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A B S T R A C T   

Early diagnosis and therapeutic targeting are continuing challenges for gynecological cancers. Here, we focus on cancer transcriptomes and describe 
the differential expression of 3′UTR isoforms in patients using an algorithm to detect differential poly(A) site usage. We find primarily 3′UTR 
shortening cases in cervical cancers compared with the normal cervix. We show differential expression of alternate 3′-end isoforms of FOXP1, VPS4B, 
and OGT in HPV16-positive patients who develop high-grade cervical lesions compared with the infected but non-progressing group. In contrast, in 
ovarian cancers, 3′UTR lengthening is more evident compared with normal ovary tissue. Nevertheless, highly malignant ovarian tumors have unique 
3′UTR shortening events (e.g., CHRAC1, SLC16A1, and TOP2A), some of which correlate with upregulated protein levels in tumors. Overall, our 
study shows isoform level deregulation in gynecological cancers and highlights the complexity of the transcriptome. This transcript diversity could 
help identify novel cancer genes and provide new possibilities for diagnosis and therapy.   

1. Introduction 

Compared to prevalent cancers, cancers of the female reproductive organs are relatively less common, yet all women are at risk 
with increasing age. Gynecologic cancers consist of multiple diseases with different etiologies and clinicopathological characteristics. 
Symptoms are usually not disease-specific and often overlap with other conditions, resulting in late detection and advanced disease 
states. Hence, early diagnosis and effective treatment are still significant challenges for these cancers, contributing considerably to the 
global cancer burden. Further research is needed to understand the underlying molecular mechanisms, identify new biomarkers for 
early detection, and develop targeted treatments. 

High-throughput expression methods for genomic, transcriptomic, and proteomic changes have greatly benefitted molecular and 
clinical cancer research by providing insight into disease mechanisms and revealing potential markers for disease subtypes, stages, and 
drug responsiveness. With the advancement of sequencing techniques, the actual depth of transcriptome complexity is more appre-
ciated. Hence, it is becoming more apparent that the transcriptome complexity generated by alternative RNA processing is not an 
exception but the norm. With this perspective, the Genotype-Tissue Expression (GTEx) project is an excellent resource for under-
standing mRNA isoform diversity in normal tissues [1]. 

On the other hand, deregulated RNA processing in malignancies further complicates the transcriptome [2–5]. As a result, isoforms 
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with altered coding sequences impact the protein function in cancer cells [6]. In addition to coding sequence alterations, changes at the 
3′UTRs of isoforms also have functionally relevant consequences for the cancer proteome. As well established, 3′UTRs, recognized by 
microRNAs and RNA binding proteins (RBPs), regulate the secondary structure, stability, localization, and even the translation rate of 
mRNAs [7,8]. For example, a plethora of RBPs (e.g., PUF proteins) associate with deadenylase complexes, causing poly(A) tail 
shortening of target mRNAs to promote mRNA repression [7]. Many other RBPs and microRNAs exert their regulatory roles through 
the 3′UTRs of target mRNAs. In cancer cells, altered 3′UTR sizes are linked to the activation or inactivation of oncogenes or tumor 
suppressor genes without DNA alterations [9–11]. Mounting evidence showing deregulated 3′UTR isoforms across cancer types 
strengthens the role of 3′UTRs [12–15]. mRNA isoforms with alternate 3′-ends could explain unknown activation and inactivation of 
cancer-related genes. Such isoforms may have functional implications, especially in rare cancers with limited early diagnostic tests and 
effective treatment options. Unfortunately, transcripts with alternate 3′UTRs are generally under-detected due to low coverage of RNA 
sequencing reads at mRNA 3′-ends [16–19]. 

To this end, considering that over 70% of mammalian genes harbor multiple poly(A) sites, the under-detection of 3′UTR isoforms is 
an important problem in cancer cells [20]. 

