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Abstract
The CDKN1B gene, encoding for the CDK inhibitor p27kip1, is mutated in defined human cancer subtypes, including breast,
prostate carcinomas and small intestine neuroendocrine tumors. Lessons learned from small intestine neuroendocrine tumors
suggest that CDKN1Bmutations could be subclonal, raising the question of whether a deeper sequencing approach could lead
to the identification of higher numbers of patients withmutations. Here, we addressed this question and analyzed human can-
cer biopsies from breast (n = 396), ovarian (n = 110) and head and neck squamous carcinoma (n = 202) patients, using an
ultra-deep sequencing approach. Notwithstanding this effort, the mutation rate of CDKN1B remained substantially aligned
with values from the literature, showing that essentially only hormone receptor-positive breast cancer displayed CDKN1B
mutations in a relevant number of cases (3%). However, the analysis of copy number variation showed that another fraction
of luminal breast cancer displayed loss (8%)or gain (6%)of theCDKN1Bgene, further reinforcing the idea that the function of
p27kip1 is important in this type of tumor. Intriguingly, an enrichment for CDKN1B alterations was found in samples from pre-
menopausal luminal breast cancer patients (n = 227, 4%) and in circulating cell-freeDNA frommetastatic luminal breast can-
cer patients (n = 59, 8.5%), suggesting that CDKN1B alterations could correlate with tumor aggressiveness and/or occur later
during disease progression. Notably, many of the identified somatic mutations resulted in p27kip1 protein truncation, leading
to loss of most of the protein or of its C-terminal domain. Using a gene-editing approach in a luminal breast cancer cell line,
MCF-7, we observed that the expression of p27kip1 truncatingmutants that lose the C-terminal domains failed to rescuemost
of the phenotypes induced by CDKN1B gene knockout, indicating that the functions retained by the C-terminal portion are
critical for its role as an oncosuppressor, at least in luminal breast cancer.
© 2020 The Authors. The Journal of Pathology published by JohnWiley & Sons, Ltd. on behalf of The Pathological Society of Great Britain and
Ireland.
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Introduction

The tumor suppressor gene CDKN1B, encoding the cell
cycle inhibitor p27kip1 (hereafter p27), is rarely mutated
in cancer. So far, it has been found to be mutated in only
a few types of tumor, such as prostate cancer [1] and
small intestine neuroendocrine tumors (SI-NETs), a rare
malignant neoplasm arising from neuroendocrine pre-
cursor cells, in which CDKN1B represents the most fre-
quently mutated gene [2]. CDKN1B germline mutations
have been proposed to be the cause of multiple endo-
crine neoplasia type 4 (MEN4), an autosomal dominant
disorder, characterized by the occurrence of tumors in
endocrine glands [3]. These data not only confirmed that
CDKN1B is a bona fide tumor suppressor gene in
humans, as widely demonstrated in mice [4,5], but also
suggested that p27 deregulation is particularly involved
in endocrine neoplasia, and more generally in human
cancers that rely on or respond to hormones.

Next generation sequence (NGS) analyses have redefined
the molecular classification of breast cancer; many new
potential drivers of tumor progression have been identified
[6–9]. These mutations are in part common to the different
breast cancer subtypes and in part specific for each subtype.
Sometimes,mutated driver genes are in the root cancer clone,
whereas on other occasions the presence ofmultiple drivers is
associated with subclonal evolution of the cancer [6–9].
Among the latter, CDKN1B was identified as a driver gene,
almost exclusively mutated in luminal breast cancer (LBC)
[6–11]. It is worth noting that most of the CDKN1B muta-
tions described in cancer (LBC, SI-NET and prostate cancer)
are nonsense and/or small deletions/insertions that cause the
production of a truncated protein that sometimes retains the
cyclin-CDK binding domain, but almost invariably loses
the C-terminus [12]. A very recent work has also highlighted
that alterations leading to loss of function of CDKN1B are
enriched in metastatic samples from breast cancer
patients [13].

Interestingly, expression and functional studies have
demonstrated that high p27 expression predicts sensitiv-
ity to endocrine and chemotherapy in LBC patients
[14,15], whereas p27 downregulation predicts resistance
to radiotherapy [16] and anti-HER2 therapies [17–19].
The role of p27 in LBC has recently acquired further
translational relevance as new crystal structural data
have demonstrated that p27 can prevent CDK4/6 inhibi-
tors (e.g. palbociclib) from binding and inhibiting their
targets, CDK4/6. This mechanismwould eventually lead
to resistance to these small molecule inhibitors, which
have been recently approved for the treatment of LBC,
showing very promising results [20,21].

The study of SI-NETs demonstrated that CDKN1B
mutations could be subclonal and that the use of a deeper
NGS approach allowed the finding of a number of
mutated samples higher than the ones retrieved by a
whole-exome sequencing approach, based on low cover-
age [2]. Here, we tested if the same observation could be
made in other tumor types, using breast, head and neck
and ovarian cancer as study models.

