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Failure of colorectal cancer (CRC) treatment is due to residual disease,
and its timely identification is critical for patient survival. Detecting CRC-
associated mutations in patient circulating cell-free DNA is confounded by
tumor mutation heterogeneity, requiring primary tumor sequencing to
identify relevant mutations. In this study, we assessed BCAT! and IKZFI
methylation levels to quantify circulating tumor DNA (ctDNA) and inves-
tigated whether this method can be used to assess tumor burden and effi-
cacy of therapy. In 175 patients with CRC who were ctDNA-positive
pretreatment, ctDNA levels were higher with advancing stage (P < 0.05)
and correlated with tumor diameter (r = 0.35, P <0.001) and volume
(r=10.58, P <0.01). After completion of treatment (median of 70 days
[IQR 49-109] after surgery, +/— radiotherapy, +/— chemotherapy), ctDNA
levels were reduced in 98% (47/48) and were undetectable in 88% (42/48)
of patients tested. For those with incomplete adjuvant chemotherapy after
surgery, roughly half remained ctDNA-positive (11/21, 52.4%). The pres-
ence of ctDNA after treatment was associated with disease progression
(HR 9.7, 95%CI 2.5-37.6) compared to no ctDNA. Assaying blood for
ctDNA methylated in BCATI/IKZFI has the potential for identifying
residual disease due to treatment failure, informing a potential need for
therapy adjustment in advanced disease.

1. Introduction

effective assessment of response to treatment are cru-
cial for providing appropriate intervention to support

Survival from colorectal cancer (CRC) is dependent on
the stage and treatment at diagnosis followed by care-
ful monitoring of cases and effective therapy for recur-
rence. Up to 40% of CRC patients suffer clinically
apparent recurrence following initial primary curative-
intent treatment [1]. Detection of residual disease and

Abbreviations

mortality reduction.

Radiological imaging, usually computed tomogra-
phy (CT), is used for evaluation of response to treat-
ment and to monitor cases for recurrence. However,
CT may not necessarily detect the actual tumor and
the tumor mass must be sufficiently large, often

CEA, carcinoembryonic antigen; cfDNA, cell-free DNA; Cl, confidence interval, CRC, colorectal cancer; CT, computed tomography; ctDNA,
circulating tumor DNA; HR, hazard ratio; IQR, interquartile range; MRI, magnetic resonance imaging.
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> 1 cm, to be radiologically evident [2]. Furthermore,
in the context of the increasing number of long-term
cancer survivors due to new anticancer therapies,
repeated radiological assessments increase the radia-
tion burden for the patient [3]. While blood testing for
levels of carcinoembryonic antigen (CEA) is standard
clinical practice for postresection monitoring of CRC
patients, CEA has limited value due to poor sensitivity
for residual disease and non-neoplastic factors (such as
smoking) adversely affecting assay specificity [4-7].

There is a clinical need for highly sensitive and
specific noninvasive tests to address the limitations of
existing means for assessment of tumor response to
therapy and detection of residual disease. Such meth-
ods would guide decision making with respect to the
value of continuing a specific therapy in advanced dis-
ease, improve efficacy of initial therapy, and facilitate
detection of clinical recurrence in early-stage disease
when initial therapy fails. Multiple studies have
explored the value of assaying for circulating tumor
DNA (ctDNA) as a means for detection of residual
disease and recurrence and showed that this approach
has the potential to salvage the chance of cure and to
determine efficacy of therapy [8—12].

Detection of ctDNA in patients with CRC has pri-
marily been based on assaying circulating cell-free
DNA (cfDNA) for somatic mutations associated with
the development of CRC. This approach is con-
founded by the heterogeneity of tumor mutation pro-
files and that some approaches require sequencing of
the primary tumor tissue to identify relevant mutations
[9-11], which can come at a significant cost if compre-
hensive gene panels are used [13]. Recent research has
demonstrated that detection of tumor-specific differen-
tially methylated regions improves assay sensitivity for
ctDNA [7]. The enhanced sensitivity of ctDNA assays
targeting methylated regions is because aberrant
methylation can be detected in colorectal neoplastic
tissue at the earliest stage and these epigenetic changes
occur more commonly than the most frequently tar-
geted mutational sequences associated with CRC
[14,15]. We have previously shown that for the methy-
lated biomarkers BCAT! (branched chain amino acid
transaminase 1) and IKZFI (IKAROS family zinc fin-
ger 1), 99% of CRC tissues have detectable methyla-
tion in either one or both genes, with 62% of the
corresponding plasma samples having detectable levels
of the methylated biomarkers [16].

