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ABSTRACT

Uterine serous carcinoma (USC), an aggressive vari-
ant of endometrial cancer representing approxi-
mately 10% of endometrial cancer diagnoses, ac-
counts for ∼39% of endometrial cancer-related
deaths. We examined the role of genomic alterations
in advanced-stage USC associated with outcome us-
ing paired primary-metastatic tumors (n = 29) treated
with adjuvant platinum and taxane chemotherapy.
Comparative genomic analysis of paired primary-
metastatic patient tumors included whole exome se-
quencing and targeted gene expression. Both PLK3
amplification and the tumor immune microenviron-
ment (TIME) in metastatic tumors were linked to
time-to-recurrence (TTR) risk without any such as-
sociation observed with primary tumors. TP53 loss
was significantly more frequent in metastatic tumors
of platinum-resistant versus platinum-sensitive pa-
tients and was also associated with increased re-
currence and mortality risk. Increased levels of chr1
breakpoints in USC metastatic versus primary tu-
mors co-occur with PLK3 amplification. PLK3 and the
TIME are potential targets for improving outcomes in
USC adjuvant therapy.

GRAPHICAL ABSTRACT

INTRODUCTION

Endometrial cancer remains the most common gynecologic
malignancy in the United States. In 2021, it was estimated
that 66 570 new cases of endometrial cancer would be diag-
nosed, and 12 940 deaths would occur, a 30% increase over
the past 10 years (1). Based on the Surveillance, Epidemiol-
ogy, and End Results (SEER) database, it is suggested that
the increase in mortality may be related to an increased rate
of advanced stage cancers and high-risk histology (2) such
as uterine serous carcinoma (USC).

Although USC represents ∼10% of all endometrial can-
cer diagnoses, it accounts for up to 39% of endometrial can-
cer related deaths (3–5). This disproportionate difference
between incidence and death emphasizes the need for an un-
derstanding of USC etiology to improve treatment strate-
gies. Risk factors for USC include breast cancer, BRCA
gene mutation, and history of tamoxifen therapy. Molecular
abnormalities include p53 mutations and HER-2/neu gene
amplification (4). Poor prognosis of stage III and IV USC
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occurs in 40% of patients compared to 15% of patients with
more common endometrioid endometrial carcinoma (4,5).

Substantive results utilizing paired primary and
metastatic samples that examine somatic copy num-
ber alterations (sCNA) in addition to point mutations
are relatively rare. A study of metastatic breast cancer
paired primary breast cancer and metastatic brain tumors
from 14 patients identified more sCNAs and higher tu-
mor mutational burden in metastatic brain than in the
primary breast cancer (6). Conversely, a separate study
of 33 matched primary and recurrent metastatic breast
cancer samples found a high rate of concordance (up to
85%) between them (7). Kawamata et al. (8) and Vakiani
et al. (9) in studies of 16 and 84 patients, respectively
identified relatively few interesting differences between
paired primary and metastatic colorectal cancers. Perhaps
more relevant to our study, Gibson et al. (10) examined
35 paired primary-metastatic cases of endometrial cancer
(EC) constituting both endometrioid (26 cases) and non-
endometrioid (nine cases of serous, clear-cell, etc.) types.
The serous subtype within non-endometrioid tumors tend
to be more deleterious with poor outcomes. In general,
Gibson found similar magnitudes of somatic mutations and
sCNAs between primary and metastatic pairs, although
there were a handful of exceptions in the endometrioid
subtype where metastatic samples had >90% genome-wide
sCNA while the paired primary had <25% of its genome
affected. However, whether EC patients had similar or
different primary-metastatic pair genomic characteristics,
Gibson provided no analysis of metastatic characteristics
with clinical outcomes.

We have previously identified genes associated with
responsiveness to platinum-based chemotherapy in high
grade serous ovarian cancer (11,12). More recently, we char-
acterized the tumor immune microenvironment (TIME)
and associated it with long term disease-free survival in high
grade serous ovarian, uterine corpus endometrial and high
mutational load breast cancer (13). In this study, we exam-
ined paired primary and metastatic tumor samples of 29
high grade USC metastatic patients treated with adjuvant
platinum and taxane chemotherapy to determine the asso-
ciation of genomic alterations at either tumor site with out-
come. Genomic analysis of paired primary and metastatic
tumors with the Nanostring Pan Cancer IO360 panel and
whole exome sequencing (WES) revealed that sCNA and
the TIME in the metastatic tumor and not the primary tu-
mor were linked to outcomes following adjuvant platinum-
based chemotherapy.

MATERIALS AND METHODS

Study population

After obtaining Institutional Review Board approval
(Atrium Health, Research Protocol Approval, IRB File#
07019-23E), women who underwent standard surgical stag-
ing for serous endometrial carcinoma at Carolinas Medi-
cal Center by the Gynecology Oncology group at Levine
Cancer Institute from 1 January 2014 to 30 December
2018, were identified through the Levine Cancer Institute
tumor registry and the Carolinas Medical Center pathol-
ogy database. Inclusion criteria were serous histology, pri-

mary surgical staging (hysterectomy, bilateral salpingo-
oophorectomy, lymphadenectomy, omentectomy and re-
section of metastatic tumor), Stage III or IV disease,
and treatment with adjuvant platinum- and taxane-based
chemotherapy (NCCN Clinical Practice Guidelines in On-
cology – Uterine Neoplasms, Versions 1-2022; http//www.
nccn.org/professionals/physicians-gls/pdf/uterine.pdf).

