
Cyclin-dependent kinase pathway aberrations
in diverse malignancies: clinical and molecular

characteristics
Shumei Kato1,*, Maria Schwaederle1, Gregory A Daniels1, David Piccioni2, Santosh Kesari2, Lyudmila Bazhenova1,

Kelly Shimabukuro1, Barbara A Parker1, Paul Fanta1, and Razelle Kurzrock1

1Center for Personalized Cancer Therapy and Division of Hematology and Oncology; Department of Medicine; UC San Diego Moores Cancer Center; La Jolla, CA USA;
2Department of Neurosciences and Translational Neuro-Oncology Laboratories; UC San Diego Moores Cancer Center; La Jolla, CA USA

Keywords: cancer, CDKN2A/B, CDK4/6, cyclin-Dependent Kinase, next generation sequencing

Aberrations in the cyclin-dependent kinase (CDK) pathways that regulate the cell cycle restriction point contribute to
genomic instability and tumor proliferation, and can be targeted by recently developed CDK inhibitors. We therefore
investigated the clinical correlates of CDK4/6 and CDKN2A/B abnormalities in diverse malignancies. Patients with various
cancers who underwent molecular profiling by targeted next generation sequencing (Foundation Medicine; 182 or 236
cancer-related genes) were reviewed. Of 347 patients analyzed, 79 (22.8%) had aberrant CDK 4/6 or CDKN2A/B. Only TP53
mutations occurred more frequently than those in CDK elements. Aberrations were most frequent in glioblastomas (21/26
patients; 81%) and least frequent in colorectal cancers (0/26 patients). Aberrant CDK elements were independently
associated with EGFR and ARID1A gene abnormalities (P < 0.0001 and p D 0.01; multivariate analysis). CDK aberrations
were associated with poor overall survival (univariate analysis; HR[95% CI] D 2.09 [1.35–4.70]; p D 0.004). In multivariate
analysis, PTEN and TP53 aberrations were independently associated with poorer survival (HR D 4.83 and 1.92; P < 0.0001
and p D 0.01); CDK aberrations showed a trend toward worse survival (HR D 1.67; p D 0.09). There was also a trend
toward worse progression-free survival (PFS) with platinum-containing regimens in patients with abnormal CDK elements
(3.5 versus 5.0 months, p D 0.13). In conclusion, aberrations in the CDK pathway were some of the most common in
cancer and independently associated with EGFR and ARID1A alterations. Patients with abnormal CDK pathway genes
showed a trend toward poorer survival, as well as worse PFS on platinum-containing regimens. Further investigation of
the prognostic and predictive impact of CDK alterations across cancers is warranted.

Introduction

Aberrations in the cyclin D-cyclin-dependent kinase (CDK)-
retinoblastoma (Rb) pathway that regulates the cell cycle restriction
point is a common feature of human cancer, contributing to tumor
proliferation, genomic instability and chromosomal instability.1–3

Cyclin D1 complexes with its catalytic partners, CDK 4/6, leading
to Rb protein phosphorylation, and subsequent E2F-mediated
transcription of target genes necessary for G1 cell-cycle progression
(Fig. S1). This pathway can be altered through multiple mecha-
nisms includingmutation or loss of Rb, increased signaling through
CDK4 and CDK6 amplification, overexpression of cyclinD1,4 and
loss of inhibitors including CDKN2A (p16) and/or CDKN2B
(p15).5,6 Alterations in the CDK pathway have also been linked to
poorer clinical outcome in multiple cancer types including acute
lymphoblastic leukemia,7 ovarian8 and colon cancer,9 and

medulloblastoma10; preliminary results in breast cancer suggest
that these aberrations may be associated with a better outcome.11

Importantly, there are several inhibitors in clinical trials, with
varying selectivity for specific members of the CDK family.2

Some examples include CDK4/6 inhibitors, palbociclib
(PD0332991) and LEE011, and the CDK1/2/5/9 inhibitor, dina-
ciclib (SCH 727965) which all demonstrated clinical activities for
patients with advanced malignancies in early phase clinical tri-
als.12–14 Among them, palbociclib (PD0332991), a potent selec-
tive CDK4/6 inhibitor, has emerged as an attractive therapeutic
option because of its favorable toxicity profile.15–17 Recent trials
demonstrate prolonged progression-free survival (PFS) in patients
with hormone receptor-positive, Her2-negative metastatic breast
cancer when the hormone modulator letrozole was combined with
palbociclib as compared to letrozole alone (PALOMA-1 trial,
median 20.2 months vs. 10.2 months, respectively).12
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Of interest, CDK pathway abnormalities have been reported
in numerous cancers,7-10 but the biological implications and
landscape of these abnormalities has not been well studied. We
therefore used next generation sequencing (NGS) to determine
the molecular characteristics and clinical correlates of CDK4/6
or CDKN2A/B abnormalities in 347 patients with diverse
malignancies.