Detection of circulating methylated BCATI and
IKZF1 DNA shows promise for detection of residual
disease after curative-intent CRC surgery [16,17]. The
presence of methylated BCATI and/or IKZFI ctDNA
in blood during surveillance following curative-intent
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treatment is indicative for disease recurrence and more
sensitive than CEA testing [18-20]. Thus, changes in
levels of these methylated biomarkers might dynami-
cally reflect response to different therapies for CRC,
such as surgery alone or surgery with either adjuvant
or neoadjuvant therapy.

The primary aims of this study were to investigate
whether quantitation of ctDNA levels by measuring
the amount of methylated BCATI and IKZFI DNA
using a real-time PCR assay reflects burden of CRC at
diagnosis and whether changes in the amount of
methylated BCATI/IKZFI in blood accurately reflect
response to different types of treatment.

2. Methods

2.1. Overview

For this observational study, the study cohort was ret-
rospectively drawn from cases diagnosed with CRC
undergoing prospective monitoring for recurrence.
Cases were monitored according to applicable guideli-
nes and blood samples were collected before treatment
and as part of post-treatment monitoring. Cases with
detectable methylated BCATI and/or IKZFI in blood
(ctDNA-positive) prior to initial treatment were
included in the analysis. Levels of methylated ctDNA
were compared with tumor burden, and changes in
ctDNA levels were related to treatment type and treat-
ment completion status.

2.2. Study population and clinical procedures

The study population comprised adults (over 18 years)
undergoing treatment for primary CRC (adenocarci-
noma) at Flinders Medical Centre (SA, Australia)
from September 2011 to March 2020. Monitoring after
initial treatment comprised regular clinical assessment
and CT scans, supplemented by additional imaging as
needed [21]. Venous blood was collected before and
after initial therapy (30-200 days after cessation of
treatment) and analyzed for methylated BCATI and
IKZF1 DNA.

Patient demographic details, histopathology, imag-
ing, and treatment details were collected. For colon
and upper to mid-rectal cancers, TNM staging and
AJCC stage (AJCC guidelines version 8 [22]) were con-
firmed through clinicopathological findings at surgery.
For those with low rectal tumors, staging was based
on pretreatment staging MRI if neoadjuvant therapy
was given. If synchronous cancers were present, desig-
nated stage was defined as the most advanced lesion.
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Cases without invasive CRC (i.e., stage 0), inade-
quate staging, or failure to meet blood sampling
requirements were excluded. Those who did not have
blood collected within 200 days after ending initial
treatment, or who died prior to treatment, were
excluded from the post-treatment analyses.

The study conformed to the standards set by the Dec-
laration of Helsinki, was approved by the Southern
Adelaide Clinical Human Research Ethics Committee
(#134.045), and was registered at Australian and New
Zealand Clinical Trials Registry (#12611000318987).
The study was undertaken with the understanding and
the written informed consent of all individuals.

2.3. Tumor burden assessment

Tumor burden at diagnosis was considered by stage,
size, and volume. Size was considered as the maximum
diameter of the primary tumor, as well as the sum of
all maximum diameters when synchronous tumors or
metastatic lesions were present as per WHO guidelines
[23]. For individuals who had undergone surgery and
where more than one size dimension was recorded,
tumor volume of the primary lesion was calculated
with the modified ellipsoid formula (4/3n(longest diam-
eter)>*(width)) [24].