Materials and methods

Ethical statement
Solid tumor specimens from breast, ovarian and head
and neck cancer patients and liquid biopsies from meta-
static breast cancer patients were collected after signed
written informed consent was obtained, in accordance
with recognized ethical guidelines and following
approval by the Institutional Review Board of CRO
Aviano, National Cancer Institute (Aviano, Italy) and
University of Rome ‘Sapienza’ Sant’Andrea Hospital
(Rome, Italy). All studies were performed in compliance
with the 1975 Declaration of Helsinki, as revised
in 1983.

Primary tumor collection
Human breast cancer specimens collected at CRO
Aviano were taken by the pathologist directly after sur-
gery and immediately frozen, or flash frozen in OCT
compound, as more appropriate in each circumstance,
and stored in the institutional biobank until needed.
Human breast cancer specimens collected at University
of Rome ‘Sapienza’, were fixed in 4% buffered
(pH 7.4) formaldehyde and stored until needed. Histo-
logical re-evaluation of tumor representative sections
was performed by the Pathology Units of CRO Aviano
and University of Rome ‘Sapienza’. Tumor stage was
assessed according to the American Joint Committee
on Cancer (8th edition) [22]. Expression of hormone
receptors (ER clone SP1, cat. # 790-4324, pre-diluted;
PgR clone 1E2, cat. # 790-4296, pre-diluted; Ventana,
Roche, Basel, Switzerland), HER2 (HER2 clone 4B5,
cat. # 790-2991, pre-diluted; Ventana) and proliferation
index (Ki-67, clone 30-9, cat. # 790-4286, pre-diluted;
Ventana) were evaluated by immunohistochemistry
(Ultraview Detection Kit cat. #760-500; Ventana);
HER2 status was measured and reported according to
ASCO-CAP 2018 guidelines [23]. Then, breast tumors
were classified in accordance with WHO 2019 [24].
Human epithelial ovarian cancer specimens were

collected at surgery by the pathologist at CRO Aviano,
immediately frozen and stored in the institutional bio-
bank until needed. Histological re-evaluation of tumor
representative sections from surgical specimens was
performed by the Pathology Unit of CRO Aviano
and tumor stage was assessed according to WHO
2017 [25].
Specimens from primary head and neck squamous

cell carcinomas (HNSCC) were collected from patients
who underwent surgery at CRO Aviano and General
Hospital of Pordenone, immediately frozen and stored
in the CRO institutional biobank until needed. Patholog-
ical evaluation of tumor biopsies was made by the
Pathology Unit of General Hospital of Pordenone.
Tumor stage (cT/cN) was clinically assessed according
to the American Joint Committee on Cancer (8th edition)
[22].
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DNA purification, NGS analyses and droplet
digital PCR
The Maxwell® 16 Tissue DNA Purification Kit
(Promega, Madison, WI, USA) was used for automated
purification of DNA from fresh solid tumor samples, fol-
lowing the manufacturer’s instructions. The AllPrep
DNA/RNA mini kit and AllPrep DNA/RNA FFPE kit
(Qiagen, Hilden, Germany) were used for manual purifi-
cation of DNA from cryosections or formalin-fixed
paraffin-embedded (FFPE) sections from solid tumor
samples, respectively, following the manufacturer’s
instructions. The Maxwell® RSC ccfDNA plasma kit
(Promega) was used for automated purification of circu-
lating cell-free DNA (ccfDNA) from plasma of meta-
static LBC patients. Plasma was obtained by
centrifuging whole blood from EDTA tubes 1× for
10 min at 2000 × g and 2× for 10 min at 4000 × g.
DNA quantification was performed using the
QuantiFluor® ONE dsDNA System (Promega).
Details for DNA purification, amplification, droplet

digital PCR (ddPCR) and NGS can be found in Supple-
mentary materials and methods.

Bioinformatic analysis
CDKN1B somatic mutations of possible clinical signifi-
cance were evaluated by curated analyses of Catalogue
of Somatic Mutations in Cancer (COSMIC, https://
cancer.sanger.ac.uk/cosmic) and International Cancer
Genome Consortium (ICGC, https://dcc.icgc.org/) data
portals.
NGS data were mapped to the human reference

genome (GRCh37/hg19, https://www.ncbi.nlm.nih.
gov/assembly/GCF_000001405.13/, accessed Septem
ber 2020) Data were analyzed with VariantStudio™
software (Illumina, San Diego, CA, USA) and Integra-
tive Genomics Viewer software [26]. After quality
check controls and filtering, reads and variants distrib-
uted in target regions were analyzed and annotated.
Results were expressed as a percentage of mutated
DNA. Only somatic alterations called at allele frequen-
cies ≥1% and that were confirmed in at least two distinct
runs were considered mutated. Synonymous variants
and polymorphisms described in the Single Nucleotide
Polymorphism Database (dbSNP138) [27] were
removed.

Cell culture and in vitro assays
MCF-7 and T47D LBC cell lines were obtained from
ATCC (LGC Standards, Manassas, VA, USA) and
grown in DMEM (Merck Life Science, Darmstadt, Ger-
many) supplemented with 10% FBS (Carlo Erba,
Milano, Italy), at standard conditions of 37 �C and 5%
CO2. The generation of MCF-7 p27 knockout
(KO) cell clones was as described previously [28]. Based
on two CDKN1B truncating mutations discovered by
Ellis et al [8], p27 K134fs and p27 T171*, we generated
mutant p27 knockin (KI) cell clones, as described in
Supplementary materials and methods.