Results

CDK4/6 and CDKN2A/B abnormalities
Seventy-nine patients (23%) had an abnormality in

CDK4/6 or CDKN2A/B (CDK elements) (Table 1 and

Fig. 1): 62 cases (18% of 347) with CDKN2A aberrations
(48 patients with CDKN2A loss and 14 with mutations); 37
(11%), CDKN2B loss; 13 (4%), CDK4 amplification; and 8
(2%), CDK6 amplification (Fig. 1). Thirty-eight cases
(11%) had more than one abnormality in CDK4/6 or
CDKN2A/B.

Clinical and molecular characteristics associated with
CDK4/6 or CDKN2A/B abnormalities (univariate analysis)
(Tables 1–2 and Table S1)

Men more commonly had abnormalities in CDK elements
than women (28.5% versus 18.4%; P value D 0.026)
(Table 1). Older age at diagnosis (�50 years old) was

Table 1. Clinical characteristics of 347 patients with CDK4/6, CDKN2A/B aberrations (univariate analysis)

Patient characteristics (N D 347) Aberrant CDK4/6, DKN2A/B N D 79 (%) Normal CDK4/6, CDKN2A/B N D 268 (%) P-value*

Gender 0.026
Women (N D 196) 36 (18.4%) 160 (81.6%)
Men (N D 151) 43 (28.5%) 108 (71.5%)

Age at diagnosis 0.13
Age � 50 y (N D 212) 54 (25.5%) 158 (74.5%)
Age <50 y (N D 135) 25 (18.5%) 110 (81.5%)

Types of cancer diagnosisx
Breast (N D 74) 7 (9.5%) 67 (90.5%) 0.0021
Glioblastoma (N D 26) 21 (80.8%) 5 (19.2%) < 0.0001
Colorectal (N D 26) 0 (0%) 26 (100%) 0.004
Lung (N D 23) 6 (26.1%) 17 (73.9%) 0.69
Melanoma (N D 23) 8 (34.8%) 15 (65.2%) 0.16
Appendix (N D 20) 1 (5.0%) 19 (95.0%) 0.27

Site of metastasis (N D 280) Aberrant CDK4/6, DKN2A/B N D 50 (%) Normal CDK4/6, CDKN2A/B N D 230 (%)

Lymph node metastasis 0.73
Yes (N D 145) 27 (18.6%) 118 (81.4%)
No (N D 135) 23 (17.0%) 112 (83.0%)

Liver metastasis 0.74
Yes (N D 101) 17 (16.8%) 84 (83.2%)
No (N D 179) 33 (18.4%) 146 (81.6%)

Bone metastasis 0.36
Yes (N D 82) 12 (14.6%) 70 (85.4%)
No (N D 198) 38 (19.2%) 160 (80.8%)

Lung metastasis 0.23
Yes (N D 81) 11 (13.6%) 70 (86.4%)
No (N D 199) 39 (19.6%) 160 (80.4%)

Omentum/Peritoneum metastasis 0.92
Yes (N D 49) 9 (18.4%) 40 (81.6%)
No (N D 231) 41(17.8%) 190 (82.2%)

Brain metastasis 0.16
Yes (N D 34) 9 (26.5%) 25 (73.5%)
No (N D 246) 41(16.7%) 205 (83.3%)

Soft tissue metastasis 0.21
Yes (N D 31) 3 (9.7%) 28 (90.3%)
No (N D 249) 47 (18.9%) 202 (81.1%)

Adrenal metastasis 0.51
Yes (N D 12) 3 (25.0%) 9 (75.0%)
No (N D 268) 47 (17.5%) 221 (82.5%)

Site of biopsies 0.83
Primary (N D 125) 23 (18.4%) 102 (81.6%)
Metastases (N D 155) 27 (17.4%) 128 (82.6%)