2.4. ctDNA quantification

Blood was collected in K3-EDTA blood tubes and
processed to plasma within 4 h by two consecutive
centrifugation steps (1500 g, 10 min). cfDNA was
extracted from 3.9-4.5 mL plasma, bisulphite con-
verted and a multiplexed real-time quantitative PCR
assay was used to determine the amount of methylated
BCATI/IKZFI DNA and total amount of DNA
(ACTB) as previously described [19]. All samples were
analyzed in triplicate and mass was estimated using
PCR cycle threshold (Ct) values derived from a 2.5-
fold serial dilution of known mass inputs. Total
methylated DNA was expressed as a percentage of the
mass of total cfDNA in plasma (hereinafter referred to
as “%methylation”). Detection of methylation in
either BCATI or IKZFI in a sample was reported as
ctDNA-positive.

2.5. ctDNA levels with treatment

Changes in ctDNA levels between pre- and post-
treatment samples were assessed relative to different
treatment types and according to treatment completion
status. This included those where initial treatment was
completed according to standard of care (“complete
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treatment”), namely surgery only (for early-stage
CRC), surgery with adjuvant chemotherapy (for those
with advanced/metastatic CRC), and neoadjuvant
therapy plus surgery (for those with locally advanced
low rectal cancer). Analysis was also done for individ-
uals who had not completed guideline appropriate
treatment (“incomplete treatment”), for example, when
the patient declined adjuvant chemotherapy or stopped
therapy early due to side effects.

2.6. Statistical analyses

Descriptive variables and ctDNA levels were expressed
as median with interquartile range (IQR). The Mann—
Whitney test or the Kruskal-Wallis test were used to
compare ctDNA levels between stages of disease as
data were found to not have a normal distribution
(D’Agostino—Pearson test). Pearson correlation analy-
sis was used to determine the correlation between
ctDNA levels and tumor burden estimates. Changes to
ctDNA levels with treatment were assessed with paired
Wilcoxon signed-rank tests, and chi-square tests were
used to compare proportions of patients with detect-
able ctDNA after different treatments. Disease pro-
gression status (i.e., radiological confirmed spread or
recurrence of cancer) post-treatment was assessed over
a minimum follow-up time of 12 months. Kaplan—
Meier curves and hazard ratio (HR) with 95% confi-
dence intervals (CI) were calculated with Cox regres-
sion analysis and compared the disease progression for
the post-treatment ctDNA-positive and ctDNA-
negative groups. Statistical analyses were performed
with GRAPHPAD Prism (version 6.07, GraphPad Soft-
ware, Inc., La Jolla, CA, USA) and STATA (v16.0,
StataCorp LLC, TX, USA). P values less than 0.05
were considered statistically significant.

3. Results

3.1. Patient population

There were 306 CRC patients that had blood collected
at diagnosis of CRC and prior to any treatment (189
males (61.4%); median age 68.8 years, range: 29.7-
85.9 years). Following exclusions (Fig. 1), 290 (94.2%)
patients had a ctDNA test result prior to primary
treatment; 175 (60.9%) of these were positive for
methylated BCATI/IKZF1 ctDNA. These included
19.4% (34/175) low rectal cancer staged at MRI and
6.3% (11/175) who were diagnosed as stage IV based
on CT imaging and who did not have surgery. The
remaining 130 patients had full staging at surgery.

Molecular Oncology 16 (2022) 2031-2041 © 2022 The Authors. Molecular Oncology published by John Wiley & Sons Ltd on behalf of 2033

Federation of European Biochemical Societies.



Monitoring CRC treatment with methylated ctDNA

E. L. Symonds et al.

306 enrollees with blood collected prior to
any treatment for colorectal cancer

Excluded:
- 8 did not have clinical staging

----- *l- 5 were stage 0 cancer (non-invasive)
- 3 had insufficient ctDNA
A 4
209 eligible for ctDNA analysis

A

Excluded:
- 115 were negative for methylated ctDNA

175 positive for methylated ctDNA pre-treatment (eligible for tumor burden correlation)

- 130 with staging at surgery
- 34 with staging at MRI (lower rectal cancer)
- 11 with staging at CT (Stage IV)

Excluded:

