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Abstract

Background: Cyclin and MAPK/MEK-related gene alterations are implicated in cell-cycle
progression and cancer growth. Yet, monotherapy to target the cyclin (CDK4/6) or the MEK
pathway has often yielded disappointing results. Because co-alterations in cyclin and MEK
pathway genes frequently co-occur, we hypothesized that resistance to CDK4/6 or MEK inhibitor
monotherapy might be mediated via activation of oncogenic co-drivers, and that combination
therapy might be useful.

Patients and methods: Herein, we describe nine patients with advanced malignancies
harboring concomitant CDKNZA and/or CDKNZB alterations (up-regulate CDK4/6) along with
KRAS or BRAF alterations (activate the MEK pathway) who were treated with palbociclib
(CDKA4/6 inhibitor) and trametinib (MEK inhibitor) combination-based regimens.

Results: Two patients (with pancreatic cancer) achieved a partial remission (PR) and, overall,
five patients (56%) had clinical benefit (stable disease =6 months/PR) with progression-free
survival of ~7, 9, 9, 11, and 17.5+ months. Interestingly, one of these patients whose cancer
(gastrointestinal stromal tumor) had progressed on MEK targeting did well for about one year after
palbociclib was added.

Conclusions: These observations suggest that co-targeting cyclin and MEK signaling can be
successful when tumors bear genomic co-alterations that activate both of these pathways. Further
prospective studies using this matching precision strategy in order to overcome resistance are
warranted.

Brief summary:

Molecularly matched targeted therapy approach to co-target MEK and cyclin gene alterations for
advanced solid tumors
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STATEMENT OF TRANSLATIONAL RELEVANCE

The advent of next-generation sequencing has identified potentially actionable genomic alterations
for patients that previously were not characterized. However, targeting MAP kinase pathway
alterations with MEK inhibitors or cyclin alterations with CDK4/6 inhibitors as monotherapy

has not been effective. In this study, advanced cancer patients with co-alterations in both MAP
kinase and cell cycle pathways were treated with trametinib (MEK inhibitor) and palbociclib
(CDK4/6 inhibitor) based therapy. Co-targeting of MAP kinase and cyclin pathway demonstrated
durable clinical benefit, including in patients with pancreatic cancer. Further investigation with
co-targeting of cyclin and MEK pathway aberrations is warranted.
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INTRODUCTION

The cell cycle is highly regulated by various proteins that are required for proliferation.
These proteins include cyclins, cyclin-dependent kinases, as well as growth factors

and retinoblastoma proteins.(1,2) The cyclin complexes allow cell division to proceed

and propagate the replication process.(3) In certain cancers, any part of this feedback
cascade may be altered leading to dysregulation of proliferation.(4) The most well-
described pathogenesis models suggest that pathway changes include increased production
of cyclin D1 (CCND1), upregulation in expression/amplification of CDK4 and CDKG®,
and/or alterations in the Rb, CCNE1, CDKNZA, or CDKNZB genes.(5-9) Theoretically,
amplification of cyclin D(10) or CDK4/6,(11) as well as alterations in COKNZA/B,(12)

all lead to increased CDK4/6, which can be targeted with CDK4/6 inhibitors; however,
sufficient clinical data is lacking or suggests that the presence of pathway alterations do not
influence responsiveness. Indeed, in the Targeted Agent and Profiling Utilization Registry
(TAPUR) Study, when participants with pancreatic and biliary cancers and CODKNZA loss or
mutation were treated with palbociclib monotherapy, meaningful response rates were absent;
all patients with biliary malignancies showed tumor progression at or before 10 weeks and
all pancreatic cancers progressed by week 16.(13)

One of the potential reasons that CDK4/6 inhibitor monotherapy has not demonstrated
significant impact on clinical outcomes, even when given to patients with genomic
alterations that upregulate CDK4/6, may be due to molecular co-alterations as well as
tumor heterogeneity. Notably, for instance, cell cycle-associated genes are altered in ~31%
of RAS-altered malignancies.(14) RAS alterations lead to the activation of the canonical
mitogen-activated protein kinase (MAPK) pathway, which invokes a downstream cascade
involving RAF, MEK, and ERK.(15) Activation of the MEK pathway at any step along the
cascade leads to up-regulation of cell division and further cellular proliferation.(16) RAS
and RAF alterations can potentially be targeted with drugs that inhibit one of the later
steps, including MEK and ERK inhibitors, as well as specific inhibitors of KRAS G12C
(for cancers that harbor a specific KRAS G12C mutation).(17,18) Importantly in this regard,
we have recently demonstrated that survival was negatively impacted when patients had
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malignancies that demonstrated alterations in both RASand cell cycle-associated genes
as compared to patients with only one of these pathways altered,(14) and some authors
hypothesize that co-targeting MEK and cyclin pathways might be important.(19,20)

