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Abstract

Background: The genetic events responsible for tumor aggressiveness in endometrioid endometrial cancer (EEC) remain
poorly understood. The chromosome 1622 tumor suppressor genes CTCF and ZFHX3 are both frequently mutated in EEC,
but their respective roles in outcome have not been determined.

Methods: Targeted deep sequencing of CTCF and ZFHX3 was performed for 542 EEC samples. Copy number loss (CNL) was
determined using microsatellite typing of paired tumor and normal DNA and a novel Bayesian method based on variant
allele frequencies of germline polymorphisms. All statistical tests were two-sided.

Results: Mutation rates for CTCF and ZFHX3 were 25.3% and 20.4%, respectively, and there was a statistically
significant excess of tumors with mutation in both genes (P = .003). CNL rates were 17.4% for CTCF and 17.2% for
ZFHX3, and the majority of CNLs included both CTCF and ZFHX3. Mutations were more frequent in tumors with
microsatellite instability, and CNLs were more common in microsatellite-stable tumors (P < .001). Patients with
ZFHX3 mutation and/or CNL had higher-grade tumors (P = .001), were older (P < .001), and tended to have more
frequent lymphovascular space invasion (P = .07). These patients had reduced recurrence-free and overall survival
(RFS: hazard ratio [HR] = 2.35, 95% confidence interval [CI] = 1.38 to 3.99, P = .007; OS: HR = 1.51, 95% CI = 1.11 to 2.07,
P =.04).
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Conclusions: Our data demonstrate there is strong selection for inactivation of both CTCF and ZFHX3 in EEC. Mutation
occurs at high frequency in microsatellite-unstable tumors, whereas CNLs are common in microsatellite-stable cancers.
Loss of these two tumor suppressors is a frequent event in endometrial tumorigenesis, and ZFHX3 defects are associated
with poor outcome.

It is estimated that more than 50 000 cases of endometrial can- outcomes in this population, three major questions must be
cer (EC) will be diagnosed in 2015 and over half of all EC deaths addressed: How do we identify early-stage patients who will
can be attributed to patients with endometrioid subtype tumors recur, can we alter treatment to prevent recurrence, and how
(1-3). Treating cases of recurrent or advanced-stage (not con- do we treat recurrent/metastatic disease? Many studies, includ-
fined to the uterus) disease is clinically challenging. To improve ing The Cancer Genome Atlas (TCGA) for EC, have identified
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commonly mutated genes in endometrioid endometrial carci-
noma (EEC) (4-9). However, focused investigation is necessary
to better understand the dysregulated molecular mechanisms
responsible for tumorigenesis and disease maintenance, espe-
cially those associated with aggressive tumors.

CTCF is the major insulator protein in vertebrates and medi-
ates long-range chromatin regulation (10-14). TCGA reports have
shown that CTCF is specifically mutated at a high frequency in
EEC tumors but not other malignancies (5,15). A recent report
by Kemp et al. demonstrated that hemizygous Ctcf knockout is
sufficient to globally dysregulate the methylome and predispose
animals to tumor formation (16). This confirmed our earlier
work implicating CTCF as a haploin-sufficient tumor suppres-
sor gene (TSG) (17). CTCF maps to 16922, a region of frequent
deletion in a variety of malignancies (18-26). However, most
16922 deletions are large and involve additional tumor suppres-
sors including ZFHX3 (also called ATBF1), NQO1, CDH1, and E2F4
(reviewed in [27]). It remains uncertain which of these genes or
combinations of genes confer selective advantage and which are
coincidentally deleted.

ZFHX3 is frequently mutated in EEC (5) and studies in other
tumor types suggest ZFHX3 acts as a tumor suppressor through
multiple mechanisms (22,28-32). ZFHX3 is involved in the regu-
lation of the estrogen receptor (ER) pathway through a complex
feedback loop (33,34), and dysregulated ER signaling is the hall-
mark of EEC. Mouse models have shown that, like Ctcf, Zfhx3
is a haploin-sufficient TSG and loss of Zfhx3 causes neoplastic
growth and differential expression of genes in the progesterone/
estrogen signaling pathway (35,36).