- 3 died before receiving treatment

103 did not have blood collected within
200 days after ending treatment

69 eligible for pre/post treatment analysis

v

¥

48 with complete treatment and ctDNA analysis
- 30 with surgery only
12 with surgery and adjuvant therapy
- 6 with neoadjuvant therapy, surgery * adjuvant therapy

21 with incomplete treatment and ctDNA analysis
- 21 with surgery but with incomplete adjuvant therapy

55 with adequate follow-up time

13 ctDNA positive
- 42 ctDNA negative

A

Fig. 1. Disposition of cases and how they were selected for the main analyses. cfDNA: cell-free DNA; ctDNA: circulating tumor DNA; MRI:

magnetic resonance imaging; CT: computed tomography.

Table 1 shows the demographics and tumor character-
istics of those eligible for the analyses.

3.2. Association between ctDNA and tumor
burden

The median level of methylated ctDNA prior to any
treatment was 0.29% (IQR 0.07-2.49%). ctDNA levels
correlated with features of tumor severity, with higher
levels correlating with increasing T-stage, M-stage, and
presence of extramural venous invasion (EMVI)
(Table 2). The median ctDNA level was 7.8 fold
higher for stage T4 compared to stage T2. When dis-
tant metastatic disease was present, the median ctDNA
level was 42.5 fold higher than the levels measured in
patients without metastatic disease (Table 2). A

2034

relationship was seen between overall AJCC stage and
amount of ctDNA, with all stages having higher levels
than stage I (Table 2). This was also observed when
considering individuals’ levels of methylated ctDNA
according to T stages stratified by overall stage
(Fig. S1). The measured median levels of methylated
ctDNA did not differ in patients with liver or lung
metastatic lesions; however, the levels were signifi-
cantly higher than those in patients with other single
site metastatic lesions (Fig. S2).

To assess the relationship between tumor size with
ctDNA levels, stage I and II CRC were firstly assessed
separately to limit the tumor mass to the primary site
in the colorectum. A significant correlation was found
between ctDNA levels and maximum diameter
(r=0.36, P<0.01; Fig. 2A), as well as estimated
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Table 1. Characteristics of patients eligible for analyses. IQR,
interquartile range. AJCC, American Joint Committee on Cancer.
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Table 2. Relationship between tumor features and methylated
ctDNA levels (“%methylated”) prior to any treatment.

Pre/post
Tumor burden treatment
correlation analysis
Patient or tumor analysis (all (subset, P
feature cases, N=175) N = 69) value*
Age, median y (IQR) 68.6 (58.5-76.1) 68.7 (58.6-76.3)  0.68
Age < 65 years, 66 (37.7) 25 (36.2) 0.83
N (%)
Age > 65 years, 109 (62.3) 44 (63.8)
N (%)
Gender, N (%)
Female 63 (36.0) 23 (33.3) 0.69
Male 112 (64.0) 46 (66.7)
Source of staging, N (%)
Imaging only 45 (25.7) 9 (13.0) 0.03
Surgery and imaging 130 (74.3) 60 (87.0)
T stage®, N (%)
T1 1(0.6) 1(1.4) 0.39
T2 18 (11.0) 5(7.3)
T3 107 (65.2) 52 (75.4)
T4 38 (23.2) 11 (15.9)
N stage®, N (%)
NO 73 (44.5) 34 (49.3) 0.49
N1 39 (23.8) 19 (27.5)
N1c 8 (4.9 4 (5.8)
N2 44 (26.8) 12 (17.4)
M stage, N (%)
MO 136 (77.7) 66 (95.7) <0.01
M1 39 (22.3) 3(4.3)
Location of distant metastases
Metastases in liver®  31/39 (79.5%) 1/3 (33.3%)
Metastases in lung®  15/39 (38.5%) 3/3 (100.0%)
Metastases in 11/39 (28.2%) 1/3 (33.3%)
other locations®
Stage (AJCC)
I 14 (8.0%) 6 (8.7%) 0.01
Il 53 (30.3%) 27 (39.1%)
11 69 (39.4%) 33 (47.8%)
v 39 (22.3%) 3 (4.4%)
Location of primary tumor
Proximal colon® 58 (33.1%) 26 (37.7%) 0.54
Distal colon 56 (32.0%) 24 (34.8%)
Rectum 61 (34.9%) 19 (27.5%)
Maximum 50 (36-65) 45 (35-60) 0.44
diameter of
primary,
median mm (IQR)
(n=165; n = 69)