Here, we took an isoform-level approach and detected cancer-specific changes in cervical and ovarian cancers. Using an algorithm 
to detect differential poly(A) site usage [21], we found differential expression of mRNA isoforms with alternate 3′-ends. Earlier, we 
successfully implemented APADetect and described isoforms with alternate 3′-ends in various cancers [12,21–23]. APADetect groups 
differentially expressed probe sets based on the positions of known poly(A) sites. The expression of short or long isoforms is calculated 
by proximal probes recognizing all isoforms and distal probes recognizing only longer isoforms. Then the differences in isoform 
expression levels are presented as proximal to distal probe ratios. Ratios are calculated for normal tissues and compared to tumors. 

Fig. 1. SLR changes in the GSE9750, GSE6791, and GSE63514 cervical cancer datasets. A. Heatmap of tumor (n = 33) specific SLR fold changes 
(BFL) compared to normal tissue (n = 20) in GSE9750, B. BFL Ln (SLR) values of individual tumor samples compared to normal tissue samples. Two 
different MMP7 transcripts with alternate poly(A) sites (Hs.2256.1.7 and Hs.2256.1.3) are shown, C. Heatmap of tumor (n = 20) specific SLR fold 
changes (BFL) compared to normal tissue (n = 8) in GSE6791, D. BFL Ln (SLR) values of individual tumor samples compared to normal tissue 
samples, E. Heatmap of tumor (n = 21) specific SLR fold changes (BFL) compared to normal tissue (n = 24) in the GSE63514, F. Ln (SLR) values of 
individual tumor samples compared to normal tissue samples. For statistical analysis, unpaired t-test and Kolmogorov-Smirnov tests were used, **** 
(p < 0.0001), *** (0.0001 <p < 0.001), ** (0.001 <p < 0.01). 
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Finally, significant changes in the signal intensities are reported as SLR ((Short + Long)/Long ratio) values. 
These results may have future implications in basic research, biomarker discovery, and precision medicine approaches for these 

malignancies. 

2. Results 

We analyzed transcript expression data for common gynecological cancers (cervix and ovary) to discover cancer-specific mRNA 3′- 
end isoforms using APADetect. 

To investigate whether we can detect cancer-specific deregulation of 3′-end isoforms, first, we compiled expression data for cervical 

Fig. 2. SLR changes in the HPV16 infected patients (GSE75132). A. Heatmap of tumor-specific SLR changes (BFL) in moderate to severe 
dysplasia and cancer cases (n = 20) compared to persistently HPV16-infected patients who have not progressed (nP) (n = 10) in GSE75132, MD: 
moderate dysplasia, SD: severe dysplasia, CIS: Carcinoma in situ, B. SLR values of individual tumors of progressed patients (wP: with progression) 
compared with the no-progression group, C. Average probe intensity graphs for isoform level expression values. Proximal probe sets recognize total 
transcripts, distal probes recognize longer 3′UTR isoforms for VPS4B, FOXP1 and OGT, D. Total mRNA expressions of VPS4B, FOXP1 and OGT in 
normal cervix tissue, no progression and progression groups (Unpaired t-test, Kolmogorov-Smirnov test, ns: not significant, **** (p < 0.0001), *** 
(0.0001 <p < 0.001), ** (0.001 <p < 0.01). 
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and ovarian cancers from the GEO database (Table S1). Following APADetect analysis for differentially expressed isoforms in tumors 
compared to normal tissue, we used the WEKA machine learning platform [24] to find significant SLR changes to discriminate cancer 
samples from normal tissue. Correlation-based feature selection subset evaluation (CfsSubsetEval) was used. These transcripts were 
further grouped and reported as the BFL (Best First List). 

2.1. Cervical cancer 

We investigated GSE9750, GSE6791and GSE63514 datasets to find cervix cancer-specific SLR changes. GSE9750 [25] has 
expression data from the normal cervical epithelium (n = 20) and primary tumors (squamous cell carcinoma) (n = 33). Using APA-
Detect, we identified 67 cases with higher SLR values and 10 with lower SLR in tumors (Table S2). After SAM analysis, the total number 
of significant events was 48 (Table S3). The cancer-specific isoforms (12) in the BFL are presented in Fig. 1A, Table S4. SLR changes in 
individual tumor samples compared to normal tissue are shown in Fig. 1B. 