Thus we sought to more closely investigate genetic altera-
tions of CTCF and ZFHX3 in EEC. We used targeted deep sequenc-
ing to detect mutation and copy number alterations in these two
genes in a large cohort of patients with long-term follow-up. We
also determined the clinicopathologic associations between
CTCF and ZFHX3 defects (alone and co-occurring) with features
that portend poor outcome.

Methods

Study Population

The patient population and tumor specimens investigated have
been previously described (17,37,38). Our cohort is representa-
tive of a typical EEC patient population, as presented in the
Supplementary Methods and Supplementary Table 1 (available
online). All 542 subjects studied were treated at Washington
University School of Medicine, St. Louis, MO, and provided
written, informed consent to Washington University Human
Research Protection Office. All protocols were by the Washington
University Human Research Protection Office (91-507 and
93-0828). All tumor DNAs were prepared from high neoplastic
cellularity (>70%) flash-frozen tissues. Results for tumor micro-
satellite instability (MSI) testing and DNA Polymerase ¢ (POLE)
proofreading domain mutation status have been previously
reported (37,38). Seventeen MSI-low tumors were included with
the microsatellite-stable (MSS) group. The mean and median
follow-up for the cohort are 5.6 and 6.2 years, respectively.

Targeted Deep Sequencing

CTCF and ZFHX3 sequencing was performed using TruSeq Custom
Amplicon Assay ([llumina, San Diego, CA). Approximately 32kb
of CTCF and ZFHX3 sequences was targeted using 79 425bp
amplicons (Illumina DesignStudio). Bar-coded patient samples

were multiplexed and sequencing reactions performed with 250
base-paired end reads on an Illumina MiSeq. Variants were iden-
tified using Miseq Reporter software version 2.5.1 (Illumina, San
Diego, CA) with the GATK variant caller (39) and filtered based on
read depth and “qual,” a phred-scaled quality score. Technical
validation by Sanger sequencing of matched tumor and normal
DNA established the accuracy of filtering and somatic origin
of mutations. All calls were queried against dbSNP (build 137,
National Center for Biotechnology Information) and COSMIC (40)
databases. CTCF and ZFHX3 variants are reported correspond-
ing to the NM_006565.3 (Genbank: U25435.1) and NM_006885.3
(Genbank: NM_006885.3) transcripts, respectively.

Assessing Loss of Heterozygosity and Determining
Copy Number Deletion

Fluorescence-based microsatellite typing was used to test for
loss of heterozygosity (LOH) (41). Because of frequent strand
slippage mutations in MSI tumors, microsatellite LOH analyses
were limited to MSS tumors (n = 306). Seven highly informa-
tive dinucleotide repeats in the 16922-23 region were evaluated
(Supplementary Table 2, available online). Fragment sizing was
performed using a 3730 DNA Analyzer (Applied Biosystems,
Foster City, CA). Three hundred and one samples were informa-
tive for one or more marker tested.

We also applied a Bayesian method to determine allelic
imbalances based on the variant allele frequencies (VAFs) of het-
erozygous polymorphisms detected by deep sequencing (per-
sonal communication Kevin R. Coombes). Sixty-three germline
single nucleotide variants (SNVs) were detected with 396 cases
heterozygous for one or more SNV. In brief, the model considers
the observed VAFs relative to the percent tumor cellularity and
predicts the probability of a deletion/amplification event based
on deviation from the expected VAF of .50. For our cohort, the
mean and median neoplastic cellularity were 78.5% and 80.0%,
respectively. The observed number k of variant reads out of a
total of n reads is modeled using a binomial distribution, Binom
(k, n; @), where the ‘success’ parameter ¢ depends on the copy
number state (Deleted, Normal, or Gained) and the fraction, v, of
normal cells. This binomial model defines the likelihood func-
tion for the copy number state and normal fraction. We then
place a discrete prior on the copy number state and a beta prior
on the normal fraction. In this context, the posterior distribution
can be computed by brute force by evaluating the likelihood at a
grid of points over the interval (0,1) and applying Bayes’ formula.
Microsatellite typing and the Bayesian method showed high
concordance (98%) and were performed by researchers blinded
to clinical data.

Normalized read depth was calculated by jointly minimiz-
ing the logarithmic normalized coverage difference for the mid-
dle two quartiles of all amplicons for each sample pair, fitting a
Gaussian distribution to this data for the middle two quartiles
of samples for each amplicon, and reporting z-scores relative
to this Gaussian distribution for each amplicon of each sample.