T47D, MCF-7 parental cell line and descendent KO
and KI clones were authenticated by STR analysis,
according to the PowerPlex® 16 HS System (Promega)
protocol and using GeneMapper™ software 5 (Thermo
Fisher Scientific, Waltham, MA, USA) to identify
DNA STR profiles. All cell lines were routinely tested
to exclude Mycoplasma contamination (MycoAlert™,
Lonza, Basel, Switzerland).

Growth curves, cell cycle distribution by
fluorescence-activated cell sorting (FACS) analysis,
anchorage-independent cell growth and three-
dimensional (3D) mammary epithelial cell growth were
determined as described previously [29–33]. Multiple
cell clones were always tested in each assay, in dupli-
cates or triplicates as appropriate.

Immunofluorescence, western blotting,
immunoprecipitation and kinase assays
All analyses were performed as described previously
[28–30,32,33] and are described in detail in supplemen-
tary material, Supplementary materials andmethods. For
the analysis of protein stability, cycloheximide (Merck
Life Science) was added to cell culture medium at
10 μg/ml and cells were collected at the indicated times
and processed to prepare protein lysates for western blot
analyses.

RT-qPCR
Total RNA was extracted in TRIzol reagent following
the manufacturer’s instructions (Invitrogen, Thermo
Fisher Scientific). RNA purification, quantification and
RT-qPCR were performed as described previously
[29,32]. All methods and the primers used are described
in detail in Supplementary materials and methods.

Statistical analyses
Statistical significance, mean, median and SD were
determined using PRISM software (version 6.01)
(GraphPad Inc., San Diego, CA, USA), using the
most appropriate test, as specified in each figure. A
minimum of three biologically independent experi-
ments was used for statistical significance. The num-
ber and type of replicates used in each experiment
are specified in the figure legends. When not other-
wise specified, mean and SD are shown in all graphs.
Significance was calculated by Student’s t-test or
Mann–Whitney two-sided or ANOVA test, as appro-
priate, and indicated in each figure legend. Differ-
ences were considered significant when p < 0.05.

Results

Only LBC displays CDKN1B mutations in a relevant
number of cases (>1%)
We performed a curated survey of publicly available
data banks (i.e. COSMIC and ICGC) to estimate the
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presence of CDKN1B mutations in different types of
cancer. We focused on breast cancer, harboring
CDKN1B mutations at the highest frequency, and on
head and neck and ovarian cancers, with very low fre-
quency mutated models (Table 1). Of note, in this anal-
ysis the copy number variation (CNV) and mutations
of uncertain significance, such as those in CDKN1B
introns or causing synonymous substitutions, were not
included. This survey confirmed that CDKN1B is only
mutated in a relevant number of samples (i.e. >1%) in
the hormone receptor-positive (HR+) breast cancer sub-
type (hereafter luminal breast cancer; LBC), as origi-
nally reported [7]. Moreover, the analysis of the ICGC
data revealed that breast cancer arising in young women
(BCYW) displayed more frequent CDKN1B alterations.
However, this observation arose from the analysis of a
small Asian cohort of 50 BCYW, in which one patient
was mutated, leading to 2% of observed frequency.
Whether BCYW could represent a distinct biological
entity from other breast cancers is still a debated matter
[34,35]; we therefore considered this possibility worthy
of further investigation.

For these reasons, we decided to verify: (1) if
CDKN1B somatic mutations could be detected at the
clonal/subclonal level in breast cancer and, particularly,
in the luminal subtype; (2) if CDKN1B was more fre-
quently altered in BCYW; (3) if head and neck and ovar-
ian cancer patients may hinder higher frequency of
CDKN1B mutation when even clonal/subclonal alter-
ation were brought to light; and (4) the reproducibility
of detecting clonal/subclonal alteration.

To this aim, we first exploited a custom designed Illu-
mina multi-gene NGS panel and then set up a homemade
amplicon-based ultra-deep NGS approach, in which
only CDKN1B mutations in the coding sequence were
annotated. Between January 2016 and December 2019,
we collected specimens from breast cancer patients
(n = 396) at CRO Aviano and at University of Rome
‘Sapienza’, purposely enriched for LBC (n = 327) and
BCYW samples (n = 227) (Table 2 and supplementary
material, Table S1). We also collected liquid biopsies
from metastatic breast cancer patients (n = 62) at CRO
Aviano (supplementary material, Table S2). In addition,
we collected specimens from epithelial ovarian cancer
patients (n = 110), at CRO Aviano between January

2011 and October 2018 (supplementary material,
Table S3), and from HNSCC patients (n = 202) at
CRO Aviano and at General Hospital of Pordenone,
between January 2010 and October 2015 (supplemen-
tary material, Table S4).
Only one (Q107H) and two (P133T, E126K) mutated

samples were identified in epithelial ovarian cancer and
HNSCC, respectively, confirming the very low fre-
quency of CDKN1B mutations in these tumors (<1%).
With regards to breast cancer, we found 14 mutations