“Not available for all individuals. °Some individuals had more than one
metastatic site. °Proximal colon included sites proximal to the splenic
flexure. *Comparison of subset (n = 69) to all cases (n = 175).

tumor volume (r=0.59, P <0.01; Fig. 2B). For
advanced CRC, total tumor burden (when expressed
as the sum of maximum diameters for the primary and

Tumor feature or stage %methylated ctDNA

(n=175) Median (IQR) P value*
Location of primary tumor
Proximal colon (n = 58) 0.22 (0.07-2.58) 0.97
Distal colon (n = 56) 0.33 (0.07-2.56)
Rectum (n = 61) 0.36 (0.05-2.26)
Differentiation®
Moderate-well (n = 96) 0.17 (0.06-1.45) 0.30
Poor (n = 31) 0.34 (0.04-4.44)
Lymphatic invasion®
No (n = 80) 0.23 (0.05-1.54) 0.41
Yes (n = 49) 0.18 (0.07-1.80)
Extramural venous invasion?
No (n = 100) 0.17 (0.05-1.49) 0.01
Yes (n=28) 0.99 (0.14-4.83)
T stage®
T (n=1) 0.04 (0.04-0.04) <0.01¢
T2 (n=18) 0.05 (0.02-0.11)
T3 (n=107) 0.35 (0.08-1.91)
T4 (n = 38) 0.39 (0.11-4.02)
N stage®
NO (n = 73) 0.21 (0.05-1.12) 0.25
N1 (n = 39) 0.18 (0.08-1.91)
Nic (n = 44) 0.55 (0.07-5.75)
N2 (n = 8) 0.67 (0.11-4.46)
M stage
MO (n = 136) 0.17 (0.06-0.95) <0.01
M1 (n = 39) 7.22 (1.15-28.91)
Overall stage
I (n=14) 0.05 (0.02-0.08) <0.01
Il (n=53) 0.23 (0.09-1.12)
I (n=69) 0.17 (0.07-1.59)
IV (n = 39) 7.22 (1.15-28.91)

‘Pathology features were only able to be assessed in those who
had undergone surgery prior to other therapies. °Stage not avail-
able for all individuals. °Stage T2 was significantly different to T3
and T4 (Stage T1 excluded from analysis due to small sample size).
*P value: Mann-Whitney test or Kruskal-Wallis test to compare
median methylation levels within each tumor feature.

each evident metastatic lesion) and ctDNA levels were
correlated (r = 0.32, P <0.01; Fig. 2C). A correlation
was also observed when considering all stages of CRC
(r=0.32, P <0.01; Fig. 2D).

3.3. Treatment-induced changes to ctDNA levels

Forty-eight patients had blood collected before (me-
dian 7.0 days; IQR 5.0-17.0) and after (70.5 days;
IQR 50.0-102.0) complete treatment (Fig. 1). This sub-
set included 30 with stage I or II disease that had sur-
gery alone, 6 with lower rectal cancers that had
neoadjuvant therapy followed by surgery (with or
without adjuvant chemotherapy), and 12 with regional
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Fig. 2. Relationship between the amount of methylated ctDNA in circulation and (A) maximum tumor diameter in patients with CRC stages
I'and Il (n=66, r=0.359, P=0.003), (B) estimated tumor volume in patients with CRC stages | and Il (n =50, r=0.586, P < 0.001), (C)
sum of maximum tumor diameters (primary and evident metastatic sites) in patients with CRC stages Ill and IV (n =85, r=0.319,
P =0.003), and (D) sum of maximum tumor diameters (primary and evident metastatic sites) in all patients (n = 1562, r=0.321, P < 0.001).
Statistical correlations were performed with Pearson correlation analysis.

or metastatic disease that had surgery (primary and
metastasectomy) followed by a complete course of
adjuvant therapy). Treatment resulted in a decrease in
ctDNA levels in 97.9% (47/48) of individuals relative
to the pretreatment level (P < 0.05), with no detectable
ctDNA present in 87.5% (42/48) of individuals after
treatment (Fig. 3A,B,C, and Table 3).

