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Abstract

Purpose—Currently, there is no clinically validated test for the prediction of response to tubulin-
targeting agents in non-small cell lung cancer (NSCLC). Here, we investigated the significance of
nuclear expression of the mitotic checkpoint gene checkpoint with forkhead and ringfinger
domains (CHFR) as predictor of response and overall survival (OS) with taxane-based first-line
chemotherapy in advanced stage NSCLC.

Methods—We studied a cohort of 41 patients (median age 63 years) with advanced NSCLC
treated at the Atlanta VAMC between 1999 and 2010. CHFR expression by
immunohistochemistry (score 0—4) was correlated with clinical outcome using Chi-Square test and
Cox proportional models. A cutoff score of *3” was determined by ROC-analysis for “low” CHFR
expression. Results were validated in an additional 20 patients who received taxane based
chemotherapy at Emory University Hospital and the Atlanta VAMC.

Results—High expression (score = 4) of CHFR is strongly associated with adverse outcomes:
the risk for progressive disease (PD) after first-line chemotherapy with carboplatin-paclitaxel was
52% in patients with CHFR-high vs. only 19% in those with CHFR-low tumors (p=0.033).
Median OS was strongly correlated with CHFR expression status (CHFR low: 9.9 months; CHFR
high: 6.2 months; p =0.002). After multivariate adjustment, reduced CHFR expression remained a
powerful predictor of improved OS (HR 0.24 (95% CI 0.1-0.58, p=0.002). In the validation set,
low CHFR expression was associated with higher likelihood of clinical benefit (p=0.03) and
improved OS (p=0.038).

Conclusions—CHFR expression is a novel predictive marker of response and OS in NSCLC
patients treated with taxane-containing chemotherapy.
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Introduction

With 210,000 new cases and an estimated 170,000 annual deaths in the United States alone,
lung cancer remains the most lethal malignancy(1). With the exception of the approximately
20% of patients with targetable driver mutations which confer “oncogene addiction”, the
mainstay of therapy in patients with metastatic disease remains systemic chemotherapy.
Taxanes, such as paclitaxel and docetaxel play a major role both in first- and second line
therapy of NSCLC, but overall response rates remain disappointing(2, 3). The identification
of biomarkers that are predictive for response serves two purposes: first, it may allow
appropriate targeting of chemotherapy by selecting agents for individual patients with a high
likelihood of response. Second, it may allow the development of novel targeted therapies to
overcome associated mechanisms of resistance. Promising examples of such predictive
markers exist for other commonly employed therapeutic agents in lung cancer patients
where reduced expression of the ERCC1 and RRM1genes ‘predict sensitivity to platinum
compounds and gemcitabine respectively(4—6). For taxanes however, such a promising or
validated biomarker does not exist at present. Small case series have suggested that
epigenetic silencing by promoter hypermethylation of the mitotic checkpoint gene

* Checkpoint with forkhead and ringfinger domains’ (CHFR) may be associated with
enhanced sensitivity to taxanes in gastric(7), cervical(8) cancer, but rigorous clinical
evidence of CHFR’s usefulness as a predictive biomarker has been lacking. We and others
have previously reported that CHFR is a frequent target for aberrant DNA methylation in
cancer (9, 10) whereas inactivating mutations are uncommon(11). Preclinical evidence
shows that CHFR is required for maintenance of the antephase checkpoint which regulates
entry into mitosis. CHFR deficient cells show high levels of mitotic stress after exposure to
microtubule-damaging agents such as taxanes or nocodazole(12). CHFR is a E3-ubiquitin-
ligase (13) and acts as a key regulator for cell cycle entry into mitosis by controlling the
activity of the aurora-kinase A (14) and the polo-like kinase 1 (15) and by excluding cyclin
B1 from the nucleus (16). Mice deficient in CHFR develop spontaneous malignancies and
are more susceptible to chemical carcinogenesis (17). Recently, a new zinc-finger motif was
identified in the C-terminal region of CHFR as a poly-ADP-ribose-binding site(18).
Interactions between CHFR and PARP1 regulate PARP1 levels and seem to be required for
CHFR’s checkpoint function(19) in response to taxane-induced mitotic stress.