Statistical Analysis

Clinicopathologic variables were compared between indicated
mutational subgroups using chi-squared or Fisher’s exact tests
for dichotomized variables. The continuous variables age and
body mass index (BMI) were dichotomized at 60 years (42) and
30kg/m? (43), respectively. Stage and grade were determined
by FIGO 2009 classification (44), and stage was treated as a
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dichotomous variable (stage I/II vs stage I1I/IV). Overall survival
(0S) and recurrence-free survival (RFS) were calculated using
the log-rank test for univariate analyses. Cox proportional
hazards regression was used for multivariate models. The pro-
portional hazards assumption was examined by testing the
association between the scaled Schoenfeld residuals and the
Kaplan-Meier transformed survival times. For both multivariate
models, none of the variables was statistically significant (P >
.05), indicating a lack of evidence for departure from the pro-
portional hazards assumption. OS was defined as the time from
surgery to death. RFS was defined as the time from surgery to
first recurrence. Patients with disease remaining after surgery
were excluded from RFS analyses, and patients who died perio-
peratively were excluded from RFS and OS analyses. P values
for associations with clinical features were adjusted using the
False Discovery Rate (FDR) method (45) as noted, and FDR P val-
ues under .1 were considered statistically significant. P values
for other comparisons are comparison-wise. All statistical tests
were two-sided.

Results

Mutation and Allelic Deletion of CTCF and ZFHX3
in EEC

Targeted deep sequencing of CTCF and ZFHX3 was successfully
completed for 538 of 542 EEC samples with an average read
depth of 345X. The entire CTCF coding region was sequenced.
Three regions of ZHFX3 were not analyzed because of poor
coverage, which code for amino acids 765-833, 2026-2171, and
3187-3703. Overall 79.0% of the ZFHX3 coding sequence was
covered. We undertook extensive technical validation of vari-
ant calls. Deep sequencing of 109 tumors that were previously
Sanger sequenced for mutations in CTCF (17) correctly identi-
fied 20 different mutations in 34 tumors, and four additional
nonclonal mutations were discovered (minor sequencing peaks
were evident upon rereview of the original chromatograms). An
additional 83 potential mutations in CTCF and ZFHX3 within
the rest of the cohort were analyzed using Sanger sequencing
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of matched tumor and normal DNA. Sixty-five calls were con-
firmed as somatic mutations, 16 were novel germline polymor-
phisms, and two were false-positives.

The overall rates of somatic mutation in CTCF and ZFHX3
were 25.3% (87 different mutations in 136 tumors) and 20.4%
(148 different mutations in 110 tumors), respectively. The vast
majority of CTCF-mutated and most ZFHX3-mutated tumors
had loss-of-function (LOF) mutations (Figure 1; details provided
in Supplementary Table 3, available online). Twenty-nine tumors
in our series have POLE mutations that have been associated
with an ultramutated phenotype, and 24 (82.8%) had mutations
in CTFC and/or ZFHX3. Because the POLE-mutated samples likely
carry many passenger mutations, we considered this subset
separately (Supplementary Table 3, available online).

CTCF and ZFHX3 mutations were more frequent in MSI tumors
than MSS tumors (P < .001 for either gene, two-sided Fisher’s
exact test). Among the 214 MSI tumors, 83 had CTCF mutations
(38.8%) and 77 had ZFHX3 mutations (36.0%), compared with
12.8% and 4.7% for MSS tumors, respectively. The CTCF p.T204fs
hotspot mutation in an A, coding repeat (17) was seen in 49
MSI tumors, and two hotspot frameshift mutations in ZFHX3,
p.E763fs and p.R1893fs*35/p.D1894fs*21, were observed exclu-
sively in MSI tumors (Figure 1). Both ZFHX3 hotspots involved
repeat regions: a G, coding repeat in exon 2 was mutated in eight
patients, and an AG, repeat in exon 9 (not previously reported
in EC) was mutated in eight patients (Supplementary Table 3,
available online). Comutation of both CTCF and ZFHX3 was seen
in 33 specimens, which is statistically significantly greater than
expected based on the individual mutation rate of each gene (22
expected, P = .003 two-sided Fisher’s exact, excluding samples
with allelic deletion outlined below).