Blood samples were collected from 21 patients with
incomplete treatment. All patients underwent surgery
of the primary lesion, but either had no adjuvant treat-
ment or stopped adjuvant treatment early. Blood was
collected 6.0 days (IQR 5.0-33.5) prior to treatment,
and 59.0 days (44.0-140.0) after treatment stopped.
Blood collection and demographic details were similar
to that for the group that had completed planned ther-
apy with surgery plus adjuvant chemotherapy
(Table S1). It was observed that 52.4% (11/21)
remained ctDNA-positive post-treatment, with no sig-
nificant difference in the median ctDNA level from
pretreatment (Table 3; Fig. 3D, P = 0.20).

3.4. Association between a positive ctDNA result
post-treatment and disease progression

Of all patients with a post-treatment blood sample, 17 of
the 69 patients had detectable ctDNA—with a signifi-
cantly lower proportion of positive ctDNA results
observed following complete treatment (6/48; 12.5%) com-
pared to following incomplete treatment (11/21; 52.4%).

2036

Of the 69 cases included for primary analysis, there
were 55 cases with adequate follow-up time
(37.9 months, IQR 20.5-49.2) who were reviewed for
disease recurrence or progression, including 42 with a
negative ctDNA post-treatment result (3 stage I, 20
stage II, 19 stage IIT) and 13 with a positive ctDNA
result (1 stage I1, 9 stage III and 3 stage IV). There were
significant differences in disease recurrence/progression
status between the two groups, with the post-treatment
positive ctDNA group having a HR of 9.7 (95% confi-
dence interval 2.5-37.6) for disease recurrence/progres-
sion (Fig. 4). Of the 42 cases that were ctDNA-negative
post-treatment, 7.1% (n = 3) had disease recurrence or
progression, compared to 53.8% of the cases who were
found to be ctDNA-positive post-treatment (n = 7/13).
Of all 13 cases with a positive ctDNA result, the %
methylation was significantly higher in the 7 individuals
with confirmed disease progression or recurrence (%
methylation 0.32%, IQR 0.17-3.33%) compared to the
6 with no evidence of disease (median % methylation
0.04%, IQR 0.03-0.30; P = 0.01).

4. Discussion

This observational study showed a correlation between
the levels of methylated BCATI/IKZFI ctDNA and
tumor burden. Furthermore, methylation levels
responded to the range of treatments applicable to
CRC of different stage and location. ctDNA was
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Fig. 3. Levels of methylated BCAT1/IKZF1 (% methylation—see Methods) in patients with CRC before and after cessation of treatment
with (A) surgery (n = 30); (B) neoadjuvant therapy, surgery, and adjuvant chemotherapy (n = 6); (C) surgery and adjuvant chemotherapy
(n=12); and (D) incomplete adjuvant chemotherapy (n = 21). Each marker with the joining line represents the methylation levels before and
after treatment. The pink markers indicate patients that had detectable ctDNA levels pre- and post-treatment.

Table 3. ctDNA test results following different treatments and treatment status.

% methylation in positive cases Post-treatment ctDNA test results

No. with decreased No. with no
Pretreatment Post-treatment ctDNA levels compared detectable
Treatment N  (median, IQR) (median, 1QR)? to pretreatment, n (%) ctDNA, n (%)
All cases 69 0.18(0.06-1.35) 0.11 (0.03-0.61) 63 (91.3) 52 (75.4)
Surgery alone 30 0.14 (0.05-1.00) 0.00 (0.00-0.05)* 29 (96.7) 27 (90.0)
Complete surgery and adjuvant chemotherapy 12 0.20 (0.05-2.34) 0.04 (0.03-0.04) 12 (100) 10 (83.3)
Complete neoadjuvant therapy plus surgery 6 0.39(0.13-4.82) 0.11 6 (100) 5 (83.3)
(+/— further chemotherapy)
Surgery, but incomplete or no adjuvant chemotherapy 21 0.23 (0.07-1.15) 0.30 (0.03-1.28) 16 (76.2) 10 (47.6)