Given the extensive preclinical evidence of CHFR’s role in mediating the antephase
checkpoint in response to taxane-induced microtubular damage, we performed a
retrospective cohort study to investigate if either CHFR silencing by DNA methylation or
CHFR protein levels could serve as a predictive marker for taxane sensitivity in NSCLC.

Materials and methods

Study design

The study was approved by the Institutional Review Board of Emory University and the
Research and Development Committee of the Atlanta VAMC. Patients with stage 1V
NSCLC who received first-line treatment with a platinum-taxane combination between the
years 1999-2010 were initially identified from the local cancer registry at the Atlanta
VAMC. The registry data were then validated by review of the individual medical records.
The following variables were recorded: Age, Sex, Race, chemotherapy regimen, number and
type of subsequent therapies, clinical response at first restaging exam, ECOG performance
status, tumor histology, date of first diagnosis and overall survival. Patients were further
categorized based on the ECOG performance status into good(0 and 1) vs. poor(2 and 3)
status. Response assessment was done by “Response Evaluation Criteria In Solid Tumors
(RECIST 1.1)” criteria. Patients who had received at least 2 cycles of therapy and had
available paraffin-embedded blocks with sufficient tumor tissue to cut at least 4 sections at
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5uM thickness were eligible. After analysis of this original cohort, we assembled a
validation cohort of 20 individuals who were either treated either at the Atlanta VAMC
between 2011-2012 or Emory University Hospital between 2004-2012.

DNA extraction and methylation specific PCR

DNA was extracted from slides 3 and 4 using the E.Z.N.A™ FFPE DNA extraction kit from
Omega Biotek (Norcross, GA). DNA content was quantified using an Eppendorf
Biophotometer Plus (Eppendorf, Hauppauge, NJ) with Hellma Tray Cell (Hellma,
Mullheim, Germany). Sodium bisulfite modification was performed on 250 ng of DNA
using a commercially available kit (EZ DNA methylation kit; Zymo, Irvine, CA). This was
followed by a 2-step methylation specific PCR for CHFR as previously described(9).

Pathologic review and immunohistochemistry

Paraffin blocks were sectioned at 5um thickness. The first slide of each block was stained
with hematoxilyn and eosin (H&E) to confirm original diagnosis and specimen adequacy.
The second slide was used for the detection of CHFR protein by immunohistochemistry
(IHC). IHC was performed by the Cancer Tissue and Pathology Shared Resource of the
Winship Cancer Institute using a monoclonal-rabbit CHFR antibody (Clone, D40H6;Cell
Signaling Technology, Danvers, MA) in a 1:200 dilution. Staining occurred on a fully
automated stainer after standard antigen retrieval steps as previously described. A
horseradish-peroxidase labeled secondary anti-rabbit antibody was used in 1: 1000 dilution.
CHFR staining was scored both for nuclear and cytoplasmic staining based on intensity
(0=no staining, 1=weak staining, 2=strong staining) and percentage of cells staining (0 <
10%; 1: 10-50%; 2>50%)(20) [Figure2]. Scores for intensity and percentage of stained cells
were added for a maximum score of ‘4’. Receiver operator characteristics (ROC) were used
determine the optimal cut-off value [supplemental Figure 1]. Scores of ‘4’ were considered
“high” expression, while all others were “reduced” expression [Figure 1]. H&E stained
slides and immunohistochemistry were reviewed for accuracy of diagnosis and for scoring
by a dedicated lung cancer pathologist (G.S.) who was blinded to the clinical outcomes of
the patients.

Statistical analysis

Results

Statistical analysis was done using SAS Version 9.3 or SAS JMP9. Descriptive data, mean,
median and range were generated to describe the overall sample and the CHFR high and low
expression groups. Differences between CHFR high vs. low expression were assessed using
ANOVA for numerical covariates and Chi-square test or Fisher’s exact test for categorical
variables, where appropriate. Overall survival was estimated using the Kaplan-Meier
method and the difference between groups was assessed using a log-rank test.

