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Abstract

Purpose Cyclin-dependent kinase 4/6 inhibitors (CDK4/61) improve progression-free survival (PFS) in patients with hor-
mone receptor-positive (HR+) advanced breast cancer. However, a better knowledge of predictive biomarkers of response
and resistance to CDK4/6i is needed. Therefore, the present article addresses the role of the mRNA expression of thymidine
kinase 1 (TK1), CDK4, 6 and 9 in plasma-derived exosomes and their relevance in the pharmacologic activity of CDK4/6i.
Methods Blood samples of 40 HR+/HER2- advanced breast cancer patients were collected before (TO) the administration of
palbociclib plus hormonal therapy and after 3 months (T1). RNA was isolated from exosomes and analysed for the expres-
sion of TK1, CDK 4, 6 and 9 by digital droplet PCR (ddPCR).

Results A higher value of TK1 copies/ml at baseline (TO) was significantly associated with the number of previous lines
of chemotherapy (p=0.009). In patients with PD, a significant increase was observed in the number of copies/ml of TK1
(»=0.01) and CDKO9 (p=0.03) comparing T1 vs. TO values. No significant correlations between response to treatment and
clinical parameters were found at univariate analysis. High baseline CDK4 expression was significantly correlated with longer
PFS in patients treated with fulvestrant + palbociclib (low versus high: 6.45 months vs. not reached, p=0.01).

Conclusions The present study demonstrates that, in plasma-derived exosomes, high baseline CDK4 mRNA levels are
associated with response to palbociclib plus hormonal therapy, while the increase in TK1 and CDK9 mRNA copies/ml is
associated with clinical resistance.
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Background

Breast cancer has been widely studied with respect to its
aetiology [8, 14]; however, little is known about the mecha-
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of cell-cycle control is a classical hallmark of cancer and
it has been demonstrated to be an effective target in meta-
static breast cancer patients resistant to hormonal therapies.
In particular, cyclin-dependent kinases (CDKs) play a key
role in promoting cell-cycle progression, and a significant
proportion of breast cancers exhibit dysregulation of the
CDK4 pathway [20]. Cyclin-dependent kinases 4 and 6
(CDK4/6), which are activated by type D cyclins, promote
cell-cycle entry to initiate the transition from the G1 to the
S phase. Evidence suggests that breast cancer patients who
develop resistance to endocrine therapy remain dependent
on cyclin D1 and CDK4 for cell proliferation [9]. In this
regard, CDK4/6 inhibitors (CDK4/61), such as palbociclib,
ribociclib and abemaciclib, have demonstrated to be highly
active in ER+/HER?2- metastatic breast cancer patients pro-
gressed to hormonal therapy. However, despite their effi-
cacy, predictive biomarkers of response to these agents are
still under investigation. Recent published data report that
primary resistance to palbociclib may be mediated by loss
of the Rb1 gene or appearance of Rb mutations [6]. Other
cyclines are involved in the cell-cycle progression, growth,
proliferation, differentiation and apoptosis, i.e. CDKO [22].
Moreover, the serum activity of thymidine kinase 1 (TK1)
seems to be correlated to response to CDK4/6i [2]. TK1 is a
cytosolic cell-cycle-regulated enzyme important for nucleo-
tide metabolism during DNA synthesis, as it catalyses the
conversion of thymidine to deoxythymidine monophosphate,
which is further phosphorylated to di- and triphosphates
before its use for DNA synthesis [21].

Exosomes are microvesicles actively released from cancer
cells; they have a size range of 40—150 nm and they carry
proteins, RNA and DNA of cells from which they are origi-
nated. Exosomes are involved in the exchange of information
between cells, promoting intercellular communication with-
out cell-to-cell contact. They are involved in tumorigenesis,
and able to influence tumour microenvironment in favour
of immune escape, therapy resistance, tumour growth and
metastasis [19].

Our hypothesis is to assess if changes in the exosomal lev-
els of targets relevant to CDK4/6i, including TK1, CDK4, 6
and 9, may be predictive of response/resistance to CDK4/6i.

Patients and methods
Patient selection

The ECLIPS study (Exosome Cdk cLlInical PatientS), is a
prospective, pharmacogenetic study, which enrolled mBC
patients treated with palbociclib in association with hormonal
therapy (letrozole or fulvestrant) as per approved label. The
study was approved by the Ethics Committee of Pisa Univer-
sity Hospital and conducted in accordance with the principles
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of the Declaration of Helsinki. All patients gave their signed
informed consent before blood collection and data analysis.

Exosome isolation, RNA extraction and analysis
of TK1 and CDKs

Serial blood samples were obtained at baseline (prior to palbo-
ciclib, TO) and after 3 months of treatment (T1). 6 ml of blood
were collected in EDTA tubes and centrifuged at 1900xg for
10 min at 4 °C within 2 h after drawing to collect plasma
which was stored at — 80 °C until analysis. Plasma samples
were then centrifuged again at 1900xg for 15 min to remove
cellular debris. Exosome isolation and RNA extraction was
performed using the exoRNeasy kit (Qiagen, Valencia, CA)
as per manufacturer’s instructions.