*P = 0.02 compared to pretreatment ctDNA (circulating tumor DNA) levels. *Median post-treatment was calculated for the cases that
remained positive post-treatment, including n = 3 after surgery, n = 2 after complete surgery and adjuvant chemotherapy, n = 1 after neoad-
juvant therapy, n = 11 after incomplete treatment.

detected in 52% of the cases following incomplete
treatment, and an association between persisting
ctDNA and progressing or recurrent disease was
observed for almost two-thirds of these cases. Thus,
measuring ctDNA based on levels of methylated
BCATI/IKZFI informs response to the therapy for
CRC.

Imaging with CT is used clinically to assess tumor
burden, but there are significant limitations with this

methodology, given the poor sensitivity for smaller
lesions and cumulative radiation exposure. The use of
blood-based biomarkers, such as ctDNA, as surrogate
markers for tumor burden, provides new methods for
surveillance and monitoring of CRC [9]. Most studies
have focused on tumor mutation biomarkers for detec-
tion of ctDNA, but there are challenges in identifying
individual-specific mutations [25] as these differ
between patients [26,27], and the mutation profile can
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Fig. 4. Kaplan-Meier curves for progression-free survival stratified according to post-treatment detection of ctDNA (methylated BCAT1/
IKZF1); positive ctDNA, n = 13, negative ctDNA, n = 42. Hazard ratio for disease progression for those with a post-treatment positive
ctDNA was 9.69, 95% confidence interval 2.560-37.59. Statistical analysis was with Cox regression analysis.

change with disease progression [28]. Conversely,
ctDNA detection based on DNA methylation
biomarkers shows promise with the potential to be a
widely applicable biomarker for CRC as the methyla-
tion profiles are not affected by tumor heterogeneity
or stage. In the current study, we have extended on
our previous findings [16,29,30] and have shown a
close relationship between the amount of circulating
methylated BCATI/IKZFI DNA and tumor burden at
diagnosis. With regard to stage, levels rose with deeper
invasion (T stage) and development of distant metas-
tases and EMVI. These relationships are consistent
with earlier findings using a qualitative assay [29,30].
Levels of methylated BCAT1/IKZFI DNA at the time
of diagnosis could serve as a baseline to judge the sig-
nificance of altered levels in repeated measures as
treatment is implemented, adjusted, and monitored.

A range of variables, in addition to technological
factors such as analytical sensitivity, determine
whether tumor-derived DNA is present and detectable
in the circulation. It is known that tumor growth
dynamics, ctDNA half-life, and rate of shedding into
the circulation can all strongly influence ctDNA levels.
Abundance of ctDNA has been observed to be low for
small mass or early-stage cancers and this poses tech-
nological challenges [8] as well as creating uncertainty
for the best timing for sampling blood. The relation-
ship between levels of ctDNA and cancer stage as
observed here and confirmed by others [9,10] is consis-
tent with the model that as cancers invade, the number
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of ctDNA molecules increases due to egress into the
circulation [8].

To further examine the relationship between levels
of methylated ctDNA and tumor burden, we com-
pared ctDNA levels with different measures of tumor
mass based on size and volume. The standard clinical
tool to evaluate response of radiologically visible dis-
ease (usually metastatic CRC) to treatment is based on
RECIST (Response Evaluation Criteria in Solid
Tumors) [31] which uses imaging to assess changes in
the longest axial diameter of tumors (typically just a
single distant metastasis). However, these size measure-
ments do not necessarily reflect tumor burden [32,33].
By correlating methylation levels with multiple mea-
sures of mass, we found that ctDNA levels were con-
sistently increased with greater tumor mass. This
observation is consistent with other studies [32,34].