* P-values are from Fisher’s exact test.
x Included characteristics with N � 20 of primary cancer diagnosis. See Table S1 for complete list of characteristics with N < 20.
{ Excluded patients with hematological malignancy (N D 21) and CNS tumors (N D 46). Reported here with site of metastasis with N � 10.
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associated with a non-significant trend
toward greater likelihood of CDK4/6
or CDKN2A/B aberrations (p D 0.13)
(Table 1). Frequency of CDK4/6 or
CDKN2A/B aberration was similar
regardless of the site of biopsies
obtained for analysis (18.4% from pri-
mary vs. 17.4% from metastatic sam-
ples; p D 0.83) (Table 1). Among
155 cases of metastatic samples evalu-
ated for molecular aberration, there
were 5 cases evaluated from brain
metastasis. Aberrations in CDK ele-
ments were associated with a diagnosis
of glioblastoma (n D 21 of 26 patients
with glioblastoma, 81%; P < 0.0001).
CDK4/6 or CDKN2A/B abnormalities
were found less frequently (7/74
[9.5%]) in patients with breast cancer
(p D 0.0021). We did not observe
abnormalities in CDK elements
among patients with colorectal cancer
(n D 0/0 [0%]; p D 0.004) (Table 1).
Regarding sites of metastases, there
was a trend (9 of 34 patients [26.5%];
p D 0.16) for CDK4/6 or CDKN2A/
B abnormalities in individuals with
brain metastases (Table 1). In univari-
ate analysis, CDK4/6 or CDKN2A/B
were more likely to be associated with EGFR and ARID1A
abnormalities (P < 0.0001 and p D 0.06 [trend]) (Table 2).
There was an inverse association with KRAS, PIK3CA and
APC aberrations (p D 0.02, p D 0.01 and p D 0.03
respectively).

Multivariate analysis of association between clinical
and molecular characteristics and CDK4/6 or CDKN2A/B
abnormalities (Table 3):

In multivariate analysis, a diagnosis of glioblastoma was signif-
icantly associated with CDK4/6 or CDKN2A/B abnormalities
(odds ratio [OR] D 11.2; 95% CI: 3.7–34.5, P < 0.0001)
(Table 3). A diagnosis of breast cancer trended to be less fre-
quently associated with abnormal CDK elements (OR D 0.39,
95% CI: 0.15–1.02, p D 0.057).

Interestingly, EGFR and ARID1A aberrations were signifi-
cantly associated with CDK4/6 or CDKN2A/B in multivariate
analysis (EGFR: OR D 11.9; 95% CI: 3.92–35.7, P < 0.0001)
(ARID1A: ORD 3.98; 95% CI: 1.36–11.8, pD 0.01) (Table 3).
Co-existing EGFR aberrations included amplification, mutation
and EGFR vIII (Table S2). All the co-existing ARID1A aberra-
tions were mutations (Table S3). Indeed, 20 of 26 patients
(76.9%) of patients with an EGFR aberration had an abnormal-
ity in CDK elements (Table 2). Eight of 20 patients with
ARID1A aberrations (40.0%) also had an abnormality in CDK
elements (Table 2).

Outcome and abnormalities in CDK4/6 or CDKN2A/B
(univariate and multivariate analysis) (Tables 4 and 5):

To assess the association between aberrant CDK elements and
development of metastases, we first excluded hematological
malignancies (n D 21) and CNS tumors (n D 46) (Table 1 and
Table S1) from the 347 patients studied. Of 280 patients assess-
able for development of metastases, 17.9% (n D 50) of patients
had abnormalities in CDK elements. Site of biopsies obtained
for molecular analysis were similar between the 2 groups (54%
[27/50] of patients with aberrant CDK and 56% [128/230] of
patients with normal CDK were biopsied from metastatic sites, p
D 0.83, Table 1). Numbers of patients who had documented
metastases were also similar between the 2 groups (88% [44/50]
of patients with aberrant CDK and 90% [206/230] patients with
normal CDK eventually had metastatic disease, p D 0.75). The
median time from diagnosis to metastases was 17 months versus
24 months in patients with and without abnormalities (p D 0.2)
(Table 4).

We next assessed the overall survival for the 347 patients stud-
ied. In univariate analysis, the presence of aberrant CDK ele-
ments was significantly associated with shorter survival when
compared to patients with normal CDK elements (hazard ratio
[HR][95% CI] D 2.09 [1,35 – 4.70]; p D 0.004) (Table 5).