The mRNA analysis of TK1 and CDK4, 6 and 9 was per-
formed by the QX100 ddPCR (Bio-Rad, Hercules, CA) using
the One-Step RT-ddPCR kit. The PrimePCR Expression Probe
Assays for human TK1 and CDK4, 6 and 9 were used to assess
their levels, while the human f-actin ddPCR assay was used
as internal control. Fluorescence signal quantification was
performed by the droplet reader and the QuantaSoft software
(Bio-Rad). The ratio of positive vs negative droplets was used
to determine the number of mRNA copies/ml of the target
molecule in the input reaction. Droplets with a fluorescence
intensity threshold higher than 4000 were considered positive.

Statistical analysis

Categorical variables, including ECOG performance status,
tumour burden, lines of treatment, hormone sensitivity, type
of previous hormonotherapy, pre- versus peri-menopausal
status, visceral versus bone disease, number of tumour sites
and previous chemotherapy were described by absolute and
relative frequencies. To evaluate the normality of the quanti-
tative data distributions, the Kolmogorov—Smirnov test was
performed. Quantitative assessments of TK1, CDK4, 6, 9
were performed by the Mann—Whitney test (two tailed). The
assessment of the paired data (matched and repeated) was
performed by Wilcoxon test (two tailed). Progression-free
survival (PFS) curves were created by the Kaplan—-Meier
method, log-rank test was used to evaluate differences
between curves and hazard ratio was calculated to compare
cumulative risks. Differences were considered significant at
p <0.05. All statistical analyses, descriptive and inferential,
were performed using SPSS version 24 and R version 3.5.2.

Results
Forty patients were enrolled in the ECLIPS study. All

patients received palbociclib plus hormonal therapy (letro-
zole or fulvestrant) for metastatic disease. Hormonal
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treatment was performed according to clinical indication:
palbociclib in combination with letrozole as initial treat-
ment for advanced disease, and in association with fulves-
trant in women with disease progression following endocrine
therapy. Clinical data of patients are reported in Table 1.
The objective response rate among all patients enrolled was
20% and the clinical benefit was 80%; in particular, 20% of
patients achieved a partial response (PR), 60% stable disease
(SD) and 20% had a progression of disease (PD).

The biomarker analysis showed that higher TK1 copies/
ml at baseline were significantly associated with the number
of previous lines of chemotherapy (p =0.009). The analysis
of T1 versus TO in patients with PD demonstrated a signifi-
cant increase in TK1 (p=0.01) and CDK9 (p =0.03), but not
in patients with PR+ SD (Fig. 1). Median values (copies/
ml) of TK1, CDK4, 6 and 9 according to clinical response
to CDK4/6i are reported in Table 2. No other significant
association was found comparing the baseline levels of TK1,
CDKA4, 6 or 9 in the overall population with respect to the
type of response, PFS, tumour burden, line of treatment, hor-
mone sensitivity, type of previous hormonotherapy, ECOG,
pre/peri-menopausal status, visceral versus bone disease,
number of tumour sites (p > 0.05).

Since the follow-up was completed, a correlative analy-
sis of baseline biomarker values and PFS was performed in
patients treated with the association of fulvestrant + palbo-
ciclib. A significant correlation was found between higher
baseline amount (> 5050 copies/ml) of CDK4 and longer
PFS (high versus low CDK4: not reached vs. 6.45 months,
p=0.01; Fig. 2).

Discussion

Circulating nucleic acids are being recognized as potential
predictive biomarkers of response to therapies due to their
specificity and lack of invasiveness of sampling procedures
[3]. We investigated whether exosomal mRNA expression of
TK1, CDKA4, 6, and 9 could be used as biomarker of resist-
ance to CDK4/6i in patients with mBC ER+/HER2- enrolled
in the ECLIPSE biomarker study. The results demonstrate
that TK1 and CDK9 mRNA expression in plasma-derived
exosomes is associated with resistance to palbociclib, since
their levels were significantly increased after 3 months of
treatment in patients with PD. Moreover, high CDK4 levels
at baseline are significantly associated with longer PFS in
patients treated with fulvestrant + palbociclib. It was already
shown that high TK1 activity and expression levels are
associated with malignant lesions [11, 13] and higher risk
or recurrence [10, 16]. Moreover, additional studies dem-
onstrated that TK1 activity was associated with PFS and
OS in patients with advanced and metastatic breast cancer
[4]. The association found in the NeoPalAna study between
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Table 1 Clinical characteristics of patients
Clinical data N (n=40)
Age, years (range) 54.4 (39-72)
ECOG PS

0 31 (77%)

1 9 (23%)
Stage at initial diagnosis

I 7(17%)

I 11 (28%)

111 10 (25%)

v 12 (30%)
Menopausal status

Pre-menopausal 12 (30%)

Post-menopausal 28 (70%)
Previous (neo)adjuvant therapy

Neoadjuvant chemotherapy 8 (20%)

Adjuvant chemotherapy 17 (43%)