Histologic analysis

All specimens were fixed in 10% formalin, paraffin-
embedded and stained with hematoxylin and eosin. Slides
from all specimens were reviewed by a gynecologic pathol-
ogist to confirm diagnosis while primary and metastatic tu-
mor blocks containing sufficient tumor volume and cellu-
larity were used for genomic analysis. Tumor regions on
slides were marked to assist with macrodissection for en-
richment of tumor.

Genomic analysis

Archived formalin-fixed paraffin-embedded tumor blocks
of paired primary and metastatic tumor from 29 pa-
tients with complete clinical treatment/response informa-
tion were used to obtain 5–8 unstained slides sectioned at
10-�m thickness. The unstained tissue sections were used
for extraction of RNA and DNA. We used Qiagen’s All-
prep DNA/RNA FFPE kit to simultaneously purify ge-
nomic DNA and total RNA from formalin-fixed, paraffin
embedded (FFPE) tissue sections.

DNA and RNA were released sequentially by differen-
tial solubilization of the same FFPE sample. FFPE tissue
sections were first deparaffinized using xylene. The tissue
was then digested with proteinase K to enable cell lysis and
release of the RNA into the supernatant while the DNA
and other insoluble material are precipitated. The sample
was then centrifuged to separate the RNA containing su-
pernatant from the DNA containing pellet. The RNA con-
taining supernatant was heated to partially reverse forma-
lin crosslinks before application to a RNeasy Mini spin col-
umn where the total RNA was bound to the membrane. An
on-column DNase digestion was performed to ensure pu-
rification of DNA-free RNA. Following DNase digestion,
contaminants were removed through column washing and
total RNA was eluted in Nuclease-free water.

After removal of the supernatant containing the RNA,
the DNA pellet was further digested with proteinase K to
release the genomic DNA. The DNA containing super-
natant was heated to partially reverse formalin crosslink-
ing. The supernatant was then applied to a QIAamp MinE-
lute spin column where the genomic DNA was bound to the
membrane and contaminants were removed through sub-
sequent membrane washes. The genomic DNA was then
eluted in ATE buffer.

Comparative genomic analysis of paired primary and
metastatic patient tumor samples included: (a) NanoString
PanCancer IO 360 Gene Expression Panel assay to charac-
terize differing tumor microenvironments and (b) WES to
characterize small and copy number (CN) variants. Small
variants are defined as single nucleotide variants (SNVs) or
short insertions/deletions (indels) typically <100 bases in
size.

http://www.nccn.org/professionals/physicians-gls/pdf/uterine.pdf
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The NanoString PanCancer IO 360 Gene Expression
Panel assays 770 genes, reflective of three important com-
ponents of the tumor microenvironment, the tumor cells,
the immune response, and the stromal cells. Isolated RNA
was assessed by sample source using TapeStation for the
percentage of fragments (fragmentation score) between 50
and 300 nt. Based on a linear function that increased input
for higher fragmentation scores, the input level for samples
ranged from 100 to 1000 ng in proportion to the fragmen-
tation score (higher scores implied higher levels of fragmen-
tation which led to higher input levels to the assay). After
the first round of testing, all 60 samples were evaluated for
provenance and consistency between paired samples. Sev-
eral samples were repeated at the same or higher input lev-
els to potentially boost detection rates for some samples that
initially had low detection rates. Analysis went forward with
the best of the two runs for each sample based on detection
rates. A small subset of samples (patient ID #1 Met, pa-
tient ID #9 Met and Primary, patient ID #12 Met, patient
ID #20 Distant Met, and patient ID#28, Primary) yielded
unacceptable NanoString results from either run. All sam-
ples that had unacceptable results had high fragmentation
scores between 89% and 94% which were at the upper end
of the fragmentation score range [47%, 96%].

Analysis of gene expression from the NanoString Pan-
Cancer IO360 was split into two gene groups. One group
of nearly 350 genes were primarily associated with cancer
(common signaling pathways, cell cycle and proliferation,
and tumor-intrinsic factors) while the remaining genes were
used to support immune-related analysis. Information on
the IO360 content is available at https://nanostring.com/
support-documents/io-360-gene-list/.

For WES, we used the Agilent SureSelect Human All
Exon (14,15) enrichment platform that targets ∼60 Mb
of the human exonic regions. The SureSelect system em-
ploys ∼120-base RNA probes to capture known coding
DNA sequences (CDS) from the NCBI Consensus CDS
Database as well as other major RNA coding sequence
databases, such as Sanger miRBase. The probes (or ‘baits’)
cover > 99% of RefSeq, CCDS and GENCODE gene con-
tent. Libraries were constructed using the Agilent v6 Sure-
Select enrichment method for all 60 samples in the study
and sequenced on NovaSeq sequencers to a median total
read depth of approximately 155M paired-end (2 × 100)
reads. Median bases on target exceeded 80%. After dedu-
plication, typically 88% of target regions exceeded 50× in
depth per sample and 67% exceeded 100× in depth with
a mean depth across samples exceeding 170×. WES as-
says were successfully performed for all samples in the
study.