In an effort to evaluate the clinical impact of a genomic matching combination approach in
patients whose advanced tumors harbor both MEK and cell cycle pathway abnormalities, we
analyzed individuals who received concomitant MEK inhibitors and CDK inhibitors. Herein
we report that the combination was well tolerated and that patients can achieve objective
responses and/or durable disease stability.

therapy:

Electronic medical records were reviewed for patient characteristics and outcome for

all individuals treated with a matched MEK inhibitor (for a RAS or BRAF alteration)
combined with a matched CDK4/6 inhibitor (for a CDKNZA and/or CODKNZB alteration)
and included in the PREDICT database. Patients who received immunotherapy or
chemotherapy as part of their matched regimen were excluded from this analysis.

Patients were presented at a Molecular Tumor Board, which occurred either in person
(weekly) or electronically on demand, and included medical oncologists, surgeons, radiation
oncologists, gynecologic oncologists, clinical trial coordinators/navigators, medication
acquisition specialists, geneticists, pathologists, radiologists, basic/translational scientists,
and bioinformatics specialists.(21-23) Patient-specific molecular diagnostic data in concert
with patient characteristics, prior treatment, and review of pathology and imaging were
discussed. Dialogues focused on the role of the various alterations in signaling cascades
(somatic or germline) and whether there were drugs, either Food and Drug Administration
(FDA) approved or in active clinical trials, to target the specific alteration(s).

Study approval:

This study followed the guidelines of the Internal Review Board (IRB) approved University
of California San Diego (UCSD) Profile-Related Evidence Determining Individualized
Cancer Therapy (PREDICT) study (NCT02478931) and any investigational studies for
which the patients gave consent.

Next generation sequencing (NGS) of tissue DNA:

Next-generation sequencing (236—405 genes) was performed on formalin-fixed, paraffin-
embedded tissue submitted to a Clinical Laboratory Improvement Amendments (CLIA)
certified lab for genomic sequencing (Foundation Medicine). The details of sample
requirement, DNA extraction and NGS were described previously.(24) Average depth of
sequencing was greater than 250x, with 100x at >99% of exons. This method of sequencing
enabled detection of copy number changes, gene rearrangement, and single nucleotide
variants with 99% sensitivity and 99% specificity for base substitution, and 95% sensitivity
for copy number changes. Amplification was defined as copy number increase of > 8 copies
(equivocal, 6 to 7 copies).
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Statistical methods and clinical endpoints:

RESULTS

Patient and molecular characteristics were summarized in a descriptive manner. We
evaluated PFS, which was defined as time between therapy initiation and the date of
progression, determined by imaging or clinical findings. Patients whose tumor had not
progressed at last evaluation were censored at that point. Responses were evaluated by
RECIST 1.1 criteria.(25)

We report a group of nine patients with metastatic malignancies who had both cyclin and
MEK pathway activating alterations and received therapy targeting both pathways after
presentation at our Molecular Tumor Board (either face-to-face or electronic) (Table 1,
Figure 1, Supplemental Table 1 and Supplemental Figure 1). The median age of patients
was 65 years old (range, 24-88 years). Five of the 9 patients were women. The median
treatment line was 2 (range, 1-10). Patient diagnoses included pancreatic adenocarcinoma
(n = 6), colorectal adenocarcinoma (n = 1), gastrointestinal stromal tumor (GIST) (n = 1),
and rhabdomyosarcoma (n = 1). Genomic alterations activating the cyclin pathway (hence
up-regulating CDK4/6) included CDKNZA, CDKNZB or both in all patients. Genomic
alterations activating the MEK pathway included BRAF (n = 2) and KRAS(n=7). The
most common additional pathogenic molecular alterations were in the 7P53gene (n = 5).
The median number of pathogenic alterations per patient was 6 (range, 3-7).

Overall, 2 of the 9 patients (22%) achieved a partial response; progression-free survival
(PFS) in these patients was 9.2 and 17.5+ months. Three additional patients achieved stable
disease (SD) that lasted =6 months; therefore, the clinical benefit rate was 56% (5 of 9
patients) (Figure 1). Two of the six patients with pancreatic cancer (33%) achieved a PR.