(13 somatic and one germinal) in 11 breast cancer
patients (Table 3). Mutations found at an allelic fre-
quency (MAF) <10% (11/14) were considered subclo-
nal. However, it is possible that our assumption of
subclonality is not correct in all cases, as neoplastic cell
content and CNV were precisely assessed for most but
not all samples analyzed. Furthermore, 10 somatic muta-
tions, in 10 breast cancer patients, were found using the
multi-gene NGS panel but were not annotated, as they
could not be confirmed, because either they could not
be validated in multiple runs or using different DNA
preparation or for unavailability of further DNA (supple-
mentary material, Table S5). Confirmed somatic muta-
tions were all found in LBC patients (n = 327; 13
mutations; 10 patients). Together, our large cohort of
breast cancer data showed that patients were mutated
for CDKN1B at 2.8% frequency (11 mutated
patients/396 total patients). Considering only the lumi-
nal subtype, for which our cohort was however greatly
enriched, this percentage increased and reached 3.1%
(10 mutated patients – all somatic/327 LBC patients),
whereas it dropped to 1.4% when non-luminal breast
cancer was considered (triple negative and HER2+;
one mutated patient – germinal/69 non-LBC patients).
Interestingly, 10/14 mutations detected were found in

tumors from eight young patients. Subdividing LBC
patients based on their age (young premenopausal
patients <45 years of age, n = 195; non-young
>45 years of age, n = 132), the percentage of mutation
increased to 4.1% in the young LBC group (eight
mutated patients/195 patients) versus 1.5% in the non-
young LBC group (two mutated patients/132 patients).
Thus, our data, although not conclusive, suggest an
increased frequency of CDKN1Bmutation in breast can-
cer arising in premenopausal women.

Table 1. CDKN1B somatic mutation frequency reported in ICGC and COSMIC data portals.
Cancer Subtypes ICGC COSMIC Total Percentage

Head and neck 5/1505 8/1452* 13/2957 0.44%
Ovary 0/727 2/1243† 2/1970 0.10%
Breast All 17/1970 74/4090‡ 91/6060 1.50%

Luminal-HR+ 4/569 21/1496‡ 25/2065 1.21%
TNBC/ HER2+ 2/257 0/442 2/699 0.29%

Number of CDKN1B somatic mutations of possible clinical significance, as evaluated by curated analyses of ICGC and COSMIC data portals on May 2020. In each column,
the number of mutated over total cases analyzed is reported. The final column reports the number and percentage of CDKN1B mutated samples and represents the sum of
the cases indicated in the ICGC and COSMIC columns.
Subtypes reports the frequency of CDKN1B in breast cancer cases for which subtype information was available.
*One sample carrying a silent missense mutation (G111=) was also annotated in COSMIC.
†One sample carrying a silent missense mutation (P133=) and one carrying an intronic mutation were also annotated in COSMIC.
‡Nine samples carrying intronic mutations were also annotated in COSMIC.
HR, hormone receptor; HER2, human epidermal growth factor receptor 2; TNBC, triple negative breast cancer.

Significance of CDKN1B mutation in human cancer 237

© 2020 The Authors. The Journal of Pathology published by John Wiley & Sons, Ltd.
on behalf of The Pathological Society of Great Britain and Ireland. www.pathsoc.org

J Pathol 2021; 253: 234–245
www.thejournalofpathology.com

http://www.pathsoc.org
http://www.thejournalofpathology.com


CNV contributes to alter CDKN1B in LBC
As p27 is an haploinsufficient oncosuppressor, its allelic
loss could be another mechanism exploited for gene
inactivation. To rule out this possibility, we next evalu-
ated whether its copy number was maintained stably dip-
loid in tumors (Table 4). Using ddPCR, we analyzed
CDKN1B CNV in 187 mammary tumors (139 HR+

LBC, 19 HER2+ HR+, 8 HER2+ HR– and 21 triple neg-
ative) from the previous cohort. The results showed that
11.8% of the analyzed breast cancer patients displayed a
CDKN1B CNV, with 7.5% having a loss (14/187
patients) and 4.3% a gain (8/187 patients). Interestingly,
when only LBC were considered, the percentage of
CNV raised to 13.7% (19/139 LBC patients) compared
with 6.2% found in breast cancer patients of all other
subtypes (3/48 patients), again indicating that CDKN1B
is mainly altered in the luminal subtype. The analysis of
LBC patients based on their age, showed a clear differ-
ence in the ratio between CNV forCDKN1B loss or gain:
young LBC patients displayed a loss of CDKN1B in
12% of cases (6/50 young LBC patients) and a gain in
only 2% (1/50 young LBC patients). On the other side,
non-young LBC patients presented an equal rate of
CDKN1B loss (7%, 6/89 non-young LBC patients) and
gain (8%, 7/89 non-young LBC patients). These findings
support the possibility that loss of p27, via either protein
mutation, truncation or allelic CNV, could represent a
significant event in the onset and progression of LBC
of premenopausal women.