In addition to mutations, we detected frequent LOH/allelic
imbalance in the 16q22 region. Combined microsatellite typing
and determining LOH using deep sequencing data (see Methods)
gave an overall allelic loss rate of 18.1%. Representative findings
for LOH detected by each method are presented in Figure 2.
Analysis of normalized amplicon read depth revealed that allelic
imbalance was typically associated with copy number loss (CNL)
(Supplementary Figure 1, available online).
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Figure 1. Mutations identified in 509 endometrioid endometrial carcinomas. A) Lollipop plot for CTCF. The hotspot mutations, p.T204fs and p.R377C/H, were seen in 49
and five tumors, respectively. B) Lollipop plot for ZFHX3 shows that p.E763fs and p.R1893fs/p.D1894fs were each seen in eight tumors. Protein domains are indicated as
follows: orange, typical C2H2 finger; blue, atypical C2H2 zinc fingers; brown, degenerate C2H2 zinc fingers; green, homeoboxes. Mutations in POLE-mutated tumors are
not shown. A complete description of mutations can be found in Supplementary Table 3 (available online).
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Figure 2. Representative example of allelic loss in the CTCF/ZFHX3 region. Left panel shows variant allele frequencies (VAFs) for single-nucleotide polymorphisms
(SNPs) in CTCF and ZFHX3 in tumor 1593 (harboring allelic loss) and tumor 1499 (a typical two-copy tumor). Allelic imbalance is indicated by heterozygous SNPs with
VAFs that deviate from the expected 0.50 (underlined). On the right of the idiogram for 16q region of interest are results for fluorescence-based microsatellite (MS)
typing of paired tumor and normal DNA. MSs that revealed loss of heterozygosity (LOH) or showed no loss (WT) are given for both tumors. Uninformative markers
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indicated by
frequency; WT = wild-type.

Most instances of CNL included both CTCF and ZFHX3 (16.6%
of all tumors), with 1.5% showing loss of either gene alone
(Supplementary Table 3, available online). CNL rates for CTCF and
ZFHX3 were 17.4% and 17.2%, respectively. CNL was statistically
significantly more common in MSS than MSI tumors, with deletion
in 68 and 19 case patients, respectively (P < .001 two-sided Fisher’s
exact test). A single instance of homozygous deletion was identi-
fied by greatly reduced normalized read depth within the CTCF cod-
ing sequence (Figure 3A). Long-range polymerase chain reaction
(PCR) revealed a 1741bp deletion spanning intron 2-3 (1157bp) and
exon 3 (594bp), including the initiation codon (chr16:67,643,579-
67,645,330) (Figure 3B). Homozygous deletion was confirmed by
quantitative PCR of genomic DNA (data not shown).

Clinicopathologic Features Associated with CTCF and
ZFHX3 Mutation and Copy Number Status

The frequent codeletion and comutation of CTCF and ZFHX3
observed (23.3%) suggests selection for inactivation of both
genes. Patients with defects in both genes had higher-grade
tumors (FDR P = .001), had more frequent lymphovascular space
invasion (LVSI; FDR P = .04), and were older (>60 years, FDR P =.04)
when compared with wild-type patients (Table 1). Tumors with
defects in CTCF only and ZFHX3 only were also seen at appreci-
able frequencies (16.5% and 9.2%, respectively) (Figure 4A). We
present the relationship between clinicopathologic features
and mutation and/or deletion stratified by the status of both
genes (both genes defective, CTCF only defective, ZFHX3 only
defective, and both genes wild-type) in Supplementary Table 4
(available online). Given the differences between MSS and MSI
tumors in mutation rates, the spectra of mutations, and the fre-
quency of CNL, we also analyzed MSS and MSI patients sepa-
rately. Compared with wild-type, MSS tumors with defects in
both CTCF and ZFHX3 were higher grade (FDR P <.001), and these
patients were nonwhite (FDR P = .06). There were no statistically
significant clinicopathologic associations in the MSI tumors
(Supplementary Table 5, available online).