All nucleic acid isolation and genomic assays were con-
ducted at Q2 Solutions Genomics (Durham, NC USA).

Bioinformatics/statistical analysis

WES: We detected SNVs after BWA-MEM 0.7.10
(Burrows-Wheeler Alignment Maximal Exact Matches)
alignment using VarSeq 1.4.7 variant calling with an hg19
reference. Copy number calls of autosomes were made
using CNVkit v.0.9.5 (16) via a panel of normals (PON)

generated separately from a female-only cohort of 30
normal blood samples. Thresholds for calling CN events
were adjusted by sample based on tumor purity estimates
except in cases where copy-neutral loss of heterozygosity
(LOH) occurred.

Tumor purity was primarily estimated using allele fre-
quency (AF) associated with ploidy- and near ploidy-level
changes as a key indicator. We identified large regions
throughout the individual genomes by sample with non-
homozygous AF consistently deviating from 0.5 AF in the
heterozygote state in one or more chromosomes. We then
split the non-homozygous positions from these regions into
positions that had AF >0.5 and <0.5. Given relative log ra-
tio data of depths to the PON, if the sample had a possible
loss in the region, we estimated tumor purity as 2 – (1/AF)
for those positions where AF > 0.5 and estimated tumor
purity as (1 – 2 × AF)/(1 – AF) where AF < 0.5. In addi-
tion, given relative log ratio data of depths to the PON, if
the sample had a possible gain in the region, we estimated
tumor purity as (2 × AF – 1)/((CN gain) × (1 – AF)) for
those positions where AF > 0.5 and estimated tumor pu-
rity as ((1/AF) – 2)/CN where AF < 0.5. We then aver-
aged all estimates for a sample to provide a final estimate
of tumor purity for the sample. Exceptions included those
regions that were loss or gains based on relative depth but
were not obviously as extreme in AF as the positions cho-
sen, most likely due to tumor heterogeneity. Tumor purity
estimates by sample are provided in the Main Study Table
(Supplemental Table S1).

Some statistical analysis was restricted to patients for
which we had both RNA and WES results, especially for
Cox proportional hazards (PH) modeling or factors that
were critical to our multivariable Cox PH modeling. Cox
PH modeling was carried out using SAS PHREG. Statis-
tical tests comparing means of various continuous factors
(such as number of breakpoints) between distinct patient
groups (e.g. PtR versus PtS patients) were generally carried
out using standard two-sample t-tests. However, some com-
parisons of PtS and PtR patients involved proportions (such
as the proportion of patients with TP53 LOH) in which case
the two-proportion Z-test was used. When paired primary
vs. metastatic tumor characteristics were compared statisti-
cally, we used paired t-tests.

Defining platinum-sensitive and platinum-resistant patients

Patient outcome following surgery and adjuvant platinum-
based chemotherapy treatment is defined as platinum-
resistant (PtR) for time-to-recurrence (TTR) of approxi-
mately 6 months or less following last course of treatment
versus platinum-sensitive (PtS) for TTR equal to or greater
than 6 months following the last course of treatment, allow-
ing for a period of time (∼1 month) between when symp-
toms occur and when a diagnosis is made. All patients
were tracked to at least 40 months or until time of recur-
rence. Some analysis and graphs use the PtS versus PtR sta-
tus when patients are dichotomized into two groups, while
some survival analysis uses TTR and overall survival (OS)
of patients as a continuous factor.

https://nanostring.com/support-documents/io-360-gene-list/
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Table 1. Patient demographics

Number of patients 29
Number of patients with paired metastases 29#

Age (years)
Range 50–80
Median 67

Race
Caucasian 11
African American 15
Other 3

Stage
Stage II 1
Stage III 20
Stage IV 8

Paired site of metastasis
Cervix 2
Sigmoid colon 1
Fallopian tube 1
Omentum 6
Omentum/colon# 1
Omentum/breast# 1
Para-aortic lymph node 3
Pelvic lymph node 13
Vagina 1

Treatment
Carboplatin AUC 4–6 cycles/Paclitaxel 175 mg/m2

Adjuvant treatment 24*
Neo-adjuvant treatment 2**

Adjuvant carboplatin/paclitaxel/gemcitabine 800 mg/m2 2***
Adjuvant carboplatin/paclitaxel/taxotere 1**
Number of patients platinum-sensitive (PtS) 14

#For two patients, two metastatic sites were analyzed; *20 patients received
6 cycles of treatment whereas four patients received 4 cycles; ** patients
received 6 cycles; *** one patient received 6 cycles and one patient received
4 cycles.

RESULTS

Patient and tumor characteristics

Our study was focused on genomic analysis of paired pri-
mary and metastatic tumors from 29 patients diagnosed
with high-grade uterine serous carcinoma. Two of the 29 pa-
tients had more than one paired metastatic site analyzed. As
shown in Table 1, the study was overwhelmingly advanced
stage patients (97%) with 52% of African descent. The pa-
tient demographics are consistent with other studies (17,18)
that found incidence rates of more aggressive uterine serous
and clear cell carcinomas in patients of African descent to
be 1.6 to 3 times the rate seen in people of European de-
scent. All patients in the current cohort were treated with
adjuvant platinum-based chemotherapy following surgical
excision of primary and metastatic tumors except for two
patients who received neo-adjuvant chemotherapy.