In multivariate analysis using the Cox’s regression model
(variables with P value less than 0.1 from univariate analysis
were included [Table 5]: gender [women], diagnosis of glio-
blastoma, and TP53, CDK4/6 or CDKN2A/B, PTEN, and

Figure 1. Frequency of CDK-associated genetic aberrations in 347 patients with diverse malignancies.
Of 347 patients with diverse malignancies, 23% (N D 79) had an aberration in either CDK4 (N D 13
[3.7% of 347 patients]), CDK6 (N D 8 [2.3%]), CDKN2A (N D 62 [17.9%]) and/or CDKN2B (N D 37
[10.7%]). All cases with CDKN2B aberrations (N D 37) also had aberrant CDKN2A (but the opposite
was not true). One case of CDK4 amplification had a co-existing CDKN2A/B aberration. CDK6 amplifi-
cation occasionally co-existed with CDKN2A/B aberration (N D 2) or a CDKN2A aberration (N D 1).
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EGFR aberrations), the only factors independently associated
with poorer survival were PTEN and TP53 aberrations (HR
D 4.83 and 1.92; P < 0.0001 and p D 0.01 respectively)
(Table 5). Patients with abnormalities in CDK elements
showed a trend for association with worse survival (HR D
1.67; p D 0.09) (Table 5).

Association of abnormalities in CDK4/6 or CDKN2A/B
and PFS for first-line therapy (univariate analysis) (Table 4)

One-hundred-and-8nine patients were assessable for PFS for
first-line therapy. (Twenty-one patients with hematological
malignancy were not included for the assessment. The other 137
patients were not assessable because PFS for first-line therapy was
not accurately available in the electronic medical record [48
patients] and 89 patients had not undergone first-line drug treat-
ment). Among the 189 assessable patients, 22 percent of patients

Table 2. CDK4/6 or CDKN2A/B abnormality and types of co-existing genetic aberrations (univariate analysis)

Patient characteristics (N D 347) Aberrant CDK4/6, CDKN2A/B N D 79 (%) Normal CDK4/6, CDKN2A/B N D 268 (%) P-value*

Types of co-existing genetic aberrationsx
TP53 0.28
Wild-type (N D 194) 40 (20.6%) 154 (79.4%)
Aberrant (N D 153) 39 (25.5%) 114 (74.5%)

KRAS 0.02
Wild-type (N D 292) 73 (25.0%) 219 (75.0%)
Aberrant (N D 55) 6 (10.9%) 49 (89.1%)

FGFR/FGF 0.11
Wild-type (N D 296) 63 (21.3%) 233 (78.7%)
Aberrant (N D 51) 16 (31.4%) 35 (68.6%)

PIK3CA 0.01
Wild-type (N D 307) 76 (24.8%) 231 (75.2%)
Aberrant (N D 40) 3 (7.5%) 37 (92.5%)

PTEN 0.96
Wild-type (N D 308) 70 (22.7%) 238 (77.3%)
Aberrant (N D 39) 9 (23.1%) 30 (76.9%)

MYC 0.24
Wild-type (N D 311) 68 (21.9%) 243 (78.1%)
Aberrant (N D 36) 11 (30.6%) 25 (69.4%)

EGFR < 0.0001
Wild-type (N D 321) 59 (18.4%) 262 (81.6%)
Aberrant (N D 26) 20 (76.9%) 6 (23.1%)

CCND1 0.52
Wild-type (N D 322) 72 (22.4%) 250 (77.6%)
Aberrant (N D 25) 7 (28.0%) 18 (72.0%)

APC 0.03
Wild-type (N D 324) 78 (24.1%) 246 (75.9%)
Aberrant (N D 23) 1 (4.4%) 22 (95.7%)

MCL1 1.00
Wild-type (N D 325) 74 (22.8%) 251 (77.2%)
Aberrant (N D 22) 5 (22.7%) 17 (77.3%)

NF1 1.00
Wild-type (N D 325) 74 (22.8%) 251 (77.2%)
Aberrant (N D 22) 5 (22.7%) 17 (77.3%)

ARID1A 0.06
Wild-type (N D 327) 71 (21.7%) 256 (78.3%)
Aberrant (N D 20) 8 (40.0%) 12 (60.0%)

BRCA2 0.39
Wild-type (N D 327) 76 (23.2%) 251 (77.2%)
Aberrant (N D 20) 3 (15.0%) 17 (85.0%)

* P-values are from Fisher’s exact test.
x Included characteristics with N � 20 of genetic aberration. See Table S1 for complete list of characteristics with N < 20.