.Traces for chr16ms4 typing are shown in the right panel. Arrow is used to emphasize the 371bp allele. LOH = loss of heterozygosity; VAF = variant allele

Women with tumors defective in both genes and those with
defects in ZFHX3 alone had reduced recurrence-free survival
(Figure 4B).The hazard ratio (HR) was 2.29 for the group with both
genes defective vs wild-type (95% confidence interval [CI] = 1.24
to 4.22, FDR P = .03) and was 2.32 for ZFHX3-only defective cases
(95% CI = 1.02 to 5.23, FDR P = .09). OS was also statistically sig-
nificantly reduced for case patients with defects in both genes
(HR = 1.51, 95% CI = 1.06 to 2.15, FDR P = .07) (Supplementary
Figure 2A, available online). In a multivariable model that
included clinicopathologic factors statistically significantly
associated with outcome (stage, grade, age, LVSI, and therapy)
(38), the hazard ratio for mutation/CNL of both CTCF and ZFHX3
on RFS was 1.54 (95% CI = .79 to 3.01), but the increase in risk
did not reach statistical significance (Supplementary Table 6,
available online). Early-stage (stage I/II) patients with mutation/
CNL of both genes recurred statistically significantly more often
than those without: There were 88 early-stage patients with
defects in both genes and 13 recurred (14.8%), compared with
only 12 recurrences in the 190 wild-type patients (6.3%) (odds
ratio = 2.56, 95% CI = 1.03 to 6.46, FDR P = .10, two-sided Fisher’s
exact). Kaplan-Meier analysis for RFS confirmed this finding
(Supplementary Figure 2B, available online).

The Kaplan-Meier plots presented in Figure 4B show patients
with defects in ZFHX3 only, and patients with both CTCF and
ZFHX3 defects have worse outcome compared with the CTCF-
only group and wild-type patients, which strongly implicates
ZFHX3 as the factor contributing to reduced RFS. Therefore we
compared cases with any ZFHX3 defect to ZFHX3 wild-type
cases. Patients with ZFHX3 defects had higher-grade tumors
(FDR P = .001), had more frequent LVSI (FDR P = .07), and were
older (FDR P < .001) (Supplementary Table 7, available online).
These women had reduced RFS and OS (RFS: HR = 2.35, 95%
CI'=1.38t03.99, FDR P =.007; OS: HR = 1.51,95% CI = 1.11 to 2.07,
FDR P = .04) (Figure 5, A and B). ZFHX3 mutation remained a sta-
tistically significant factor associated with RFS in multivariable
analysis (P = .04), and only tumor grade and stage were stronger
predictors of recurrence in this model (Table 2).
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Figure 3. Homozygous deletion in CTCF in tumor 2313. A) Targeted sequencing of CTCF intron 2, exon 3, intron 3, and exon 4, in samples 2077 (representing a typical
sample) and 2313. Five amplicons were sequenced using 250bp paired-end reads and are represented by black lines. Y-axis indicates number of reads across amplicons.

B) Sequence trace of the breakpoint in sample 2313. RPB = reads per base.

Table 1. Clinicopathologic characteristics of patients with both CTCF
and ZFHX3 defects and women with no detectable abnormalities*

CTCF and ZFHX3
defects (23.3%)  Wild-type (51.0%)
Clinicopathologic (n =109) (n =2398)
feature No. (%) No. (%) Pt
Grade
1 43 (39.8) 139 (58.4) .001
2 33 (30.6) 70 (29.4)
3 32 (29.6) 29 (12.2)
Age,y
<60 32 (29.4) 105 (44.1) 04
>60 77 (70.6) 133 (55.9)
LVSI
Present 46 (44.2) 70 (29.9) .04
Absent 58 (55.8) 164 (70.1)
Stage
Early: I &II 90 (82.6) 194 (81.9) ns
Advanced: 11 & IV 19 (17.4) 43 (18.1)
Adjuvant therapy
Yes 39 (36.1) 66 (27.7) ns
No 69 (63.9) 172 (72.3)
BMI, kg/m?
<30 35 (38.9) 71 (33.0) ns
>30 55 (61.1) 144 (67.0)
Race
White 89 (81.7) 209 (87.8) ns
Nonwhite 20 (18.3) 29 (12.2)
Eventst
Recur/progress 23 of 107 (21.5) 28 of 232 (12.1)
Death 51 of 107 (47.7) 77 of 232 (33.2)

* Defects include samples with mutation or loss of heterozygosity. Forty-six
cases uninformative for mutation/loss of heterozygosity status and 29 cases
with POLE mutations were excluded. BMI = body mass index; LVSI = lympho-
vascular space invasion; ns = not significant.