In GSE6791 [26], there are eight normal cervix tissue and 20 cervical tumors. Using APADetect, we identified 235 significant SLR 
events (166 events with high SLR and 69 with low SLR) (Table S2). After SAM analysis, the total number of significant transcripts was 
163 (Table S3). The CfsSubsetEval method in WEKA revealed BFL with 12 events (8 events with SLR>1.5, 4 events with SLR<0.6) 
(Fig. 1C, Table S4). SLR changes in individual tumor samples compared to normal tissue are shown in Fig. 1D. 

In a third dataset, GSE63514, we analyzed 24 normal tissue and 21 cervix tumors. We identified 80 significant SLR events (59 
events with high SLR, 21 with low SLR) (Table S2). After SAM analysis, the total number of significant SLR events was 54 (Table S3). 
The BFL list had 17 events (Fig. 1E, Table S4). SLR changes in individual tumor samples compared to normal tissue are shown in 
Fig. 1F. 

Based on the three independent datasets for 74 cervix cancer patients, the general pattern of increased SLR values indicated 
proximal poly(A) preference. TCF3 caught our attention with increased proximal poly(A) site usage in all datasets (in BFL or significant 
SLR events lists) (Table S3, Table S4). Of note, TCF3 has been proposed as a potential oncogene in cervical cancers. Hence, the 3′UTR 
shortening we detected here could contribute to the upregulation of TCF3 [27,28]. Other than TCF3, the three independent datasets 
did not share many common significant SLR changes (Fig. S1, Table S3). We reasoned that the tumors in independent cohorts were 
heterogeneous due to disease stage, age of patients, or positivity with different human papillomavirus (HPV) types. Indeed, patients in 
all three datasets, were infected with different HPV types (GSE9750:16, 45, 18, 31; GSE6791: 31, 33, 35, 58, 66, 16, 18, and in 
GSE63514: 16, 18 or other unspecified types). 

2.2. High risk patients 

To focus on high-risk HPVs (e.g., 16, 18) as a major risk factor for cervical cancer [29,30], we looked into a fourth dataset 
(GSE75132) consisting of only HPV16-positive patients [31]. Curiously, only some women persistently infected with HPV16 are at 
high risk for progressing to CIN3+/cancer, whereas other persistently infected patients are not. TMEM45A, p16INK4a, and SERPINB5 
have been linked to progression to malignancy; however, the molecular mechanisms underlying progression are not completely known 
[31]. Hence, to address whether mRNA 3′-end isoforms are differentially expressed in the high-risk group, we divided the persistently 
HPV16-positive patients into two groups, those who have not progressed for up to 19 years (n = 10) and those who developed 
moderate to severe dysplasia or cancer (n = 20). APADetect revealed 61 events significantly altered in the infected and progressing 
patients (Table S2). The most significant 28 events were filtered using SAM (Table S3). The CfsSubsetEval method in WEKA revealed 
three events that differed the most between the no-progression and progression groups (Fig. 2A, Table S4). In the HPV16+ persistent 
group who progressed, OGT (O-linked N-acetylglucosamine (GlcNAc) transferase) and FOXP1 (Forkhead Box P1) had SLR>1.5. On the 
other hand, VPS4B (Vacuolar Protein Sorting 4 Homolog B) SLR was low (SLR, 0.66) in the HPV16+ patients who developed cancer. 