Univariate survival analysis for each variable was carried out using the Cox proportional
hazards model. The proportional hazard assumption was also checked for each variable. The
multivariate survival analysis was conducted by entering sex, race, ECOG performance
status, age, histology, and additional lines of treatment into a Cox model and using a
backward variable selection method with an alpha = .20 removal criteria. CHFR was forced
in the model. The model was stratified by treatment regimen and time of diagnosis since
they were shown to be time dependent covariates.

Patient characteristics

Between the years from 1999 to 2010 a total of 178 patients received platinum plus taxane-
based chemotherapy for stage IV NSCLC at the Atlanta VAMC. Of these, 106 had a biopsy
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confirmation of disease at our center and had received at least 2 cycles of chemotherapy.
Sixty six blocks of paraffin embedded tissue were retrieved from the pathology archives of
which 41 had sufficient tumor content (at least 20% to be used in this study). The vast
majority of the patients were males which is representative of the Veterans’ Health
administration hospital patient population (40). All patients received carboplatin (CBCDA)
and paclitaxel (TAX) with or without bevacizumab (physician decision). All enrolled
patients had died at the time of data analysis.

CHFR promoter methylation in NSCLC

Previous reports have suggested that CHFR expression undergoes epigenetic silencing by
DNA methylation in 14-18% of NSCLC (21, 22). Since epigenetic silencing of CHFR
expression has been described in various malignancies and linked to taxane sensitivity in
some, we hypothesized that CHFR promoter methylation would serve as a predictive marker
for taxane sensitivity in lung cancer. We analyzed CHFR promoter methylation by
qualitative methylation specific PCR (MSP)(9). We successfully amplified bisulfite
modified DNA in 32 samples but observed DNA methylation in only one sample (3.1%,
95%CI (0.06-15.4%))[Figure 1A]. We compared these data to CHFR methylation data
derived from a methylation microarray (lllumina Goldengate) of the same sample set and
found high concordance between MSP and methylation beta-values (p < 0.001), indicating
that the low frequency of CHFR methylation is unlikely to be explained by technical
error[Figure 1B]. We also compared these data to those derived from a separate cohort of
patients with previously resected NSCLC from the Johns Hopkins Hospital. Here, CHFR
methylation was observed in 6/65 patients (9%; 95%CI (2.17-16.03%)) (data not shown).
These methylation percentages are also statistically not significantly different than the
results of most other studies in the literature: 18% (95% CI 5.6-30.4%)(23), 14% (95% ClI
9.28-18.7%)(21), 14% (95% CI —1.2-29%)(24), 10% (95% CI -3.5%-23.5%)(25). A
significantly higher methylation percentage was only found in only one study, in which
circulating cell free DNA and not primary tumor samples were analyzed (26). Together data
from both cohorts indicate that CHFR silencing by promoter methylation is a rare event in
NSCLC.

Nuclear CHFR expression predicts response and survival

Next, we investigated if CHFR protein expression by IHC can be reduced in lung cancer,
potentially due to mechanisms other than DNA methylation. Since CHFR is a checkpoint
gene which primarily affects nuclear processes(12), we focused on nuclear staining patterns
for our correlative analysis. Reduced nuclear staining for CHFR was observed in 16 of 41
patient samples (supplemental Tablel). Baseline characteristics for age, gender, race,
treatment regimen (CBCDA/TAX vs. CBCDA/TAX/Bevacizumab), histology and date of
diagnosis (before or after 2005) were not significantly different between patient groups with
high or low CHFR expression [Table1lA]. The year 2005 was chosen as cutoff because it
was around this time when second line therapy with pemetrexed(27) and antiangiogenic
therapy with bevacizumab(3) emerged, resulting in improved overall survival rates(28). The
subgroup of patients with low nuclear CHFR expression had trends towards having a better
ECOG performance status (0 and 1 vs. 2 and 3), p=0.058 and towards a higher rate of
subsequent therapies (44% vs. 32%, p=0.446).

