 and CDK6 by p15INK4B. Our 
data indicate that p15INK4B levels are regulated in a p16INK4A-dependent fashion, 
providing a possible explanation for the frequent simultaneous loss of the CDKN2A 
and CDKN2B loci in human tumours.

Introduction

The INK4 family of tumour suppressors comprises four members: p16INK4A, p15INK4B, 
p18INK4C and p19INK4D, encoded by the CDKN2A, B, C and D loci, respectively. The 
CDKN2A locus also encodes the ARF tumour suppressor, which, because of its translation 
from an alternative reading frame, has no sequence similarity to the INK4 family. All 
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INK4 proteins are cyclin-dependent kinase inhibitors that bind to CDK4 and CDK6, 
thereby preventing their interaction with D-type cyclins as well as actively inhibiting 
their catalytic activities. p15INK4B and p16INK4A share 90% sequence identity. Their 
secondary structure comprises mainly ankyrin repeats, which facilitate their association 
with CDK4 and CDK6. Both proteins have been implicated in tumourigenesis. They are 
induced during replicative senescence of various mouse and human cell types (Alcorta 
et al., 1996; Hara et al., 1996; Brenner et al., 1998; Kiyono et al., 1998; Jacobs & de 
Lange, 2004), and in drug-induced senescence (Robles & Adami, 1998; Schmitt et al., 
2002) as well as oncogene-induced senescence (Serrano et al., 1997; Collado et al., 
2005; Michaloglou et al., 2005; Kuilman et al., 2008). Consistent with the notion that 
senescence acts as a tumour suppressor mechanism (Prieur & Peeper, 2008), CDKN2B 
and CDKN2A are frequently inactivated in human cancer. Although mutations that 
affect either gene alone have been observed in certain cancers, the alterations very 
often affect both the CDKN2A and CDKN2B loci. Inactivation occurs either by deletion 
or silencing through methylation (Drexler, 1998; Orlow et al., 1999). Their similar 
functions and simultaneous inactivation in cancer has led to the hypothesis that p15INK4B 
and p16INK4A can compensate for each other. There is, in fact, a precedent for this: the 
pRB family members p107 and p130 can compensate for one another in several settings 
(Dannenberg et al., 2000; Sage et al., 2000; Peeper et al., 2001), and the same has been 
proposed for p18INK4C and proteins encoded by the CDKN2A/B locus in glioblastoma 
multiforme (Solomon et al., 2008; Wiedemeyer et al., 2008). Furthermore, recent 
studies demonstrate that p16INK4A can compensate for p18INK4C loss in mouse pituitary 
adenomas and that p15INK4B is increased in p16INK4A-/-;CDKN2C-/- MEFs compared to 
wild-type MEFs (Ramsey et al., 2007). A compensatory relationship has recently been 
demonstrated also in mice, where the p15INK4B tumour suppressing capacity becomes 
prominent in the absence of p16INK4A (Krimpenfort et al., 2007). However, it has remained 
unclear whether such a compensatory mechanism exists in human cells, too.

Results and Discussion

To test the hypothesis that p15INK4B protein levels are regulated as a function of p16INK4A 
in human cells, we used retroviral transduction to introduce independent and non-
overlapping short hairpins (shRNAs) for p16INK4A into primary human fibroblasts 
(TIG3ET) and melanoma cell lines expressing high levels of p16INK4A (SK-MEL28E, 
D10E). We found that, remarkably, p15INK4B protein levels increased every time p16INK4A 
was silenced, regardless of the cell system used (Fig. 1a). In fact, the increase in 
p15INK4B levels was proportional to the extent of p16INK4A knockdown (Fig. 1a). This 
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result suggests that, indeed, p15INK4B levels are controlled by p16INK4A.

To determine whether ectopic expression of p16INK4A had the opposite effect on p15INK4B 
levels, we restored p16INK4A in cells lacking this protein. Indeed, in both primary human 
fibroblasts suffering from an inactivating p16INK4A mutation (‘Leiden’ fibroblasts, LFET; 
(Brookes et al., 2002) and cancer cell lines that do not express p16INK4A (A875E and 