1 Significance of grade was determined by chi-squared test. Significance of
other variables was determined by Fisher’s exact test. All P values are two-
tailed and false discovery rate-adjusted.

+ Excludes perioperative deaths.

We used TCGA for EC dataset as a validation cohort. RFS
was compared between samples with mutation/CNL in ZFHX3
(n = 45 EEC cases) and wild-type samples (n = 124 EEC cases).

The RFS event rates are similar in our study and TCGA (12.6%
and 13.0%). In TCGA, cohort patients with defects in ZFHX3 had
reduced RFS with a hazard ratio similar to our experimental
cohort, but the difference did not reach statistical significance
(HR =2.00, 95% CI = .84 to 4.74, P = .12) (Figure 5C). However, con-
sidering the event rates, hazard ratios, number of individuals,
and the proportion of individuals mutated in each cohort, TCGA
cohort had only 40.2% power to detect the effect, whereas our
experimental cohort achieved 83.6% power to detect the effect.

Discussion

Our data show CTCF and ZFHX3 are among the most frequently
altered genes in type I endometrial cancers (46): When both
mutation and deletion are considered, 40% of EEC tumors have
CTCF defects and 33% have abnormalities in ZFHX3. Although
both CTCF and ZFHX3 were classified as statistically signifi-
cantly mutated genes by TCGA, co-occurring mutations, codele-
tion, and the relationship between gene defects and outcome
were not addressed in the TCGA endometrial cancer report
(5). Our combined sequencing and CNL analysis allowed us to
fully interrogate the mutational status of both genes. Although
it is well established that deep sequencing data can be used
to detect copy number differences, accuracy depends on read
depth (47,48). Mutation detection in coding sequence repeats
can be challenging with exome capture sequencing methods.
For tumor types such as EEC that frequently have defective DNA
mismatch repair, the difficulty in sequencing coding repeats
has likely resulted in underestimation of mutational frequency
(17,49,50). The deep read depth we achieved and use of long
(425bp) amplicons made it possible to reliably detect both allelic
imbalances/CNL and insertion/deletion mutations in coding
repeats.

TCGA copy number alteration data (from GISTIC) (5) confirm
deletion of CTCF and ZFHX3 occurence in EEC at modest fre-
quency and show that most of the deletions encompass large
portions of 16q. TCGA exome sequencing data demonstrate
that CTCF and ZFHX3 are the only genes on chromosome 16q
mutated at an appreciable frequency (>6%). Although many
expressed genes map to the 16q deletion region we propose that
selection for 16q deletion is driven by ZFHX3 and CTCF, both of
which have frequent LOF mutations in tumors that retain 16q
heterozygosity.
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Figure 4. Patterns of CTCF and ZFHX3 defects and associated outcomes. A) Pie charts show the percentage of samples harboring mutation and/or allelic loss of CTCF
only, ZFHX3 only, both genes and cases wild-type for both genes. Microsatellite-stable cases are shown on the left, and microsatellite-unstable cases are shown on
the right. B) Kaplan-Meier estimates for recurrence-free survival. P values and hazard ratios for each group were calculated by Cox proportional hazard regression and
false discovery rate adjusted.
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Figure 5. ZFHX3 defects and association with survival. Kaplan-Meier estimates for recurrence-free (A) and overall survival (B) in our experimental cohort. C) Kaplan-
Meier estimates for recurrence-free survival of endometrioid endometrial cancer patients analyzed by The Cancer Genome Atlas. P values obtained by log-rank test for
univariate analyses and false discovery rate (FDR) adjusted as indicated.