To verify if altered CNV had any consequence on p27
protein expression and localization, we performed
immunohistochemistry for p27 on eight tumor samples
with known CNV (five with copy number loss and three
with copy number gain). In the tumor, p27 was almost
invariably expressed both in the nucleus and in the cyto-
plasm, whereas in normal mammary ducts, adjacent to
the tumor, p27 was strongly nuclear (supplementary
material, Figure S1A; see left panels of BC #25 and
BC #22). As expected, a different copy number corre-
sponded to a different protein expression, with a strong
direct correlation (r = 0.76) (supplementary material,
Figure S1B). We also performed the immunohistochem-
istry analysis on seven mutated tumors; however, given
that p27 mutations are mostly below MAF 10% and that
the antibody may fail to recognize the mutated protein
(especially when truncated), it was not possible to estab-
lish any clear connection between the type of mutation
and the expression and localization of p27. Only the case
of BC #257, mutated P69L at ~30% is reported, showing

Table 2. Clinicopathological features of breast cancer patients
(n = 396).
Characteristic n (%)

Age
Median 44 years
Range 25–94 years

Subtype
HER2– HR+ Luminal A 107 (27%)
HER2– HR+ Luminal B 220 (56%)
HER2+ HR+ 29 (7%)
HER2+ HR- 10 (2%)
TNBC 26 (7%)
Not available or specified 4 (1%)

Tumor grade
G1 22 (6%)
G2 137 (35%)
G3 215 (54%)
Not available or specified 22 (5%)

Tumor stage
I 164 (42%)
II 135 (34%)
III 56 (14%)
IV 0 (0%)
Not available or specified 41 (10%)

Nodal status
N0 190 (48%)
N+ 176 (44%)
Not available or specified 30 (8%)

Samples type
Primary 363 (92%)
Recurrence 12 (3%)
Lymph node metastasis 21 (5%)
Not available or specified 0 (0%)

Luminal A = HR+, Ki-67 < 20%.
Luminal B = HR+, Ki-67 > 20%.
HR, hormone receptor; HER2, human epidermal growth factor receptor 2; TNBC,
triple negative breast cancer.

Table 3. MAF of CDKN1B in breast cancer patients (n = 396).
ID # Age (years) Histotype Subtype Stage Protein position MAF

#351 29 Ductal Luminal A IIIA A121V 27%
#242 40 Ductal Luminal A IB P91H 8.9%
#243 40 Ductal Luminal A IC E22*; P95S 5.5%; 3.7%
#257 40 Lobular Luminal B IA P69L 29.8%
#235 41 Ductal Luminal B IC A98S 7.3%
#190 42 Ductal Luminal A IIA Q57P fs*15 7.6%
#225 44 Ductal Luminal B IC R196H 2.3%
#226 44 Ductal Luminal B IC R15W; C49* 7.4%; 4.7%
#170 47 NA Triple negative IIA I119T 34%
#62 55 Ductal Luminal B IA Y74* 2.8%
#377 72 Ductal Luminal B IIA S27*; Q65E 5.7%; 4.1%
Patients (ID#) have been ordered by their age (increasing).
Luminal A = HR+, Ki-67 < 20%.
Luminal B = HR+, Ki-67 > 20%.
NA, not available.
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that the tumor displays areas completely negative for
p27 and the expression is overall lower and more cyto-
plasmic than in the normal mammary ducts (supplemen-
tary material, Figure S1A, upper panels).

To verify whether CDKN1B could be related to pro-
gression more than to onset of LBC, we next used a
cohort of 62 metastatic patients, 59 of whom had LBC,
to evaluate the presence of CDKN1B mutations in
ccfDNA (Table 5). These patients displayed a substan-
tially higher mutation frequency (8.5%, five muta-
tions/59 metastatic LBC patients, four somatic and one
germinal), suggesting that CDKN1B alterations may
more frequently occur later during the disease progres-
sion, as recently observed by others [13], and/or they
could be selected under therapeutic pressure. Further-
more, looking at the age of these patients, we could
observe that three of five mutated patients were of young
age (3/25 young patients, 12%), whereas two were non-
young (2/34 non-young patients, 5.9%). Next, we car-
ried out an analysis to establish whether a correlation
may exist between the presence of CDKN1B alteration

and clinical parameters, such as relapse and survival.
Data collected on this small cohort of metastatic LBC
patients clearly indicate that CDKN1B mutational status
significantly impacts on progression-free survival
(n = 59, five mutated; supplementary material,
Figure S2A). The progression-free survival curves were
even more different when only metastatic LBC patients
treated with endocrine therapies were analyzed (n = 47,
four mutated; supplementary material, Figure S2B).