Analysis of expression and the immune response in the tumor
microenvironment

We measured RNA expression for all patients (both pri-
mary and metastatic samples) using the NanoString IO
360 panel to examine relevant immune landscape signatures
(13,19) as well as expression of 350 cancer-related genes. We
categorized these immune signatures as pro-tumor (primar-
ily regulatory factors), anti-tumor, or pleiotropic. Test re-
sults comparing the expression level between PtS and PtR
patients for both their primary and metastatic tumors are

Figure 1. A comparison of the percent of the genome under sCNA by
patient for the uterine serous cancer metastatic-primary pairs where the
metastatic alteration percent is on the Y-axis and the primary alter-
ation percent is on the X-axis.

provided in Supplemental Table S2a (described in Supple-
mental Table S2b) for the immune signatures and in Sup-
plemental Table S3a and b for certain cancer-related genes.
Several anti-tumor immune signatures were associated (P <
0.05) with treatment response (PtS versus PtR patients) in
the metastatic tumor but none were associated in the pri-
mary tumor. In each case, the mean level of anti-tumor im-
mune expression was higher for PtS patients than PtR. In
addition, only one primary immune-related signature (aDC,
a pleiotropic signature of active dendritic cells) significantly
differentiated PtS vs. PtR patients (aDC, P = 0.0469). In ad-
dition, no statistically significant differences (FDR > 0.05
in all cases) in the expression of the several hundred cancer-
related genes assayed by the IO360 panel were observed be-
tween PtS and PtR patients for either primary or metastatic
tumors.

Characterization of paired primary and metastatic tumors by
WES

All patient tumors (both primary and metastatic) were
examined via WES for individual variants, breakpoints,
and sCNA. We detected a larger number of breakpoints
in metastatic compared to primary tumors both overall
(paired t-test P < 0.0001) and for several chromosomes.
When comparing breakpoints between paired metastatic
and primary tumors, chromosomes 1, 3, 4, 6, 8, 9, 10, 11,
12, 16, 17, 18, 19, 20, 21 and 22 had significantly higher
mean levels of breakpoints in the metastatic than the pri-
mary tumor (q < 0.05, using Benjamini-Hochberg step-up
correction). In general, there was evidence of more frequent
widespread chromosomal damage (breakpoints and CN al-
terations) in the metastatic compared to the paired primary
tumor as seen in Figure 1 (paired t-test P = 0.01).



NAR Cancer, 2022, Vol. 4, No. 3 5

Figure 2. (A, B) Differences in average number of breakpoints between PtS and PtR patients by chromosome (bands show one standard error in each
direction) for primary and metastatic tumors. Only metastatic tumors had significant (P = 0.045) differences in breakpoints for chromosome 1.

Although remarkable differences in the number of break-
points in primary tumors between PtS and PtR patients
(Supplemental Table S4a) were not observed, the mean
number of breakpoints for primary tumors in chromosomes
1, 8, 11, 17 (Figure 1A) was observed to be higher and ap-
proached near significance in PtS versus PtR patients (chr1
P-value = 0.059, chr8 P-value = 0.056, chr11 P-value =
0.068, chr17 P-value = 0.058). Conversely, metastatic tu-
mors showed significant differences in breakpoints between
PtS and PtR patients for chr 1 (two-sample t-test P = 0.045)
(Supplemental Table S4b). Chromosome 1 in metastatic
tumors had noticeable breakpoint magnitude differences
compared to other chromosomes that are not completely
explained by its larger size alone (Figure 2B).

We examined chr 1 in more detail to determine whether
there were regions of CN change that would be useful in
distinguishing PtS and PtR patients and identified a se-
ries of common breakpoints across multiple tumor samples
around PLK3. Figure 3A shows metastatic samples from
patients 2, 5, 7, 8, 9, 15, 16, 17, 18, 20, 30 and 37 all hav-
ing elevated copy number at PLK3 with 75% of these sam-
ples having a breakpoint exactly at one end of PLK3 (Fig-
ure 3B). In addition, 10 of 12 (83%) of these patients were
PtR, with the remaining two samples being PtS having fa-
vorable immune activity in the metastatic tumor immune
microenvironment (TIME). All seven PLK3 copy-normal
samples with unfavorable TIME immune activity and four
PLK3 copy-normal samples with favorable TIME cytotoxic
immune activity were PtS.

We also observed a highly significant difference (P <
0.0001) in the proportion of PtR patients (92.5%) compared
to PtS patients (7.5%) with TP53 copy loss in the metastatic
tumor. Figure 4 illustrates the differences in patient status
for patients with normal TP53 copy number vs. TP53 loss or
gain and their corresponding immune status. Interestingly,
patients 2, 5, 7, 8, 15 and 16, which are the only patients

simultaneously having TP53 loss, PLK3 CN gain, and un-
favorable TIME in their metastatic tumor, were all PtR pa-
tients.