Figure 1. Unidirectional regulation of p15INK4B protein levels by p16INK4A protein. a Primary human fibroblasts 
TIG3ET and human melanoma cell lines D10E and SK-MEL28E were transduced with retroviruses encoding a short 
hairpin for p16INK4A and analysed by western blot for p15INK4B and p16INK4A expression. Actin serves as a loading 
control. b The melanoma cell line A875E, the colon carcinoma cell line HT29E and primary human fibroblasts LFET 
which lack functional p16INK4A, were transduced with retrovirus encoding human p16INK4A. Cells were analysed 
by western blot for p15INK4B and p16INK4A expression. Actin serves as a loading control. c Western blot analysis of 
TIG3ET, SK-MEL28E and D10E cells, transduced with retrovirus encoding human p15INK4B. Actin serves as a loading 
control.
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HT29E)), ectopic expression of p16INK4A suppressed accumulation of p15INK4B (Fig. 1b). 
This regulation was unidirectional, as ectopic expression of p15INK4B failed to affect 
p16INK4A levels (Fig. 1c). These observations are in line with the increase in p15INK4B 
levels observed in senescing human mammary epithelial cells in which CDKN2A is 
epigenetically silenced (Sandhu et al., 2000). Thus, an inverse relationship exists 
between expression of p15INK4B and p16INK4A: fluctuations in the levels of p16INK4A result 
in the regulation of p15INK4B, in the opposite direction. Furthermore, the nature of this 
regulation of p15INK4B by p16INK4A is unidirectional.

One might envisage that p16INK4A affects p15INK4B in a pRB-E2F pathway-dependent 
manner. Therefore, we investigated whether the p16INK4A-dependent regulation of 

Figure 2. The regulation of CDKN2B by p16INK4A does not occur transcriptionally. a-b TIG3ET (a) and SK-MEL28E 
(b) cells were transduced with lentivirus encoding either of two independent short hairpins for p16INK4A. p15INK4B 
and p16INK4A mRNA levels were subsequently analysed by quantitative RT-PCR. Results are the average of two 
independent experiments. c Western blot analysis of passage 3 MEFs from RB/p107/p130 triple knock out mice and 
their wt littermates. Actin serves as a loading control.
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p15INK4B occurs at the transcriptional level. CDKN2B mRNA levels did not change 
significantly when p16INK4A was silenced, as was observed both for primary human 
fibroblasts and cancer cells (Fig. 2a-b). Furthermore, as p16INK4A acts upstream of the 
E2F family of transcription factors, we reasoned that if the regulation is transcriptional, 
it is likely to be dependent on pRb and/or its relatives, p107 and p130. It follows from 
this that MEFs deficient for these three Rb family members should have increased levels 
of p15INK4B, as we have shown previously for another E2F target, p19ARF (Rowland et 
al., 2002). However, unlike p19ARF, p15INK4B levels were similar between these triple 
knockout MEFs and wild-type littermate MEFs (Fig. 2c). This observation is consistent 
with the fact that there are no obvious E2F sites within the p15INK4B promoter. Indeed, 
previous studies have reported the lack of responsiveness of the p15INK4B promoter to 
E2F overexpression (DeGregori et al., 1997; Ramsey et al., 2007). Therefore, these 
results suggest that, consistent with what was observed in mice (Krimpenfort et al., 
2007), the increase in p15INK4B protein levels in the absence of p16INK4A is not due to 
increased transcription. 

The lack of transcriptional regulation suggests that the depletion of p16INK4A affects 
p15INK4B at the post-transcriptional level. We envisaged that a likely scenario could 

Figure 3. p16INK4A-dependent formation of p15INK4B-CDK4/6 complexes. a-b p15INK4B binding to CDK4 and CDK6 
increases in the presence of sh-p16INK4A. Lysates from TIG3ET (a) and SK-MEL28ET (b) cells were subjected to 
CDK4 and CDK6 immunoprecipitation. Co-immunoprecipitation was demonstrated using a p15INK4B antibody. 
Tubulin serves as a loading control.
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be that upon p16INK4A downregulation, the pool of CDK4 that becomes available is 
now sequestered by p15INK4B, perhaps resulting in increased p15INK4B stability. Such a 
mechanism has been shown to occur in mice, where in the absence of CDKN2A, p15INK4B 
degradation is reduced and it’s binding to CDK4 is increased (Krimpenfort et al., 2007). 
In agreement with these mouse data, we find that endogenous p15INK4B-binding to CDK4 
and CDK6 increases in the presence of sh-p16INK4A, as observed in both TIG3ET and 
SK-MEL28E cells (Figure 3a-b). These data support the hypothesis that upon depletion 
of p16INK4A, p15INK4B protein levels are induced due to increased stability resulting from 
enhanced binding to CDK4 and CDK6. SK-MEL28 cells were previously shown to 
express mutant CDK4 (CDK4R24C) (Castellano et al., 1997), which is unable to bind to 
p16INK4A and p15INK4B (Wolfel et al., 1995). The increased binding to CDK4 seen in our 
experiments (Figure 3b) must therefore be due to the presence of the corresponding wt 
protein, as SK-MEL28 cells seem to maintain both CDK4 alleles ((Wolfel et al., 1995; 
Castellano et al., 1997); data not shown).