Table 3. Multivariate analysis of patient characteristics (N D 347) associated
with CDK4/6, CDKN2A/B aberrations

Characteristics Odds ratio (95% CI) P-value*

Women 0.92 (0.48–1.76) 0.80
Breast 0.39 (0.15–1.02) 0.057
Glioblastoma 11.2 (3.7–34.5) < 0.0001
Colorectal 0.28 (0.03–2.53) 0.26
KRAS aberrant 0.59 (0.22–1.57) 0.29
PIK3CA aberrant 0.56 (0.16–1.96) 0.36
EGFR aberrant 11.9 (3.92–35.7) < 0.0001
APC aberrant 0.19 (0.02–1.83) 0.15
ARID1A aberrant 3.98 (1.36–11.8) 0.01

Characteristics selected from Table 1 and 2 with P-value < 0.1.
*P-values are from multivariate logistic regression analysis. P < 0.05 was
considered to be statistically significant.
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(n D 41) had aberrations in CDK elements. When median PFS
for first-line therapy was compared between patients with an
aberrant vs. normal CDK pathway, there was no statistically sig-
nificant difference between the 2 groups (aberrant vs normal
CDK pathway; 3.3 versus 5.0 months, p D 0.32) (Table 4). We
also assessed whether different types of chemotherapy were asso-
ciated with PFS in first line. Only platinum-containing regimens
had a trend for differences in outcome, with worse PFS (median
D 3.5 months) in patients with abnormal CDK elements than in
those with normal CDK elements (median PFS D 5 months) (p
D 0.13) (Table 4).

Discussion

An aberration in the CDK pathway is an important feature of
human cancer, and leads to G1 cell-cycle progression.1–3 In 347
patients with malignancies seen at our center, we found that 79
(23%) had aberrations in CDK4/6 or CDKN2A/B (Table 1 and
Fig. 1). Aberrant CDK4/6 or CDKN2A/B was the second most
common aberration after TP53. The frequency of abnormalities in
our current study of diverse tumors is similar to previous reports
where loss of p16 (CDKN2A) expression or strong expression of
CDK4 evaluated by immunohistochemistry was seen in 33.9%
and 15.3%, respectively, of epithelial ovarian cancer.8 The fre-
quency of CDK4/6 or CDKN2A/B varied by disease, with glio-
blastoma having the highest frequency, and with no CDK
abnormalities found in 26 patients with colorectal cancer (Table 1).

As mentioned, CDK4/6 or CDKN2A/B aberrations were sig-
nificantly associated with glioblastoma (OR: 11.2, 95% CI: 3.7–
34.5, P < 0.0001) (Tables 1 and 3). Indeed, 21 of 26 (81%)

patients had abnormalities in CDK elements, making perturba-
tion of this pathway a hallmark of this disease. This result is con-
sistent with previous investigations demonstrating that
glioblastoma harbored deletion of CDKN2A in 31–68% of
cases18–21 and amplification of CDK4 in 18–50% of cases.18,21

The higher percentages in our study may be due the fact that we
examined multiple elements of the CDK pathway. Of clinical
interest, in vitro and in vivo studies show that CDK 4/6 inhibi-
tion is capable of arresting the growth of glioblastoma.22 Cur-
rently phase 2 clinical trials are ongoing to determine the efficacy
of the CDK 4/6 inhibitor, palbociclib, in patients with recurrent
glioblastoma (NCT01227434).

In multivariate analysis, glioblastoma was independently asso-
ciated with CDK 4/6 or CDKN2A/B abnormalities (Table 3).
CDK4/6 or CDKN2A/B aberrations showed a trend (p D
0.057) toward a lower incidence in breast cancer (7 of 74 cases,
9.5%) (Tables 1 and 3). However, when CCND1 aberrations
were included (CCND 1 also being a CDK pathway compo-
nent), that trend disappeared (18 of 74 patients, 24.3 % positive
for CDK4/6, CDKN2A/B or CCND 1 aberrations; p D 0.43).
In patients with breast cancer (estrogen or progesterone receptor
positivity and Her2 negativity) (n D 37), 12 (32.4%) had an
aberration in CDK4/6, CDKN2A/B or CCND1. This frequency
may explain the salutary effects in the study of the CDK inhibitor
palbociclib plus letrozole vs. letrozole alone in PALOMA-1 trial
in this subset of breast cancer (median PFS D 20.2 versus 10.2
months, p D 0.0004).12