In the UCEC TCGA dataset of advanced stage primary
serous tumors (20), TP53 LOH was reported in 74% (43/58)
of patients who were treated with adjuvant platinum-based
chemotherapy. We found no association of TP53 LOH with
OS in the TCGA cohort (P = 0.93). Similarly, in the current
cohort, TP53 LOH in the primary tumor was not associated
with OS either individually (P = 0.37) or jointly with other
risk factors such as immune status and PLK3 CN status.
However, the current cohort exhibited a strong association
between OS and TP53 LOH in the metastatic tumor (P =
0.0008). Interestingly, in the current cohort, 48% of patients
had differences in TP53 loss status between primary and
metastatic tumors with the majority of these having TP53
LOH in the primary tumor only. Therefore, for USC ad-
vanced stage tumors in the current cohort, TP53 CN status
of the primary tumor is not definitive in indicating the CN
status of TP53 in the metastatic tumor. The estimated me-
dian OS for the advanced stage serous (platinum-treated)
patients in the UCEC TCGA cohort with TP53 LOH in
primary tumors was 32 months (95% CI [22,∞]) compared
to the current cohort that had an estimated median OS of 15
months (95% CI [4,32]) and 52.4 months (95% CI [26,∞])
with and without TP53 LOH respectively in their metastatic
tumors.

Survival analysis

In addition to evaluating outcomes as a binary state, ei-
ther PtS or PtR, we also analyzed several prognostic fac-
tors potentially related to TTR and OS using survival anal-
ysis, specifically using Cox proportional hazards model-
ing. Since we had up to five years follow-up for some pa-
tients, Cox models are statistically more powerful in find-
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Figure 3. (A, B) Genomic region with estimated CN changes in PLK3 metastatic tumors relative to immune signature and treatment outcomes for patients
having both measurements. (B) Breakpoint locations and estimated CN status for all patients around gene PLK3. The numbers next to lines correspond
to study patient IDs. Each line represents a genomic region between breakpoints where the CN is estimated to be uniform for that patient. The estimated
CN is indicated by the height of the line except for lines in the gray region where all patients in gray for the respective subregion spanned by the line are
assumed to have copy neutral diploid status.

ing associations of important factors with patient survival
and remove the dependence on determining a relevant
time threshold (e.g, 6-month survival) to split patients into
two groups as the threshold chosen could be somewhat
arbitrary. We defined a binary factor called ‘immune re-
sponse’ to be favorable or unfavorable, computed as the ra-
tio of cytotoxic lymphocytic activity (CLIS) to TGFB1 ex-
pression (an important immune suppression factor in the
TIME) where favorable response was defined as those in
the top quartile of that ratio. We then employed a mul-
tivariable Cox PH regression model that included PLK3
copy number level, TP53 loss status, and our criterion for
unfavorable/favorable immune response in the metastatic
TIME for analysis of both TTR and OS (Table 2A and B).
The hazard ratio (HR) estimate for TTR associated with
unfavorable immune response in the metastatic tumor in-
creased from 10 to 66 when including the PLK3 and TP53
CN cofactors (Table 2A) versus when examining immune
status alone (Supplemental Tables 5a–5d). The CN level
of PLK3 was highly significant in the multivariable TTR
model (P = 0.0029) and the multivariable OS model (P =
0.0060) with similar HR estimates in each, implying that
each additional copy of PLK3 in the metastatic tumor in-
creased recurrence risk by approximately 43%. Advanced
stage patients having eight or more copies of PLK3 had an
estimated increased risk of recurrence due to PLK3 that was

more than 15x compared to patients with normal PLK3 CN
in their metastatic tumor.

Details of Cox PH univariable analysis of these genomic
risk factors with the current study cohort using TTR and
OS as endpoints are available in Supplemental Tables 5a–
5d. The importance of PLK3 CN alterations in metastases
can be easily overlooked as it is not significantly associated
with outcomes individually (univariable model P = 0.36
and 0.12 for TTR and OS respectively for the metastatic
tumor). However, its interplay with immune response as
shown in the multivariable model demonstrates its signif-
icant role in quantifying risk and potential impact. While
analysis of PLK3 CN is highlighted due to having the largest
number of ∼20 breakpoints within 10 kilobases (kb) of the
gene in chr1 in the metastatic tumors, we also examined
whether other genes had similar characteristics (high num-
ber of breakpoints within 10kb as well as association of CN
with TTR) in metastatic tumors in a genome-wide analy-
sis. The results are provided in Supplemental Figure 1 and
Supplemental Tables 6a and 6b). When limited to genes that
have a history of CN associations with outcomes such as
IGF1R (21,22), and other relevant genes such as PPP2R1A,
FGFR1, FGFR3, ERBB2, and PPP2CA, we found IGF1R
and PPP2R1A had significant associations (P = 0.008 and
P = 0.012) with TTR especially in the presence of immune
response and TP53 LOH status but were not as significant
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Figure 4. Estimated sCNA changes for TP53 and their association with PtS/PtR patients and immune status in their metastatic tumors for patients having
both measurements. The numbers shown correspond to patient IDs.