Next, we looked further into the expression levels of these transcripts detected by proximal and distal probe sets. Probe sets 
recognizing different isoforms are shown in Fig. S2. Fig. 2B shows the SLR changes, and Fig. 2C shows increased average intensities for 
proximal and distal probes recognizing the total and long 3′UTR isoforms of VPS4B, OGT, and FOXP1 in the progressed group. Higher 
proximal signal intensity due to proximal poly(A) site usage in the high-risk patients results in increased SLR values. For VPS4B, 
expression levels of isoforms detected by proximal and distal probes were both high in the progressed patients. Still, the longer 3′UTR 
isoform was more upregulated due to increased distal poly(A) site usage in the progressed patients. The isoform-specific regulation of 
OGT, FOXP1, and VPS4B could be important in defining high-risk patients and needs to be tested in larger patient cohorts to evaluate 
their biomarker potential to predict the development of high-grade cervical lesions in HPV16+ patients. 

It is worth noting that such changes in isoform levels can be under-detected when differential expression of isoforms is not 
considered in the overall mRNA quantification methods. Indeed, the overall mRNA levels (calculated by taking the mean signal in-
tensity of all probes) of OGT, FOXP1, and VPS4B are not different in the two groups (Fig. 2D). A similar quantification of overall mRNA 
levels by RNA-sequencing and other quantification methods disregarding isoforms could mask the discovery of potentially significant 
cancer-specific changes. These results highlight the importance of isoform-level quantification. 

2.3. Ovarian cancers 

To find subtype-specific differences, we grouped ovarian cancer patients into mucinous, clear cell carcinomas, endometrioid and 
serous. The GSE6008 dataset has normal ovary tissue (n = 4) and mucinous ovarian tumors (n = 13) (Table S1). APADetect revealed 
174 events with SLR<0.6 and 31 with SLR>1.5 in mucinous ovarian cancers (Table S2). Sixty-nine events were selected as significant 

D.N. Dioken et al.                                                                                                                                                                                                      



Heliyon 9 (2023) e20035

5

Fig. 3. SLR changes in mucinous, clear cell carcinomas, endometrioid, and serous ovarian cancers. A. Heatmap of SLR fold changes (BFL) in 
mucinous ovarian cancer (n = 13) compared to normal tissue (n = 4) in GSE6008, B. Heatmap of SLR fold changes (BFL) in clear cell ovarian cancers 
(n = 8) compared to normal tissue (n = 4) in GSE6008, C, D. Representative SLR events that best distinguish mucinous ovarian cancer or clear cell 
ovarian cancer compared to normal tissue, respectively. E. Heatmap of SLR fold changes (BFL) in endometrioid ovarian cancers (n = 4) compared to 
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by SAM (Table S3). The CfsSubsetEval method in WEKA analysis identified 40 events distinguishing normal tissue from mucinous 
cancers (Fig. 3A, Table S4). Representative SLR values are given in Fig. 3C. The overall pattern of low SLR values indicates a shift 
towards distal poly(A) site usage in mucinous ovarian tumors. Next, eight clear cell carcinomas (CCC), a rare form of ovarian cancer 
with poor prognosis, were compared to normal ovarian tissue. We identified 170 events with SLR<0.6 and 41 with SLR>1.5 in tumors 
(Table S2). After SAM analysis, the number of significant events was 107 (Table S3). Sixty-one of these were within the BFL (Fig. 3B, 
Table S4). Representative SLR values are given in Fig. 3D. 

We detected 176 SLR changes (135 with SLR<0.6 and 41 with SLR>1.5) for endometrioid ovarian tumors (n = 37) (Table S2). The 
SAM analysis filtered 74 of these events as significant (Table S3), and 45 of these events (SLR<0.6) were listed as BFL (Fig. 3E, 
Table S4). Representative SLR values are given in Fig. 3G. 

We then looked into serous ovarian cancers, the most malignant and prevalent type [32]. We analyzed 41 tumors compared to 
normal ovary tissue (n = 4) (GSE6008). A total of 134 events with SLR<0.6 and 31 with SLR>1.5 were identified in patients (Table S2). 
Sixty-six transcripts from these events were selected using SAM (Table S3), and the CfsSubsetEval method in WEKA revealed the best 
identifiers (BFL) of both groups using 43 events (Fig. 3F, Table S4). Representative SLR values are given in Fig. 3H. 