Our analysis showed that CDK4/6 or CDKN2A/B aberra-
tions were significantly associated with EGFR aberrations (OR:
11.9, 95% CI: 3.92–35.7, P < 0.0001) (Table 3). Although
aberrant EGFR (usually EGFRvIII or EGFR amplification) was

Table 4. Clinical outcomes of patients with CDK4/6, CDKN2A/B aberrations (univariate analysis)

Clinical outcomes Aberrant CDK4/6,
CDKN2A/B Month (range)

Normal CDK4/6,
CDKN2A/B Month (range) P-value* Comment

Median time from diagnosis to metastasis (N D 280) 17.0 (0–256.7)
N D 50

24.2 (0–415.1)
ND 230

0.20 (a)

PFS for first line Therapy
Median PFS for all first line therapy (N D 189) 3.3 (0.6–39.0)

N D 41
5.0 (0.5–61.0)

ND 148
0.32 (b)

Subgroup analysis of median PFS for first line therapy
Platinum-containing regimen (N D 62) 3.5 (0.6–11.0)

N D 15
5.0 (1.0–34.0)

N D 47
0.13 (c)

5-FU or capecitabine- containing regimen (N D 50) 5.0 (0.6–11.0)
N D 11

5.0 (0.8–21.0)
N D 39

0.3 (d)

Bevacizumab-containing regimen (N D 33) 6.5 (2.0–39.0)
N D 6

6.5 (1.0–34.0)
N D 27

0.43

Taxane-containing regimen (N D 32) 3.0 (0.6–39.0)
N D 7

9.1 (1.0–38.7)
N D 25

0.88 (e)

* P-values are from log-rank test.
(a) Excluded patients with hematological malignancy (N D 21) and CNS tumors (N D 46).
(b) First line therapy referred to first line after metastatic or recurrent disease (N D 189). Excluded patients with hematological malignancy (N D 21). Neoad-
juvant/adjuvant therapy was not included (N D 56). Chemotherapy was not initiated on 33 patients and 48 patients were not assessable for accurate PFS
for first line therapy.
(c) Platinum-containing regimen (N D 62): Cisplatin (N D 20), carboplatin (N D 21) and oxaliplatin (N D 21).
(d) 5-FU or capecitabine-containing regimen (N D 50): 5-FU (N D 30) and capecitabine (N D 20)
(e) Taxane-containing regimen (N D 32): Paclitaxel (N D 22), docetaxel (N D 5) and abraxane (N D 5).
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frequent in glioblastoma and often co-existed with CDK4/6 or
CDKN2A/B (Table S2), the correlation between aberrant EGFR
and abnormal CDK elements was found to be independent in
multivariate assessment. Indeed, 8 of 14 patients (57%) who had
EGFR aberrations with diagnoses other than brain tumors,
including lung, breast, esophageal, tongue and appendiceal can-
cer, also harbored aberrant CDK elements.

There was also a statistically significant association between
aberrant ARID1A, an epigenetic regulator that is known to be a
tumor suppressor,23 and abnormal CDK elements. In a preclini-
cal study, ARID1A has been shown to be essential for both the
induction of p21 and the repression of E2F-responsive genes,
which are critical for normal cell cycle arrest.24 Thus having both
ARID1A and aberrant CDK elements likely contributes to
enhancement of cell cycle progression. However, the clinical sig-
nificance of and underlying mechanism leading to co-existing
aberrations in CDK4/6 or CDKN2A/B and ARID1A are not
clear and require further investigation.

In preclinical models, CDKN2A-mutant mice had accelerated
tumorigenesis with increased incidence of metastases.25 Also, in
patients with head and neck cancer, increased ratios of CCND1:
CDKN2A evaluated by polymerase chain reaction was

significantly associated with metastases.26 However, in our cur-
rent study, there was no statistically significant difference in
median time from diagnosis to metastasis among patients with
aberrant vs. normal CDK elements (17.0 months versus 24.2
months; p D 0.20) (Table 4). Site of metastases were also similar
between the 2 groups, except for the observation that metastases
to the brain had a non-significant trend toward higher rates of
abnormal CDK4/6, CDKN2A/B (9 of 34 [26.5%] brain metas-
tasis cases had abnormal CDK4/6, CDKN2A/B; p D 0.16)
(Table 1). Of possible interest in this regard, it has been sug-
gested that CDKN2A is involved in brain development.27