as PLK3 (P = 0.0029). In addition, when we performed
an analysis agnostic with regard to the wider genome, 56
genes from 38 gene neighborhoods were identified as hav-
ing >14 breakpoints within 10 kb of the gene in metastatic
tumors from chromosomes 2–22. From this set, two genes
having previous associations with cancer cell proliferation,
DDX5 (23) and EIF4A2 (24) had comparable raw p-values
to PLK3 when performing Cox PH multivariable model-
ing associations with TTR. When results for DDX5 and
EIF4A2 were adjusted for multiple comparisons (due to
genome-wide testing), these genes were still significant but
not of the same magnitude as PLK3 (Supplemental Ta-
ble 6b). Like PLK3, amplified DDX5 and EIF4A2 implied
higher risk of recurrence for both. EIF4A2 amplifications
have been identified as recurring CN changes in uterine can-
cer patients (25) but with no documented association with
outcomes. In contrast, we observed IGF1R amplification
was associated with better outcomes in uterine serous, sim-
ilar to what has been established in non-small cell lung can-
cer (21,22) and consistent with higher IGF1R expression be-
ing associated with better disease-free survival and OS in
endometrial cancer (26).

Kaplan-Meier plots also illustrate the relationship be-
tween PLK3 CN gain and immune status with TTR. Fig-

ure 5 indicates the stark differences between patients who
have PLK3 copy-neutral status and favorable immune sta-
tus versus patients with PLK3 gains and unfavorable im-
mune status. Notably, all nine patients (33% of study) with
PLK3 gain and an unfavorable immune status were PtR.

DISCUSSION

Advanced endometrial carcinomas have a poor prognosis
and unlike other solid tumors both incidence and mortality
are on the rise for this malignancy (4,5). While USC repre-
sents only 10% of all endometrial cancers, it accounts for
39% of deaths indicating the urgent need for understanding
USC biology and development of novel effective treatment
strategies (3–5). While comprehensive genomic analysis of
endometrial cancers has been reported, studies focused on
USC are limited with p53 mutations and HER-2/neu gene
amplification representing major molecular abnormalities
(4). Indeed, overexpression of Her2/neu has led to a tar-
geted novel treatment strategy (27,28). Genomic analysis of
endometrial carcinomas (20) have led to its re-classification,
with USC considered to be similar to high-grade serous
ovarian cancer (HGSOC) and basal-like breast cancer.



8 NAR Cancer, 2022, Vol. 4, No. 3

Table 2. (a and b) Multivariable Cox PH regression using three genomic risk factors from the metastatic tumor simultaneously for association with time
to recurrence (a) and overall survival (b)

(a) Time to recurrence (TTR) – N = 26

Genomic risk factor Cox Param. Chi-square P-value HR Est 95% CI

Estimate Statistic Intervals (CI)
PLK3 sCNA Gain (per copy) 0.357 8.87 0.0029 1.43 (per copy) (1.13,1.81)
TP53 loss versus CN normal 2.495 8.49 0.0036 12.20 (2.26,66.7)
Immune response (unfavorable
versus favorable)

4.197 5.35 0.0207 66.49 (1.90,2329)

(b) Overall survival (OS) – N = 26

Genomic risk factor Cox Param. Chi-square P-value HR Est 95% CI

Estimate Statistic Intervals (CI)
PLK3 sCNA Gain (per copy) 0.255 7.54 0.0060 1.29 (per copy) (1.08,1.55)
TP53 loss versus CN normal 1.793 7.17 0.0074 5.99 (1.62,22.2)
Immune response (unfavorable
versus favorable)

2.169 3.41 0.0649 8.75 (0.87,87.6)

Figure 5. Kaplan–Meier plot of PLK3 Copy-neutral/PLK3 Gain relative to Favorable/Unfavorable Immune status for TTR in the metastatic tumor.

Since surgery followed by adjuvant chemotherapy is stan-
dard of care for USC, our strategy focused on comparative
analysis of paired primary and metastatic tumors to evalu-
ate not only genomic differences but also their relevance to
outcome. The present results suggest that the PLK3 copy
number gains, TP53 LOH, and TIME in the metastatic,
but not primary tumor, is associated with outcome follow-
ing adjuvant platinum-based chemotherapy. This indicates
a potential paradigm-changing aspect to USC treatment
as, historically, metastatic tumors were not typically con-
sidered as having unique information pertaining to clinical
outcomes.

Our previous report (13) found that favorable immune
status based on the primary immune signature (cytotoxic
lymphocyte immune signature, or CLIS), linked to out-
comes in HGSOC, was also strongly linked to outcomes (P
= 0.001) with better OS (HR = 0.633 95% CI [0.48,0.84])

after accounting for age and tumor stage in a multivariable
Cox PH regression for the large TCGA cohort (n = 370) of
primary uterine corpus endometrial carcinoma (UCEC) pa-
tients that included both serous and endometrioid tumors.
If one examines only the serous subset for advanced stage
UCEC tumors (in this same TCGA cohort), the HR esti-
mate for CLIS is lower (HR = 0.42) but the 95% confidence
interval is noticeably more variable (95% CI [0.16 1.1], P
= 0.078) possibly due to the much smaller sample size (n
= 26) and in part due to the lack of RNA-seq expression
data for a substantial proportion of tumors. For OS in the
current cohort of USC patients based on their metastatic
TIME, the comparable statistics were HR = 0.568, 95% CI
[0.345,0.933], P = 0.0254. Since the TCGA dataset provides
genomic information almost exclusively on primary tumors
(i.e. very few metastatic tumors) and does not report TTR
information for UCEC tumors, a direct comparison of PtS
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and PtR outcomes with TCGA using the current cohort is
not possible.