In summary, we show evidence that p15INK4B is regulated post-transcriptionally by 
p16INK4A in human cells. It is tempting to speculate that such a mechanism exists to 
compensate for the loss of p16INK4A in human cells, with p15INK4B serving as a backup 
mechanism preventing tumourigenesis. Evidence for such a mechanism in mice comes 
from recent work showing that CDKN2A/B triple knockout mice lacking p16INK4A, 
p15INK4B and ARF are far more prone to tumour development than their littermates lacking 
only p16INK4A and ARF (Krimpenfort et al., 2007). A reverse mechanism, where p18INK4C 
compensates for p16INK4A loss, has also been proposed following evidence showing that 
p18INK4C is induced in response to p16INK4A loss in human and mouse astrocytes and that 
the CDKN2C locus is co-deleted with the CDKN2A/B locus in glioblastoma multiforme 
(Solomon et al., 2008; Wiedemeyer et al., 2008). The regulation between p16INK4A and 
p18INK4C seems to be transcriptional and, specifically for p18INK4C, mediated by E2F. On 
the contrary, and in agreement with the mouse data (Krimpenfort et al., 2007), we find 
that the regulation of p15INK4B by p16INK4A occurs mainly post-trascriptionally. Additional 
information on the exact mechanism of this regulation is likely to shed more light on its 
potential role in prevention of tumourigenesis involving this complex genetic locus. 

Materials and Methods

Cell culture and retroviral transduction 
TIG3 primary human diploid fibroblasts expressing the ecotropic receptor and hTERT 
(TIG3ET), D10, SK-MEL28 and A875 melanoma cell lines expressing the ecotropic 
receptor (D10E, SK-MEL28E and A875E respectively) and the HT29 colon carcinoma 
cell line expressing the ecotropic receptor (HT29E) were all maintained in DMEM 
(GIBCO) supplemented with 9% fetal bovine serum (Greiner Bio-One), 2 mM glutamine, 
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100 units/ml penicillin and 0.1 mg/ml streptomycin (all GIBCO). LF human diploid 
fibroblasts expressing the ecotropic and hTERT (LFET) were maintained as described in 
Michaloglou et al. 2005. Mouse embryonic fibroblasts (MEF) from RB/p107/p130 triple 
knock out mice were kindly provided by H. te Riele and were maintained as described 
in Rowland et al., 2002. Retroviral transductions were performed with Phoenix cells as 
described (http://www.stanford.edu/group/nolan/retroviral_systems/phx.html). 

Plasmids
pBABE-puro-p15INK4B and pBABE-puro-p16INK4A where used for retroviral transduction. 
The p16INK4A short hairpins were described in (Michaloglou et al., 2005)(shRNA #1) 
and in (Voorhoeve & Agami, 2003)(shRNA #2). The hairpins were cloned into the 
pRetroSuper-puro vector. 

Quantitative RT-PCR
Total RNA was DNase treated with RQ1 RNase-Free DNase (Promega). Reverse 
transcription was performed with the Superscript II first strand kit (Invitrogen). 
Quantitative RT-PCR was performed with the SYBR Green PCR Master Mix 
(Applied Biosystems) on an ABI PRISM 7700 Sequence Detection System. 
Control primers were RPL13 and HPRT1. Data are represented as mean ± 
SD of three independent experiments. Primer sets were as follows: p15INK4B: 
5’-GGCCAACGGTGGATTATCC-3’ & 5’-TTCTCCTCGCGCATTCC-3’; p16INK4A: 
5’-GGGTCGGGTAGAGGAGGTG-3’ & 5’-GCCTCCGACCGTAACTATTCG-3’; 
RPL13: 5’-GAGACAGTTCTGCTGAAGAACTGAA-3’ & 
5’-TCCGGACGGGCATGAC-3’; HPRT1: 5’-CGGCTCCGTTATGGCG-3’ & 
5’-GGTCATAACCTGGTTCATCATCAC-3’

Antibodies and immunoprecipitation
Antibodies used for western blotting were against β-ACTIN (A5316; Sigma), p15INK4B 
(sc-612; Santa Cruz), p16INK4A (MS889; NeoMarkers), CDK4 (sc-260; Santa Cruz), CDK6 
(sc-177; Santa Cruz) and α-TUBULIN (DM 1A; Sigma). Immunoprecipitations were 
performed as described in (Jones et al., 2007). Antibodies used for immunoprecipitation 
were against CDK4 (sc-601; Santa Cruz) and CDK6 (sc-177; Santa Cruz). Co-
immunoprecipitation was demonstrated using a p15INK4B antibody (sc-612; Santa Cruz). 
Membranes where first immunoblotted for CDK4 (sc-260, Santa-Cruz) and then for 
CDK6 (same antibody as IP; sc-177 Santa-Cruz), without stripping in between.
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