Reduced nuclear CHFR expression in 16 patients (37%) showed a statistically significant
association with response to therapy as determined at first restaging (19% progression vs.
52% progression, p=0.033) [Table1A]. Kaplan-Meier analysis and univariate Cox models
showed a strong correlation between clinical benefit at first restaging and overall survival
(Median survival 9.4 months vs. 5.1 months, HR 0.28 (95%CI 0.14-0.56), p<.001), [Figure
3A]. Low nuclear CHFR expression was also strongly predictive of improved survival
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(median survival 9.9 months vs. 5.7 months, HR 0.32 (95%CI 0.16-0.67, p=0.002) [Figure
3B]. To account for potential confounders of these results, particularly in light of the slightly
uneven distribution of patients with good vs. poor performance status, we performed a
multivariate Cox proportional hazard analysis. After multivariate adjustment, reduced
nuclear CHFR expression emerged as an even more powerful predictor of survival (HR 0.24
(95% C1 0.1-0.58, p=0.002) [Table2]. Second line of treatment was the only other covariate
which was significantly associated with survival. These results were validated in our second
cohort: low CHFR expression was associated with a higher likelihood of achieving a clinical
benefit (100% vs. 31%, p= 0.03) [Table 1B] and improved overall survival (median survival
CHFR high: 1.25 years vs. CHFR low- not yet reached HR 0.09 (95% CI 0.004-0.5), p=
0.006) [Figure 3C]. This association was confirmed after multivariate adjustment (HR
0.11(95%Cl 0.01-0.88), p =0.038) [Table 2].

Discussion

This is the first report to show a robust and statistically significant correlation between
nuclear CHFR expression levels and two important clinical outcomes measures (response
and overall survival) after first-line therapy with carboplatin and paclitaxel in NSCLC. Our
results support the ample preclinical evidence for the role of the CHFR controlled antephase
checkpoint in response to microtubular damage(12): in cells with intact CHFR expression,
the antephase checkpoint delays entry into mitosis, prevents nuclear translocation of cyclin
D1 and allows cells to repair taxane induced microtubular damage (12). Cells which are
deficient in CHFR expression enter mitosis without delay and undergo mitotic catastrophy,
ultimately resulting in apoptosis. Our findings have two-fold direct clinical implications:
first, taxane based chemotherapy could emerge as molecularly targeted therapy for patients
with metastatic NSCLC whose tumors show reduced expression of CHFR but lack
actionable driver mutations. The feasibility of biomarker-directed therapy in NSCLC has
been well established as exemplified by treatment selections based on the presence of
EGFR(29)- and more recently k-ras mutations(30), ALK-translocations(31) and expression
levels of ERCC1(32) and RRM1(33).

The second clinical consequence is the identification of high nuclear CHFR expression as a
mechanism of resistance against taxane-based first line therapy in NSCLC. Strategies to
target CHFR’s function could thus lead to dramatic improvements in response rates to
taxane-based first line therapy in metastatic NSCLC. One such approach would be to exploit
the interaction between CHFR and PARP1, which is required, at least in vitro, for CHFR’s
checkpoint function(18, 19).

Given its retrospective nature, several limitations of our study need to be considered. This is
a single cohort of US veterans who were treated at a single institution over a long period of
time. The median overall survival of slightly over 7 months in our cohort is significantly
shorter than overall survival rates reported in recent chemotherapy trials in metastatic
NSCLC(2, 3). Possible explanations for this are higher rates of associated comorbidities in
US veterans, poorer performance status of this ‘real-world cohort’ compared to patients
eligible for clinical trials, and the fact the observation period started in 1999, when
significantly less treatment options were available for NSCLC. It is well established that
survival times in lung cancer improved over the last decade with an increasing number of
therapeutic options(28). In patients without oncogenic driver mutations, the most significant
developments were the introduction of antiangiogenic therapy with bevacizumab in the first-
line setting, the development of active second-line therapies with docetaxel and pemetrexed
and maintenance therapy with pemetrexed. In our analysis, we observed an equal
distribution of patients treated before and after 2005 in both cohorts. Date of diagnosis was
stratified into the multivariate survival analysis to take this effect into account. In our
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analysis we focused on response and overall survival as the primary endpoints. Progression-
free survival, which is heavily dependent on uniform timing of the restaging exams was not
considered in this retrospective analysis where patients did not receive treatment according
to a uniform schedule. Overall survival can be influenced by the number and duration of
subsequent treatment regimens. Indeed, reduced CHFR expression in our cohort was
associated with trend towards a higher chance of receiving subsequent second line therapy.
However, there are two lines of evidence in this cohort to support CHFR’s direct role in
mediating sensitivity of taxane-based chemotherapy independent from subsequent therapies:
first, we observed a correlation between reduced CHFR expression and a significantly
higher likelihood of response at first restaging exam. This finding could not have been
affected by additional therapies and is likely to have a direct effect on overall survival(34).
In addition, our multivariate analysis revealed that both reduced CHFR expression levels
and second line therapies were both independent predictors of improved overall survival.
Due to the demographics of lung cancer patients in the Veteran’s Health Administration, our
cohort is overwhelmingly male and it is impossible to exclude a confounding effect of
gender on the observed association between reduced nuclear CHFR expression and clinical
outcomes.