We found no significant association of established patho-
logical or likely pathological small variants of TP53 in
metastatic or primary tumors with TTR or OS (P = 0.33
for both) or in delineating PtR vs. PtS patients (P = 0.81 for
metastatic tumors and P = 0.36 for primary). These small
variants were detected in 38% and 28% of the metastatic and
matched primary tumor, respectively. In contrast, we iden-
tified that 12 of 15 (80%) PtR patients had strong evidence
of TP53 loss while only one of 14 (7%) PtS patients had any
evidence of TP53 CN loss in their metastatic tumors.

Arlt et al. (29) indicated chromosome 1p32-33 is fre-
quently deleted in USC while Herzog et al. (30) found a can-
didate tumor suppressor gene on chromosome 1p that is im-
portant in the development of uterine papillary serous car-
cinoma. However, our study demonstrates a role for chro-
mosome 1 breakpoints, specifically those indicating amplifi-
cations around the PLK3 gene (which is also in 1p), in USC
patient outcome to adjuvant platinum-based chemother-
apy. In addition, our study suggests this association can
only be identified at the metastatic tumor site rather than
the primary tumor site (which is more frequently studied).
Our study shows the potentially important role of sCNA
in USC and is congruous with recent findings where sCNA
and expression were found to be more prognostic than mu-
tational status (small mutations) across the TCGA-related
indications (31).

Polo-like kinases (including PLK3) are a family of 5
serine/threonine kinases that play an essential role in cell
cycle, mitotic entry, DNA replication and stress response
(32). Various mechanisms have been described for PLK3’s
potential role in mediating oncogenesis (32,33). In partic-
ular, interaction between Plk3 and the tumor-suppressor
protein p53 were demonstrated whereby Plk3 phosphory-
lates Ser-20 of p53 in an ATM-dependent manner (33).
Knocking out PLK3 attenuated S20 phosphorylation as
well as transactivation and oncogenicity of gain-of-function
mutated p53. In two observational studies of female can-
cers, PLK3 expression levels were found to be prognostic
with higher levels associated with shortened survival times
(34,35). While little is known about the role of PLK3 in
resistance to anti-tumor drugs, it has been reported that
knocking down PLK3 increases stability of p73 and pro-
motes cisplatin induced apoptosis along with up-regulation
of p73 (36). PLK3 is also reported to have a role in DNA
damage involving regulation of CtlP during double strand
break repair in G1 (37). Given the clear CN amplifica-
tion patterns related to PLK3 in the current cohort, PLK3
should be considered for future research as a potential drug
target and as a diagnostic for advanced stage USC patients
at risk of recurrence.

The overall TIME showed some evidence of differences
between paired primary and metastatic samples with re-
gards to immune cells. We examined several immune land-
scape signatures (Supplemental Table S2a) and found only
T cell trafficking that had sufficient correlation (r = 0.55,
P < 0.01) between primary and metastatic pairs where the
association was clearly non-zero. Other immune-related ex-
pression signatures such as CLIS, B cells, TGFB1, M2TAM
and especially stromal response signatures such as IFNG re-

sponse, TGFB1 response, and wound healing (19) had low
or even negative correlation (all with |r| < 0.05) between pri-
mary and metastatic tumors. This is not completely unex-
pected as the metastatic tumor invades tissue outside the
uterine lining where conditions promoting and regulating
tumor activity could vary depending on the metastatic site.
It does indicate the importance of examining the metastatic
TIME in advanced stage USC related to both TTR and OS
as the immune signatures found to be the most strongly as-
sociated with outcomes were the molecular measurements
from the metastatic site.

Previously, in contrast to this study, no notable differ-
ences in somatic mutations between primary and metastatic
USC were reported (10). Moreover, endometrial cancer has
been shown to have a very high frequency of homologous
recombination-related gene mutations among the various
cancer types (38). Given the importance of homologous re-
combination deficiency (HRD) in serous ovarian tumors
and that the number of breakpoints in the metastatic tu-
mors (and not primary tumors) was found to be associated
with USC outcomes, we initially investigated HRD status
for possible association with USC outcomes and as a poten-
tial driver for (metastatic) breakpoints (see Supplemental
Table S7 for homologous recombination repair genes con-
sidered and their tiers of importance). However, whether we
examined the larger set of 34 genes associated with HRD
status (Supplemental Table S8a and S8b) or only the top
tier (Supplemental Table S9), we saw no clear association
of HRD with PtR vs. PtS patients whether we examined
small variants (SNVs and indels), sCNAs, or some combi-
nation of the two. Negative results may be due to our sample
size even though it is a relatively large collection of matched
primary-metastatic tumors. We also examined small vari-
ants in HRD genes weighted using the tiered system with no
positive result (analysis results in Supplemental Table S8b).
We further examined other key genes for small variants such
as POLE, NF1 and PTEN and found no significant associ-
ation with PtR vs. PtS status (Supplemental Table S9).