Expression of CDKN1B C-terminal deletion mutants
does not rescue p27 functions in LBC cells
Of the 13 somatic mutations (Figure 1A, see long lines)
that we identified in LBC solid biopsies, four generated a
stop codon and resulted in the loss of p27 C-terminus.
This observation confirmed the higher frequency of trun-
cating/frame shift mutations among the different muta-
tions that were observed in sporadic breast cancer [7,8]
(Figure 1A, see short lines) and supported the possibility
that truncation of p27 C-terminus directly contributes to
onset and/or progression of breast cancer, as we and
others have recently proposed [12,28,36–38].
To verify this hypothesis, we moved to an in vitro

model of LBC and exploited the LBC cell line MCF-7,
in which we recently generated KO of the CDKN1B
gene [28]. In these p27KO MCF-7 cells, we KI two
p27 truncated mutants, namely p27 K134fs*11
(p27K134fs) and the p27 T171* (p27T171*), previously
identified in patients with LBC by the group of Ellis
[8] (see short lines written in red, in Figure 1A). The
p27T171* mutant carries a nonsense mutation at codon
171 resulting in loss of the last 28 amino acids, a region
representing the so-called intrinsically disordered region
of p27, known to be involved in many protein interac-
tions and containing many phosphorylation sites [12].
The p27K134fs mutant loses the intrinsically disordered
region and also the nuclear localization signal (amino
acids 152–168). The sequence of p27 WT (p27WT) was
also reintroduced, to generate KI ‘rescue’ clones, as con-
trol. The WT and the two p27 mutants were KI into the
adeno-associated virus integration site 1 (AAVS1),
located in human chromosome 19 and considered a safe
harbor locus for transgene integration. Re-expression of
exogenous p27 in this locus resulted in comparable copies
of the endogenous one, allowing us to better evaluate the
real biological effects of these mutants (supplementary
material, Figure S3A,B). At the protein level, the
p27T171* mutant was more expressed than p27WT, in line
with the fact that p27T171* lacks the phosphorylation sites

Table 4. CNV of CDKN1B in breast cancer patients (n = 187).
ID # Age (years) Histotype Subtype CNV

#22 37 Ductal HER2+ HR–
#8 38 Ductal Luminal B
#32 40 Ductal Luminal A
#17 40 Ductal Luminal B
#68 42 Ductal Luminal B
#169 45 Ductal Luminal B
#104 49 Ductal Luminal B
#62 55 Ductal Luminal B
#183 61 Ductal Luminal A
#25 61 Ductal HER2+ HR+
#181 64 Ductal Luminal A
#3 73 NA Luminal A
#82 78 Ductal Triple negative
#86 86 Lobular Luminal B
#18 31 Ductal Luminal B
#127 48 Ductal Luminal B
#28 57 Ductal Luminal B
#34 65 Ductal Luminal B
#38 68 Lobular Luminal B
#163 75 Ductal Luminal A
#146 75 Ductal Luminal A
#63 78 Lobular Luminal A
Patients (ID#) have been ordered by their age (increasing) within two main
groups: loss (green) or gain (orange) of CDKN1B.
Pink colored cells in the table indicate patients <45 years of age.
Luminal A = HR+, Ki-67 < 20%.
Luminal B = HR+, Ki-67 > 20%.
HR, hormone receptor; HER2, human epidermal growth factor receptor 2; NA, not
available.

Table 5. MAF of CDKN1B in liquid biopsies from metastatic breast cancer patients (n = 62).
ID # Age (years) Histotype Subtype Stage Protein position MAF

LB#3 36 Ductal Luminal IV I119T 52%
LB#15 38 Ductal Luminal IV P35Q 4.4%
LB#10 44 Lobular Luminal IV E46 *; W60* 16%; 37%
LB#60 55 Lobular Luminal IV G34C 1.5%
LB#67 54 Ductal Luminal IV K96E 36%
Patients (ID#) ordered by their age (increasing).
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T187 and T198, both controlling p27 protein stability
(supplementary material, Figure S3C). On the opposite,
the p27K134fs mutant was less expressed than p27WT,

suggesting that this truncated p27 mutant was less stable,
a hypothesis confirmed by a time course treatment with
cycloheximide (supplementary material, Figure S3C–E).

Figure 1 Legend on next page.
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First, we analyzed the proliferation of these clones and
evaluated the impact of the expression of these mutants
in the context of p27KO MCF-7 cells. The analysis of
cell proliferation under normal cell culture conditions
showed that, as expected, p27KOMCF-7 cells displayed
a significant proliferative advantage and that p27T171*

and p27K134fs KI clones proliferated at an intermediate
level, between parental and p27KO clones, probably
indicating that the presence of the CDK-binding domain
in the N-terminal portion of both KI mutants was still
able to partially restrain cell cycle progression
(Figure 1B). These data were confirmed by FACS ana-
lyses of DNA content, showing that p27KO cells were
less sensitive to serum starvation and re-entered the cell
cycle faster than MCF-7 cells expressing the p27WT and
cells expressing p27T171* and the p27K134fs displayed an
intermediate behavior (supplementary material,
Figure S4A). Further confirmation was obtained by
kinase assay, evaluating the activity of CDK2 and show-
ing that the two mutants, although able to bind CDK2,
were less efficient in inhibiting its kinase activity
(Figure 1C). To explain this phenotype, we also looked
at the cytonuclear distribution of these mutants and
observed that the mutant K134fs was not only expressed
at a very low level, but was almost exclusively cytoplas-
mic, as expected by the fact that it has lost its nuclear
localization signal (supplementary material, Figure
S4B). On the other hand, the T171* mutant, similarly
to the WT protein, was expressed both in nuclear and
cytoplasmic compartments, with a prevalence in the
nuclear fraction (supplementary material, Figure S4B).
This evidence is in line with the notion that phosphoryla-
tion of the T187 is necessary for p27 protein nuclear deg-
radation and that the T171* mutant lacks this residue.