We then tested the ability of this quantitative
ctDNA assay to reflect treatment-induced reductions
in tumor burden in the 69 cases where a subsequent
blood test result was available following cessation of
therapy. In the 48 cases with complete treatment, the
levels of methylated BCATI and I[IKZFI DNA
dropped substantially, with the majority (87.5%) of
the patients having undetectable levels. In the 6 that
remained positive for ctDNA after completing recom-
mended treatment, the levels were very low. This trend
was observed regardless of treatment type. These data
can be used to inform clinical decisions regarding addi-
tional therapy versus active surveillance and perhaps
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reduce patient anxiety when making these types of
decisions.

The biggest challenge for prognosis is whether
ctDNA can indicate the presence of residual disease.
Residual disease is a difficult condition to verify with-
out long-term follow-up via usual surveillance meth-
ods. In addition, efforts to improve sensitivity of
blood tests where ctDNA abundance in plasma is low
may create issues of specificity [8], which poses chal-
lenges if the test result is to be used to initiate
chemotherapy without radiological confirmation of
residual tumor. However, the presence of residual dis-
ease when a ctDNA biomarker is positive is supported
by studies that have demonstrated a relationship
between ctDNA and recurrence [7,11,18-20]. To
improve understanding of ctDNA in relation to resid-
ual disease in the current study, we assessed the
changes in ctDNA levels in patients where treatment
was known to be incomplete. It was found that more
than half (11 out of 21) remained positive and 5 of the
11 had higher ctDNA levels compared to the levels
measured prior to treatment. While the study was not
designed to include survival as a primary outcome,
and because ctDNA detection might reflect residual
disease, we compared disease progression-free survival
in ctDNA-positive and ctDNA-negative cases. Those
who were ctDNA-positive had a significantly shorter
time without disease progression (HR 9.7), consistent
with detection of residual disease by this ctDNA test.
Given that circulating levels of methylated BCATI/
IKZF1 DNA respond to treatment, additional studies
will be needed to show if quantitation improves capac-
ity to salvage chance of cure by tailoring therapy to
the individual case and especially to adjust therapy to
deal with disease not otherwise able to be identified.

This study was designed to test the potential of this
quantitative ctDNA assay to assess tumor mass and to
indicate the presence of residual cancer without the
need to personalize the ctDNA blood test based on tis-
sue DNA profiling. In contrast to NGS-based ctDNA
tests which are resource-intensive, the methylated
BCATI/IKZFI qPCR-based ctDNA test is low cost
and turnaround time is short [7,12]. The strength, even
though observational in the context of usual care for
cases where sampling was dependent on clinical oppor-
tunity and focused on pre- and post-treatment levels,
was that we could observe responses across the full
spectrum of therapeutic options for colon and rectal
cancers. Studies are now needed to determine the best
timing of sampling since sampling was opportunistic
with blood collected at varying times pre- and post-
treatment. Investigation of methylated ctDNA changes
in patients undergoing serial longitudinal plasma

Monitoring CRC treatment with methylated ctDNA

sampling during monitoring is also needed to deter-
mine whether the actual post-treatment level of methy-
lated BCATI/IKZFI is an indicator of minimal
residual disease and survival.

5. Conclusions

This quantitative ctDNA test measuring levels of
methylated BCATI1/IKZFI DNA in blood reflects
tumor burden at diagnosis and provides a baseline for
demonstrating response to differing therapeutic
approaches for colon and rectal cancer. A positive
ctDNA result post-treatment was associated with dis-
ease progression. This test therefore has the potential
to identify treatment failure due to residual disease
and inform adjustment of therapy to improve chances
of survival. In addition, it promises capacity to assess
and identify changes in tumor burden that could guide
decisions about the value of continuing a specific ther-
apy in advanced disease.
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Fig. S1. Individual levels of ctDNA (expressed as the
percentage of methylated BCATI/IKZFI DNA mea-
sured in total cfDNA, “%methylation levels”) for
patients according to T stages stratified by overall
stage.

Fig. S2. Individual ctDNA levels (expressed as the per-
centage of methylated BCATI1/IKZFI DNA measured
in total cfDNA, “%methylation levels”) for patients
according to site of metastasis.
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