This exciting observation is supported by preclinical mechanistic data that support our
hypothesis. In a uniformly treated cohort like ours it is not possible to distinguish between
prognostic or predictive markers or to prove that CHFR levels and platinum sensitivity are
completely unrelated. However, ample preclinical and clinical evidence exists linking low
CHFR expression specifically to taxane- but not platinum-sensitivity: first, overexpression
or knockdown of CHFR in vitro is strongly associated with altered response to taxanes(10,
12, 13) but not DNA damaging agents (35, 36). Second, clinical studies have failed to show
an association between CHFR methylation and response to platinum /non-taxane based
combination-therapy (37). Finally, in chemonaive patients with resected NSCLC, reduced
CHFR expression is associated with a more aggressive phenotype and inferior survival,
ruling out the possibility that our findings could be due to an inherently favorable prognosis
of patients whose tumors have reduced CHFR expression (24).

We have clearly shown that epigenetic silencing by promoter DNA methylation does not
account for all instances of reduced CHFR expression, a finding that is supported by at least
one other report in the literature(24). The molecular basis for CHFR repression in non-
epigenetically silenced cancers will require further study.

In summary, we have shown for the first time a robust association between reduced nuclear
CHFR expression and response and survival after first-line platinum-taxane combination
therapy in NSCLC. We expect that these findings will aid the design of prospective studies
to evaluate the role of taxanes as molecularly targeted therapy in patients whose tumors
show reduced CHFR expression and help to develop novel therapies to target CHFR in order
to overcome taxane resistance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of translational relevance

Our study represents a correlative biomarker study in which protein expression of the
mitotic checkpoint gene CHFR (checkpoint with forkhead and ringfinger domains) is
correlated with clinical outcomes after first-line therapy with carboplatin and paclitaxel
in patients with advanced NSCLC. A strong correlation between response and improved
survival is observed with reduced CHFR expression, making this a potentially very
powerful biomarker to predict outcomes after taxane based therapy in NSCLC.
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Figure 1.

A) CHFR promoter methylation was analyzed by MSP. H226 and H596 lung cancer cell
lines were used as controls for unmethylated (U) CHFR, while the Calu-6 cell lines served
as control for methylated (M) CHFR. Only 1 sample (LC17) showed CHFR promoter
methylation. B) CHFR expression by immunohistochemistry was compared to CHFR
methylation using Fisher’s exact test”. CHFR methylation by MSP was compared to
methylation beta-values derived from an Illumina GoldenGate methylation microarray using
student’s t-test™,
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A) B)

Figure 2.

nuclear CHFR expression was analyzed by immunohistochemistry. Shown are samples
representative of scores of ‘0’ (A), ‘2’ (B), and ‘4’ (C). Tumors with nuclear expression
scores of less than ‘4’ are classified as samples with reduced nuclear CHFR expression.
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Overall survival analysis by Kaplan-Meier in the original VAMC cohort by A) response to
treatment and B) CHFR expression levels. C) Overall survival in the validation cohort by
CHFR expression level. All p-values were determined by the log-rank test.
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