Table 2. Multivariable model for outcome with ZFHX3 mutation/CNL*
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RFS oS
Variable HR (95% CI) Pt HR (95% CI) Pt
Grade 3 5.17 (2.25 to 11.89) <.001 3.21 (2.04 to 5.07) <.001
Stage 1II/IV 3.30 (1.56 to 6.99) .002 4.43 (2.65 to 7.41) <.001
Grade 2 2.94 (1.38 t0 6.27) .005 1.60 (1.11 to 2.33) 01
ZFHX3 mutation/CNL 1.82 (1.03 to 3.20) .04 1.10 (0.79 to 1.54) 57
Presence of LVSI 1.48 (0.77 to 2.83) 24 1.55 (1.08 to 2.24) .02
Use of adjuvant therapy 1.19 (0.56 to 2.51) .65 0.57 (0.36 to 0.90) .02
Age <60y 0.97 (0.53 to 1.77) 92 0.41 (0.28 to 0.61) <.001

* Model includes all clinicopathologic features listed and mutation and/or copy number loss of ZFHX3 as variables. Reference groups are as follows: for grade 2 and
grade 3, grade 1; for stage, stage I/II, for ZFHX3 and CTCF defects, ZFHX3 and CTCF wild-type; for presence of LVSI, absence of LVSI, for age < 60 years, age > 60 years; for
use of adjuvant therapy, no adjuvant therapy. CI = confidence interval; CNL = copy number loss; HR = hazard ratio; LVSI = lymphovascular space invasion; OS = overall

survival; RFS = recurrence-free survival.

1 P values calculated using multivariable Cox proportional hazard tests. P values are two-sided.

Endometrial cancers are often categorized as having
either an MSI or chromosomal instability (CIN) mutator phe-
notype (51-53). The genetic inactivation of CTCF and ZFHX3
we observed in cancers with normal DNA mismatch repair
(MSS tumors with CIN) and those with MSI implicates strong
selection in EEC. MSS tumors frequently have chromosomal
deletions involving the region containing CTCF and ZFHX3,
whereas MSI tumors often harbor SNV/indels in both genes,
including hotspot mutations in coding sequence repeats.
Examination of the VAFs of these hotspot mutations showed
that the vast majority are clonal (variant frequency > .3) and
are, as such, unlikely to reflect mutational noise secondary to
defective mismatch repair (data not shown). Three-fourths of
CTCF mutations are LOF (frameshift, nonsense, and splice site)
and, as we have previously demonstrated, subjected to non-
sense mediated decay (17). Examination of the CTCF missense
mutations shows that they cluster around the zinc finger
domains, and condel (54) predictions indicate most are del-
eterious to protein function (Figure 1; Supplemental Table 3,
available online). Although the evidence for LOF of ZFHX3
is not as compelling, half of all mutations are LOF, and half
of the missense mutations are predicted to be deleterious
(Supplementary Table 3, available online). Thus we propose
that allelic loss and mutations in EEC both lead to haploin suf-
ficiency for CTCF and ZFHX3.

Recent studies have challenged the Knudsen two-hit model
(55) for tumor suppressors and suggest that hemizygous dele-
tions play critical roles in shaping the cancer genome (56,57).
Our previous report on CTCF defects in EC strongly pointed to its
function as a haploin-sufficient TSG, which has been confirmed
in vivo (16,17). Knock-out mouse modeling has also implicated
ZFHX3 as a haploin-sufficient TSG (35). Here, we found that only
9.6% of CTCF-mutated tumors and 19.1% of ZFHX3-mutated
tumors harbor a second hit, further supporting haploin suffi-
ciency. Although one specimen in our cohort has homozygous
deletion of CTCF, the alternative initiation codon for isoform 2
is retained, which in principle could compensate for the loss of
isoform 1.

Importantly, our data show that women with tumors defec-
tive in ZFHX3 alone (no evidence for mutation in CTCF) have sta-
tistically significantly reduced RFS indistinguishable from that
seen in cases with defects in both genes (Figure 4B). Although
CTCF and ZFHX3 are commonly inactivated together, our find-
ings point to ZFHX3 mutation as the key factor associated with
poor outcome.

The correlative nature of the work described here is an obvi-
ous limitation of the study and inherent to many biomarker
and molecular discovery efforts. In vitro and in vivo studies to
functionalize the genetic inactivation of these two genes are the
necessary next steps for better understanding the roles ZFHX3
and CTCF play in endometrial tumorigenesis.

Overall, the frequency and spectra of mutations and deletions
we identified in the closely linked tumor suppressors CTCF and
ZFHX3 suggests strong selection for inactivation of both genes in
EEC. The statistically significantly reduced RFS for women with
defects in ZFHX3 highlights its underappreciated importance in
EEC, specifically in biologic/clinical aggressiveness.
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