We then moved to the analysis of anchorage-
independent cell growth, a parameter that well correlates
with tumorigenicity. Loss of p27 strongly increased the
ability of MCF-7 cells to grow under this condition, both
in terms of colony number and colony area (Figure 1D,
E) and the same was true using another LBC cell line,
the T47D stably silenced for p27 (supplementary mate-
rial, Figure S5). Notably, these phenotypes were rescued
by the p27WT KI but only partially by the p27T171* and
p27K134fs KI. The mutants behaved more similarly to
the p27WT considering the colony area, but more simi-
larly to the p27KO cells considering the colony number,

suggesting that these two aspects may be controlled by
different p27 domains and activities (Figure 1D,E).
We next tested if p27 absence and/or deletion of its

C-terminus had an impact on the ability to grow
and establish cell polarity when cells were cultured in
3D matrices. To this aim, MCF-7 cells were cultured
in 3D-Matrigel and colonies were counted and immu-
nostained, to evaluate their growth and morphology. In
line with the above results, the absence of p27 or the
expression of the mutants resulted in a higher number
of colonies that were also more proliferative, as demon-
strated by an increased number of Ki-67-positive cells
(Figure 2A,B). Interestingly, whereas cells expressing
the WT protein formed well-shaped, acini-like struc-
tures, p27KO cells and those expressing the p27T171*

and p27K134fs mutants formed highly disorganized struc-
tures, in which the apical-basal polarity of the acinus was
completely disrupted (Figure 2C). These data were con-
firmed in T47D stably silenced for p27 and grown in
3D-Matrigel (supplementary material, Figure S6).

Discussion

In this work we assessed the frequency of CDKN1B
mutations in a large cohort of cancer patients and
observed that CDKN1B mutations are more frequent in
LBC than in other breast cancer subtypes or other types
of cancer analyzed (i.e. HNSCC and epithelial ovarian
cancer). Our data do not support the observation previ-
ously made in SI-NET [2] that suggested the use of dee-
per sequencing approaches to significantly increase the
identification of CDKN1B mutated subclones. Yet,
based on the results obtained in ccfDNA frommetastatic
patients (8.5%), we hypothesize that assessingCDKN1B
status during disease progression and following it over
time, could better show the contribution of p27 to breast
cancer, as also recently proposed by others [13]. Studies
with larger numbers of samples will be necessary to con-
firm this hypothesis.
Many subclonal mutations we found with multi-gene

panels were not confirmed using a deeper and targeted
sequencing approach. This observation suggests that cau-
tion should be taken when large-scale sequencing
approaches are used to identify subclonal mutations in

Figure 1. Loss of CDKN1B and expression of C-terminal deletion mutants alter the growth of LBC cells. (A) Lollipop representation of CDKN1B
mutations, identified in our cohort of solid biopsies (long lines, bright colors) or by others [7,8] (short lines, faded colors). The length of the
lines does not indicate the mutation frequency: each of all mutations has only been retrieved in one sample. Green dots indicate missense
mutations and red dots indicate frameshift/nonsense mutations. The two mutations chosen for the functional studies in MCF-7 cells
(K134fs* and E171*), identified by Ellis et al [8], are written in red. (B) Data from growth curve analysis of MCF-7 p27-modified cell clones,
expressed as fold-increase over the number of cells plated on day 1. ANOVA test has been used for statistical analysis. (C) Kinase assay and
western blot analysis of co-immunoprecipitated cyclin E-CDK2 complex. Upper panel shows in vitro phosphorylation assay, using histone H1
as substrate. Arrows mark p27 at different molecular weights, from top: KI p27WT, KI p27T171*, KI p27K134fs, and endogenous p27. Asterisk
marks a non-specific band in the immunoprecipitate. (D,E) Number of colonies (D) and area (E) of MCF-7 p27-modified clones grown in soft
agar for 2 weeks. Colony size was measured using Image Lab™ software. Mann–Whitney test and Student’s t-test have been used for sta-
tistical analysis, as more appropriate. (F) Representative bright field images of the colonies from the experiment described in (D) and (E). 10×
magnifications are shown. Asterisks indicate significant differences, *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; **** p ≤ 0.0001.
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Figure 2. Loss of CDKN1B and expression of C-terminal deletion mutants alter the growth and polarity of LBC cells in 3D-Matrigel. (A) Number of
mammary acini of MCF-7 p27-modified clones included in 3D-Matrigel and grown in DMEM 0.1% FBS medium supplemented with 3% of wound
fluid. (B) Quantification of immunofluorescence staining for Ki-67 in mammary acini from the experiment described in (A). For each clone, Ki-
67-positive cells were counted in fourfields and the results normalized to the area of the colony,measured using ImageJ software. (C) Representative
confocal images of immunofluorescence analyses of mammary acini of the experiment described in (A). Acini were immunostained for ZO-1 (green,
left panels) and nuclei detected using TO-PRO-3 (blue, central panels). Green intracytoplasmic signal in KI clones is due to GFP-p27 mutant expres-
sion. Scale bar, 28 μm. Student’s t-test was used for statistical analysis. Asterisks indicate significant differences, *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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human cancer. A limitation of our study is that some of
the mutations were found in FFPE samples at low MAF
but we did not have the possibility to test them with an
orthogonal technique. This technical aspect will certainly
need to be implemented if FFPE samples are chosen in the
future for this type of characterization. Furthermore, as we
limited our sequencing approach to the coding region of
p27, there is still the possibility that we missed other
mutations potentially affecting p27 expression by altering
the promoter or 5’- or 3’-UTR regions.