This study was retrospective using archived uterine serous
tumors that had both primary and paired metastasis. A lack
of matching normal material limited our ability to clearly
delineate somatic vs. germline small variants, impacting our
ability to estimate tumor mutational burden (TMB) accu-
rately (39). Without matched normal results, TMB is typi-
cally overestimated; thus, TMB analysis was not performed.
Since immune response is an important factor related to pa-
tient response, we plan future studies of USC incorporating
TMB and other information using matched normals. How-
ever, we feel the detected CN changes have much more cer-
tainty of being somatic given their magnitude (several genes
have large numbers of amplifications), severity (TP53 loss is
not well tolerated), and pattern.

As stated previously, the percentage of the genome al-
tered in USC metastatic tumors was noticeably larger on
average versus paired USC primary tumors (P = 0.018).
In particular, the frequency of large-loss and medium loss
events was 2.4× higher on average in metastatic tumors
versus its primary pair (Supplemental Table S8b). In con-
trast, the frequency of small nonsynonymous TP53 vari-
ants and well as LOH events were noticeably correlated be-
tween primary and metastatic pairs (Supplemental Table
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Table 3. Summary of key univariable genomic risk factors and their potential differences between paired metastatic and primary USC tumors and their
association (or lack thereof) with outcomes. Evidence of differences are indicated by P-values

Primary tumor Metastatic tumor

Genomic Risk
Factor

Mean(m) or
Proportion(p)

Differences
between

Primary and
Metastatic

Mean(m) or
Proportion(p)

Differences
between PtR

and PtS
patients

TTR
Association

(survival
analysis)

OS
Association

(survival
analysis)

Mean(m) or
Proportion(p)

Differences
between PtR and

PtS patients

TTR
Association

(survival
analysis)

OS
Association

(survival
analysis)

CLIS (immune
activitya

––(m) –– (m) –– –– P = 0.0201 (m) P = 0.0091 P = 0.0221

Unfavorable
immune responsea

–– (p) –– (p) –– –– P = 0.0052 (p) P = 0.0252 P = 0.0272

Chr 1
breakpointsb

P = 0.0113 (m) P = 0.0593 (m) P = 0.032 P = 0.0612 P = 0.0442 (m) P = 0.0032 ––

PLK3
amplificationb

P = 0.0443 (p) –– (p) –– –– P=0.0352 (p) ––4 ––4

TP53 LOHb –– (p) –– (p) –– –– P < 0.00012 (p) P < 0.00012 P = 0.00082

Whole genome
breakpoints5b

P < 0.00013

(m)
–– (m) –– –– –– (m) P=.072 ––

Genome alteration
%age5b

P = 0.0183 (m) –– (m) P = 0.0823 –– –– (m) –– P = 0.0282

–– Not significant for univariable model (P > 0.10)
aN = 27 for primary tumors and N = 26 for metastatic tumors (see Supplementary Table S1).
bN = 29 for both primary and metastatic tumors.
1Higher levels or presence of the feature were associated with reduced risk.
2Higher levels or presence of the feature were associated with increased risk.
3Metastatic samples had larger means/proportions than primary.
4Highly significant in a multivariable survival analysis (Cox PH regression) when measured by estimated CN rather than normal vs. amplified . See Table 2a
and b.
5Tested on log scale.

S8b). However, neither large or medium loss events as mea-
sured in primary or metastatic tumors were useful in dis-
tinguishing PtS versus PtR patients in our cohort. As in-
dicated previously, TP53 small variant status was not sig-
nificant when comparing PtS vs. PtR patients in our study
(Supplemental Tables S8b and S9). Instead, we found TP53
LOH status and PLK3 sCNA gains in the metastatic tumor
(and not the primary) to be much more informative of out-
comes among the DNA-related factors. The genomic infor-
mation from the metastatic tumor is much more informative
than from the primary tumor for predicting outcomes as
shown in Table 3, even for factors such as CLIS or unfavor-
able immune response where there is not a statistically sig-
nificant difference between paired primary and metastatic
tumors.

When examining population group or ancestry regarding
association with response to treatment, neither European
or African ancestry was found to be significant with either
TTR or OS in univariable analysis. Since other reports have
linked ancestry with outcome (17,18), our study may be un-
derpowered to discern those potential associations.

In summary, our comparative genomic analysis of paired
primary and metastatic USC tumors provides insight re-
garding the unique importance of the metastatic tumor
based on genomic alterations and TIME dysregulation that
are linked to outcomes following adjuvant chemotherapy.
It demonstrates the value of examining multiple genomic
factors simultaneously in determining risk of recurrence or
death in advanced stage USC. Our results also suggest that
both PLK3 and the TIME are potential targets that could
improve outcomes of adjuvant therapy in USC. Currently

only PLK1-specific inhibitors are reported in the literature:
a Phase Ib study of onvansertib plus combination therapy
in relapse/refractory AML suggested antileukemic activity
in patients with target (TCTP) engagement (40). Unfortu-
nately, no data on PLK3 specific inhibitors is currently pub-
lished. While PLK1-specific inhibitors in combination ther-
apy are being evaluated in clinical trials, PLK3 specific in-
hibitors when available could be potentially important in
tumors such as platinum-refractory USC that exhibit PLK3
amplification.
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