In all patients, the matched drugs used were palbociclib (CDK4/6 inhibitor) together with
trametinib (MEK inhibitor). The most commonly used doses were 75 mg orally once a day
(3 weeks on, 1 week off) for palbociclib together with 1 mg orally daily of trametinib.
(Approved doses of the drugs as monotherapy are as follows: palbociclib 125 mg by mouth
daily (three weeks on and one week off); trametinib 2 mg by mouth daily). Therapy was
well tolerated and patients did not experience severe adverse events (grade 3 or 4) that
were considered possibly drug related. There were no eye toxicities in these patients or
significant changes in QTc interval or in ejection fraction. In three of the five patients

with clinical benefit, there were additional drugs given. One patient with pancreatic cancer
received bevacizumab along with trametinib and palbociclib (see Figure 1, D 4); the two
patients with BRAFV600E alterations received the BRAF inhibitor dabrafenib (in addition
to palbociclib and trametinib); notably, one of the patients (Figure 1, GIST: 1D 3) had
already failed the combination of dabrafenib and trametinib, after which palbociclib was
added with a prolonged PFS of about one year.

As mentioned, the most common MEK pathway alterations in these patients were in KRAS
(n =7 patients) and BRAF V600E (n = 2 patients). KRAS mutations have, until recently,
been considered undruggable; however, there are now compounds that can specifically
impact the protein produced as a result of the KRAS G12C mutation.(17,26,27) None of
our patients had the latter aberration. It should also be noted that three of our patients had
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GNAS and/or SMAD4 alterations, in addition to KRAS alterations (Figure 1); both GNAS
and SMAD4 alterations can activate the MEK pathway.(28-31)

Some patients are of special interest. For example, a patient with GIST and multiple prior
lines of therapy (10™ treatment line) (Figure 1, I D: 3), including imatinib and sunitinib,
was treated with combined dabrafenib, trametinib and palbociclib. His immediate prior
regimen consisted of dabrafenib and trametinib, given because his tumor harbored a BRAF
V600E mutation. He was on the dabrafenib and trametinib regimen for six months, followed
by disease progression, some of which was resected. He was continued on dabrafenib

and trametinib; however, he developed new lung metastases and progressive disease in

the rectum. Since the tumor also showed a CDKNZ2A alteration, he was continued on the
dabrafenib and trametinib, and palbociclib was added; his PFS on this triplet was ~11
months. Another notable 63-year-old woman had pancreatic cancer (Figure 1, | D:4) with
CDKNZA/B, KRAS, SMAD4 and TP53alterations; the patient achieved a PR lasting 17.5+
months. Additionally, an 86 year-old woman with pancreatic cancer (Figure 1, ID: 2)

who had alterations in COKNZA/B loss, FAM123B E370*, GATA6 amplification, GNAS
R201C, KRAS Q61Hand SMAD4R135* demonstrated 29% tumor regression, albeit
short lived (Figure 2). Finally, patient 1D:7 (Figure 1) achieved a PR (with PFS of ~9
months) on the matched trametinib and palbociclib despite her tumor showing previous
progression on a regimen of nab-paclitaxel combined with palbociclib. These examples
highlight the importance of co-targeting of the MEK and cyclin pathways and the potential
for co-targeting to achieve benefit even when targeting one of the pathways fails.

DISCUSSION

Targeting one gene at a time for both cell cycle genes and RAS genes (other than KRAS
G12C for which specific effective inhibitors are now in clinical trials (17,26,27,32)) has
shown limited clinical efficacy.(13,33) Moreover, about 30% of tumors with RAS mutations
are reported to have co-alterations in cell cycle genes, and about 5.5% of patients with
diverse cancer harbor alterations in both BRAF/KRAS and cell cycle genes (136/2457)
patients with Foundation Medicine tissue testing (Supplemental Figure 1) which may

also explain why targeting only a single pathway can be challenging(14). As reported
previously, targeting as many genomic alterations as possible can yield better clinical
outcomes.(23,34) Other mechanisms may also be operative. For instance, prior studies show
that, in the presence of KRAS pathway inhibition, cancers become dependent on autophagy
for survival, and that removing this protective mechanism, in part via MEK inhibition, may
be effective.(35)