Whether or not the high incidence of CDK abnormalities in glio-
blastomas and the trend toward brain metastases in their presence
has a clinically meaningful connection or implication for under-
standing tumor migration to the central nervous system would
require additional investigation. It is also interesting to note that
the frequency of CDK4/6 or CDKN2A/B aberrations was similar
regardless of the site of biopsies obtained for molecular analysis
(18.4% from primary vs. 17.4% from metastatic samples; p D
0.83) (Table 1). Although conclusion cannot be made from cur-
rent study, this observation implies that CDK4/6 or CKDN2A/
B alterations may be an early event in carcinogenesis.

Table 5. Univariate and multivariate Cox’s regression models predicting duration of overall survival in 347 patients with malignancies

Characteristics{ (N D 347) Hazard Ratio 95% CI P-value*

Gender and age
Women (N D 196) 0.65 0.38–1.04 0.08
Age � 50 y (N D 212) 1.21 0.77–1.97 0.41

Types of cancer
Breast (N D 74) 0.64 0.39–1.08 0.11
Glioblastoma (N D 26) 3.01 1.73–26.7 0.006
Colorectal (N D 26) 1.73 0.71–5.93 0.19
Lung (N D 23) 1.16 0.40–3.46 0.77
Melanoma (N D 23) 0.55 0.25–1.48 0.29
Appendix (N D 20) 0.89 0.30–2.67 0.84

Types of genetic aberration
TP53 aberrant (N D 153) 2 1.27–3.31 0.004
CDK4/6, CDKN2A/B aberrant (N D 79) 2.09 1.35–4.70 0.004
KRAS aberrant (N D 55) 1.24 0.63–2.53 0.51
FGFR/FGF aberrant (N D 51) 0.67 0.39–1.26 0.24
PIK3CA aberrant (N D 40) 0.76 0.39–1.57 0.49
PTEN aberrant (N D 39) 4.02 5.02–31.9 <0.0001
MYC aberrant (N D 36) 1.45 0.71–3.33 0.27
EGFR aberrant (N D 26) 2.23 1.07–9.71 0.04
CCND1 aberrant (N D 25) 0.48 0.27–1.21 0.15
APC (N D 23) 1.75 0.65–6.69 0.22
MCL1 aberrant (N D 22) 0.49 0.25–1.35 0.21
NF1 aberrant (N D 22) 0.74 0.28–2.10 0.61
ARID1A aberrant (N D 20) 0.61 0.26–1.65 0.38
BRCA2 aberrant (N D 20) 1.09 0.38–3.12 0.87

Multivariate Cox’s regression model (N D 347)
Women 0.6 0.35–1.02 0.06
Glioblastoma 1.43 0.55–3.72 0.46
TP53 aberrant 1.92 1.17–3.14 0.01
CDK4/6, CDKN2A/B aberrant 1.67 0.92–3.04 0.09
PTEN aberrant 4.83 2.63–8.87 <0.0001
EGFR aberrant 1.31 0.54–3.16 0.55

{ Included characteristics with N � 20.
* P-values (univariate) and hazard ratios with 95% CI are from log-rank test or multivariate Cox’s regression model as appropriate. P <0.1 from univariate
analysis were included for multivariate analysis.
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We also examined association between abnormal CDK ele-
ments and PFS on various front-line therapies. We observed a
trend toward worse PFS for platinum-containing regimens in
CDK-aberrant patients (median D 3.5 months versus 5.0
months; p D 0.13) (Table 4). Interestingly, Kusume et al8 also
reported that individuals with epithelial ovarian cancer and an
abnormal CDK pathway (p16 [CDKN2A], pRb, CCND1 and
CDK4 evaluated by immunohistochemistry) had a trend toward
lower complete response rates (55%) compared to those with a
normal G1 pathway (81%) (P D 0.1) when treated with surgery
followed by platinum based chemotherapy.8 The mechanism by
which an aberrant CDK pathway might lead to platinum resis-
tance could be by enabling cancer cells to overcome cell cycle
arrest, a generally accepted consequence of DNA damage by plat-
inum agents, thus leading to cell survival.28 Larger, controlled
studies would be needed to determine if this relationship to plati-
num effect is significant.