From our analyses, we confirm literature data indicat-
ing that CDKN1B is mutated predominantly in LBC
(3.1%) and our data also suggest an increased mutation
rate in young women with LBC (4.1%), as previously
reported in a small Asian cohort of breast cancer samples
from ICGC datasets. However, given the overall low fre-
quency of CDKN1B mutations, more abundant cohorts
of BCYW need to be collected and analyzed before
drawing a definitive conclusion. The data collected from
the CNV also support the same observation (12%), over-
all strengthening the possibility that breast cancer arising
in premenopausal women more frequently lose p27
expression or activity to initiate and/or progress. This
possibility is indirectly sustained by literature data show-
ing that p27 expression in normal breast tissue may be
used as a read out of the fraction of actively cycling cells
and this, in turn, may represent a marker for breast can-
cer risk assessment in premenopausal women [37]. Fur-
thermore, it is well accepted that mammary epithelial
progenitors are the normal cell-of-origin of breast cancer
and it has been clearly shown in animal models that p27
regulates the number of hormone-responsive luminal
progenitors that eventually impact on breast cancer risk
[38]. In another study, the human normal mammary
gland was profiled and a subset of p27+ cells that might
represent quiescent hormone-responsive progenitors
was identified [39]. A significant reduction in the fre-
quency of these p27+ progenitor cells was observed in
parous versus non-parous and BRCA1/2 mutated
women, suggesting that pathways controlling the num-
ber of these p27+ cells directly related to breast cancer
risk and could be explored for cancer risk assessment
and prevention [39]. Consistent with this, p27 deficiency
in mice was associated with hypoplasia, impaired ductal
branching and lobulo-alveolar differentiation [40], a
phenotype consistent with a putative role for p27 in reg-
ulating the number and proliferation of mammary epi-
thelial progenitors. Of note, we and others have
observed that an absence of p27 in Cdkn1b−/− female
animals induces dramatic changes in mammary epithe-
lial cells, probably due to altered hormonal signaling
and perturbed endocrine environment [38] (G Mungo,
personal communication October 2020).

Finally, we highlight that, compared with germline
mutations, somatic p27 alterations more frequently
result in the formation of truncated, frameshifted pro-
teins. Using a highly controlled in vitromodel, we report
that, unlike the p27 WT, the p27 truncated mutants are
essentially unable to revert the pro-tumorigenic program
set up by the loss of p27 gene in MCF-7 cells.

Taken together, by combining a genomic analysis on a
large number of human cancers and a highly controlled
in vitro approach, we have established a central role for
p27 in LBC. Although the overall rate of mutated LBC
remains quite low, we highlight here that alterations can
also be found as CNV alteration and ourfindings, together
with the notion that p27 is also frequently degraded and/or
delocalized from the nucleus in these tumors, support a
central role for p27 in the control of hormone-dependent
breast cancer, as previously suggested [7,8,12,15]. For a
clinical application of our findings, it would be crucial
to identify which, if any, subsets of patients are enriched
for p27 abnormalities. Otherwise, their overall low fre-
quency, when looked across all breast cancer, may pre-
clude a relevant role for p27 in the clinical setting. In
this regard, a small increase in the lobular versus ductal
histotype was noticed among the patients carrying p27
alteration; however, a larger number of patients with this
histotype will need to be screened to find a statistical sig-
nificance. In the relatively small number of samples that
we could test, no correlation with BRCA1/2 or PIK3CA
mutational status was observed (not shown).
Moreover, analyzing multiple tumor biopsies from the

same patient or following-up patients with liquid biopsies
during disease evolution, as we are currently pursuing,
will be important to dissect whether breast cancer sub-
clones carrying CDKN1B mutation are enriched in those
patients that experience progressive disease. Our data on
metastatic LBC patients suggest that p27 mutational sta-
tus could be used as a biomarker to identify more aggres-
sive LBC that might need closer follow-up or specific
targeted treatments, but larger cohorts of breast cancer
samples will be needed to validate this possibility.
In conclusion, by combining genomic analyses of

human samples with in vitro validation mechanistic
studies, our work establishes a central role for p27 in
the progression of LBC and also highlights the relevance
of its C-terminus in the control of breast cancer cell
growth.
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