We were able to find three ongoing trials (on clinicaltrials.gov) that include the use of

a cell cycle inhibitor (CDK4/6 inhibitor) in combination with a MAPK pathway/MEK
inhibitor (NCT02703571, NCT03434262, NCT02065063). In these trials, having cell cycle
alterations (i.e. CDK4/6 amplification, CDKNZA, CDKNZB alterations) are not requisites
for inclusion. One trial has KRAS mutations (but not cyclin gene alterations) as a requisite
to receive ribociclib (CDK4/6 inhibitor) with trametinib (MEK inhibitor) in colorectal
carcinoma (NCT02703571). Another trial (NCT03434262) employing the same regimen--
ribociclib with trametinib--for various brain tumors has no mention of cell cycle or MAPK
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pathway alterations in the inclusion criteria. The last trial (NCT02065063) using palbociclib
(CDKA4/6 inhibitor) with trametinib in solid tumors requires patients’ tumors to be BRAF
V600-wild type with or without NRAS mutations. These trials all use a combination strategy
aimed at cell cycle and MEK pathways, but none requires aberrations within both of these
pathways for entry into their trials.

The study presented herein has limitations. The sample size is small with various histologic
subtypes and allowed combination therapies beyond CDK4/6 and MEK inhibitors. Further,
this study is a retrospective analysis of data derived from a master observational trial and
implicit bias may be present. Further validation with a larger cohort of patients studied
prospectively is needed.

In summation, patients with cell cycle pathway alterations have historically derived minimal
benefit from CDKA4/6 inhibition monotherapy.(13) Similarly, patients with MAPK pathway
alterations who receive single-agent MEK inhibitors mostly do not show salutary effects.
(36) However, these pathway alterations often co-exist, and patients who have concomitant
cell cycle and MAPK alterations have a poor prognosis compared to those who have

neither or either alteration.(14) The logic behind dual inhibition is further strengthened by
preclinical work that suggests that the MEK pathway drives cyclin activation and that there
is strong interplay between these pathways.(37,38) Our study suggests that a significant
subset of patients with metastatic neoplasms who have both cyclin and MEK genomic co-
alterations can benefit from palbociclib and trametinib combinations, even if they have very
heavily pretreated disease or difficult-to-manage malignancies such as pancreatic cancer.
Larger prospective trials are needed in order to confirm the benefit of dual MEK and
CDKA4/6 inhibitors in patients with advanced malignancies that bear molecular abnormalities
affecting both signaling cascades (Figure 3).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Waterfall plot showing patient and tumor molecular characteristics, treatment and percent

change in tumor size. (New metastases were graphed as 21% progression. Treatment line
refers to therapies in the metastatic setting.
Patients ID 4,5 and 8 also received bevacizumab. ID 6 also received lapatinib and
trastuzumab.
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Figure2.
Regression on computerized tomographic scan of the abdomen of pancreatic cancer in a

patient with KRAS and CDKNZA/B alterations managed with trametinib and palbocicib
This is an 86-year-old woman (study ID: 2; Figure 1) with metastatic adenocarcinoma

of pancreas. Patient was initially treated with gemcitabine and albumin-bound paclitaxel.
Upon progression, under the I-PREDICT study, patient was started on trametinib (for KRAS
Q61H) and palbociclib (for COKN2A/B loss). Imaging showed decrease in pancreatic mass
(29% reduction) (measurements in upper right hand corner); images with largest diameter of
tumor selected in each case.
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Figure 3.
Dual MEK and CDK4/6 inhibitor approach in patients with advanced malignancies that

harbor molecular abnormalities affecting both signaling cascades.
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Patient characteristics and tumor molecular findings in nine patients with metastatic malignancies treated with

matched CDK4/6 and MEK inhibitors

Median Age (range)

65 years (24-88 years)

Sex (N (%)) Men 4 (44.4%)
Women 5 (55.6%)

Ethnicity (N (%)) White 5 (55.6%)
Asian 2 (22.2%)
Hispanic 2 (22.2%)

Type of Cancer, N (%) Pancreatic adenocarcinoma 6 (66.7%)
Colorectal adenocarcinoma 1(11.1%)
Gastrointestinal stromal tumor | 1 (11.1%)
Rhabdomyosarcoma 1(11.1%)

Median treatment line (range) 2 (1-10)

Median number of pathogenic genomic alterations per patient | 6 (range, 3-7)

Genomic alterationsin RAS or RAF genes BRAF alteration 2 (22.2%)
KRAS alteration 7(77.7%)

Selected other genomic alterations CDKNZ2A andlor 2B 9 (100%)
7P53 5 (55.5%)
SMAD4 2(22.2%
GNAS 2 (22.2%)
ERBBZ2 (amplification) 1(11.1%)
APC 1(11.1%)
AKTI 1(11.1%)
PIK3CA 1(11.1%)
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