Adjuvant endocrine therapy 27 (67%)
Sites of metastases

Visceral* 30 (75%)

Non-visceral 10 (25%)
Lines of treatment for advanced disease

0 19 (47%)

1 or greater 21 (53%)
Lines of chemotherapy for advanced disease

0 23 (57%)

1 12 (30%)

2 1 (3%)

3 or greater 4 (10%)
Endocrine therapy for advanced disease

0 23 (57%)

1 13 (32%)

2 3 (8%)

3 1 (3%)
Previous sensitivity to endocrine therapy®

Yes 11 (28%)

No 29 (72%)

*Visceral refers to lung, liver, brain, pleural, and peritoneal involve-
ment

Sensitivity to previous hormonal therapy was defined as a docu-
mented clinical benefit from at least one previous endocrine therapy
in the metastatic setting or treatment with at least 24 months of adju-
vant therapy before disease recurrence

TK1 variations and response to palbociclib provided the
basis to further investigate the potential predictive value of
TK1 on response to CDK4/6i in mBC patients. Our study
demonstrates that the increase in TK1 mRNA expression is
significantly associated with PD in patients treated with pal-
bociclib and provides an internal validation of the CDK6/9
increase in resistant patients, being concordant with their
changes in exosomes.
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Fig. 1 Plots representing the average trend (TO versus T1) of TK1 and CDK4, 6, 9 according to response (RP+SD as grey; PD as red) to treat-

ment in the overall population

Table 2 Median values (copies/ml) of TK1, CDK4, 6 and 9 accord-
ing to clinical response to CDK4/6i

Biomarker Clinical response N TO median T1 median p-Value

copies/ml  copies/ml
TK1 RP+SD 25 1300 1800 0.7
PD 15 1200 3350 0.01
CDK4 RP+SD 25 5100 5600 0.9
PD 15 4550 8200 0.1
CDK6 RP+SD 25 3800 3900 0.2
PD 15 2800 6900 0.06
CDK9 RP+SD 25 4340 4900 0.9
PD 15 3800 7500 0.03
— CDK4 >5050 copies/ml
1.00 — CDK4 <5050 copies/ml
p=0.01
075
(2]
4 050

0.25

Fig.2 Progression-free survival (PFS) of patients treated with fulves-
trant 4 palbociclib based on baseline CDK4 expression

It has been already reported that cyclin E/CDK2 medi-
ates resistance to palbociclib in breast cancer [12]; moreo-
ver, high CDK6 expression has been already described as
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involved in resistance to fulvestrant in breast cancer cells and
high CDK6 expression levels in tissues have been associ-
ated with shorter PFS in patients with metastatic ER+ breast
cancer treated with fulvestrant [1]. However, our data further
expands the knowledge about the involvement of levels of
drug targets in treatment outcome by showing that the over-
expression of CDKDY is detected in patients not responding
to palbociclib. In a study on 84 breast cancer patients who
had undergone surgical resection after neoadjuvant chemo-
therapy, high CDK9 expression was significantly associated
with an increase in OS (p =0.046) after 3 years; however,
Kaplan—Meier curves for OS, loco-regional recurrence-free
survival (LRRFS), distant failure-free survival (DFFS),
recurrence-free survival (RFS), and event-free survival
(EFS) did not reach statistical significance [17]. Conversely,
to the best of our knowledge, this is the first report that finds
an association between CDKO levels and progression to pal-
bociclib. CDK9 phosphorylates a serine residue of RNA pol-
ymerase II carboxy-terminal domain; CDKO9 is not cell-cycle
regulated, but it acts preferentially in differentiation and
transcription processes [22]. CDK9 was found elevated in a
MCF7-derived panel of ERa+ breast cancer cells which can
proliferate in the absence of oestrogen, and displays reduced
sensitivities to anti-oestrogen therapies [18]. Indeed, inhibi-
tion of CDKO9 reduces the protein levels of cMYC in MCF7
cells as well as selectively inhibits the oestrogen-independ-
ent growth of resistant cell lines, suggesting that CDKO is
a potential drug target in endocrine-resistant breast cancer
[18]. For these reasons, CDK9 is in constant development
in cancer therapy, and CDK9 inhibitors have demonstrated
good antitumour activity in vitro [7, 15].

This is the first study reporting that baseline CDK4
expression may be a predictive biomarker of response in
patients treated with palbociclib. This is not surprising, since



Breast Cancer Research and Treatment (2019) 178:57-62

61

CDKA4 is the target of the CDK4/6i, and it is expected that
the hyper-expression of a drug target influences treatment
outcome.

Conclusions

Thus, the findings of the present study suggest that strategies
aimed at a broader suppression of CDKs may reduce the
mechanisms of resistance to pharmacological inhibition [5].
Even if our study is limited by its small and heterogeneous
cohort of patients, it nonetheless provides the first evidence
that the early increases in the expressions of TK1, CDK4 and
9 in exosomes are significantly correlated with worse treat-
ment response and disease progression in HR+/HER2- mBC
patients and can be used to monitor treatment outcome.
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