An altered CDK pathway has also been associated with
poorer clinical outcome in multiple cancer types.7–10 Our
current study shows that, across diverse cancers, in multivari-
ate analysis, independent factors associated with worse sur-
vival in our patients included aberrant TP53 or PTEN
(Table 5). CDK4/6 or CDKN2A/B abnormalities showed a
trend to correlate with poorer survival, HR D 1.67; 95% CI
0.92–3.04; p D 0.09).

Our study has several limitations. First, it was performed ret-
rospectively in a single institution with a relatively limited num-
ber of patients. The small numbers in certain histologies
precludes definitive conclusions. Second, multiple comparisons
could result in overcalling the implications of positive P values.
Third, we included heterogeneous cancers. However, the latter
could suggest that the conclusions are generalizable across differ-
ent histologies. Fourth, molecular analysis was performed on
archival tumor tissue, which was obtained at a different time
points in relationship to the clinical history. Finally, CDKN2A/
B (p16) changes in blood from breast cancer patients undergoing
chemotherapy suggests the possibility that treatment could con-
tribute to observed changes in tumor specimens obtained later in
the course of disease.29

In conclusion, we have demonstrated that aberrant CDK4/6
or CDKN2A/B are common in various cancer types (79 of 347,
22.8%) (Table 1 and Fig. 1), being second in frequency to only
p53 mutations (44.1%). The rate of occurrence of CDK abnor-
malities varied by type of cancer, with no CDK aberrations seen
in colorectal cancer. In contrast, 81% of patients with glioblasto-
mas harbored CDK alterations. CDK4/6 or CDKN2A/B aberra-
tions were associated with poor overall survival in univariate
analysis, and a trend was seen in multivariate analysis (Table 5).
There was also a trend toward worse PFS with platinum-contain-
ing regimens, but not with other chemotherapies, in patients
with abnormal CDK elements (Table 4). Targeting specific
molecular aberrations in cancer has shown remarkable effects in
some patients with advanced malignancies.30–34 Currently, sev-
eral CDK4/6 inhibitors are in clinical trials, and studies that
select patients with aberrant CDK elements for such agents may
be warranted. Of interest, aberrant CDK elements were

independently associated with abnormalities in EGFR and
ARID1A, suggesting that some individuals might need appropri-
ately targeted combination therapy.

Patients and Methods

Patients
We investigated the CDK4/6, CDKN2A/B aberration status

of patients with diverse malignancies that were evaluated at UC
San Diego Moores Cancer Center from October 2012 through
February 2014. To identify the associations between CDK4/6,
CDKN2A/B aberration, cancer behavior and response to ther-
apy, we retrospectively reviewed and analyzed the patient demo-
graphics, clinical characteristics, response to therapy, time to
metastasis and overall survival. This study was performed and
patient consents obtained in accordance with UCSD Institu-
tional Review Board guidelines.

Tissue samples and mutational analysis
Available tissue from diagnostic and therapeutic procedures

was used to assess molecular aberrations. All histologies were
reviewed at Moores Cancer Center. Samples from formalin-fixed
paraffin-embedded tissue were sent for targeted next generation
sequencing (NGS) at Foundation Medicine (Cambridge, MA).
The test sequences the entire coding sequence of 182 (N D 9) or
more recently 236 (N D 338 patients) cancer-related genes plus
47 introns from 19 genes often rearranged or altered in cancer to
an average depth-of-coverage of greater than 250£ (http://foun-
dationone.com/docs/FoundationOne_tech-info-and-overview.
pdf).

Endpoints and statistical methods
Descriptive statistics were used to summarize the baseline

patient characteristics. The Fisher’s exact test was used to assess
the association between categorical variables. Time to metastasis
was measured from the date of diagnosis to the first date of
metastasis reported. Progression-free survival (PFS) was defined
as time interval between the start of therapy and the date of dis-
ease progression or removal of therapy for any reason, whichever
occurred first. Overall survival (OS) was defined as time from
diagnosis to last follow up or death. Patients with ongoing ther-
apy without progression and alive at the last follow-up date were
censored for progression-free survival. Patients alive at last follow
up were censored for survival. The Kaplan-Meier method was
used to estimate the probabilities of time to metastasis and PFS.
Log-rank test and Cox regression analysis were used to compare
subgroups of patients. All tests were 2-sided and P < 0.1 was
included for multivariate analysis. P values < 0.05 were consid-
ered significant. Statistical analyses were carried out using Graph-
Pad Prism version 6.0 (San Diego, CA, USA) and SPSS version
22.0 (Chicago, IL, USA).
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