These subtypes of ovarian cancers are histologically different; hence, shared SLR events were rare (Fig. S3, Table S4). While specific 
isoform ratios could be unique to subtypes, common isoforms shared by different subtypes could indicate functional importance. For 
example, decreased SLR, common in clear cell carcinomas, endometrioid, and serous ovarian cancers, indicated 3′UTR lengthening of 
WBP5 (WW domain-binding protein 5, a.k.a. TCEAL9 (transcription elongation factor A like 9)). Notably, WBP5 expression is most 
abundant in normal ovaries (Fig. S4, Fig. 3D, G, 3H). Hence, it will be essential to understand the functional consequence of the shift in 
isoform levels of WBP5 in ovarian cancers. Unique SLR changes detected for rare subtypes could also be biologically relevant. 

2.4. Malignancy-related SLRs 

Next, we turned our focus to malignancy-related SLR changes in serous ovarian tumors. We compared tumors with low malignancy 
potential (LMP) (n = 18) to highly malignant tumors (n = 225) (GSE9891). We identified ten events with SLR>1.5 and five events with 
SLR<0.6 in the malignant group compared with the LMP tumors (Table S2). 12 of these transcripts were significant according to SAM 
(Table S3), and the CfsSubsetEval method in WEKA narrowed the SLR events to nine (Fig. 4A, Table S4). CYP37A, C4A, RSPH4A, and 
PPIL6 had decreased SLRs, whereas CHRAC1, KLHL24, RPL13, SLC16A1, and TOP2A had increased SLRs in the highly malignant 
tumors compared with the LMP tumors (Fig. 4B). Probe intensities for different isoforms are given in Fig. 4C. Of note, for RPL13, while 
SLR was more than 1.5, the decrease of the long isoform was more than the proximal transcripts. Hence, despite having an SLR>1.5, 
RPL13 did not have upregulated short 3′UTR isoform (Fig. 4C). 

2.5. Protein levels 

To understand whether the differential expression of 3′-end isoforms may affect protein levels in highly malignant ovarian tumors, 
we took advantage of the UALCAN database [33]. Protein data were available only for CHRAC1, RPL13, TOP2A, and SLC16A1, which 
had increased SLRs in tumors. The protein levels of CHRAC1, RPL13, and TOP2A are high in primary ovarian tumors (n = 100) 
compared to normal ovary tissue (n = 25) (Fig. 5A, B, C). SLC16A1 protein levels were not significantly different in normal tissue and 
tumors (Fig. 5D). Of note, post-translational modifications, protein stability, and/or activity are other variables to be considered at the 
proteome level. Nevertheless, it would be interesting to experimentally test whether isoform level changes explain protein over-
expression and how this shift in isoform ratios may be linked to malignancy in ovarian tumors. 

Overall, our results show malignancy-associated isoform-level deregulation of a group of transcripts in cervical and ovarian 
cancers. Altered isoform ratios could be critical for defining novel genes for understanding malignancy in ovarian cancers. 

3. Discussion 

mRNAs harbor protein-coding information flanked by 5′UTRs and 3′UTRs, targeted by trans-factors such as RNA-binding proteins 
and microRNAs. These trans factors alter mRNAs’ translation rate, stability, and localization. Despite these critical features and 
mounting evidence showing alterations in 3′UTR lengths in cancer transcriptomes [34], 3′-end isoforms are generally under-detected 
due to technical limitations [14,35]. Here, we utilized an isoform-specific approach and determined differentially regulated isoforms 
with alternate 3′-ends in common gynecological cancers. 

3.1. Cervical cancers 

Our results showed significant changes in the expression levels of 3′UTR isoforms in cervical cancer datasets, but shared events were 
rare due to the heterogeneity of patients. When we analyzed a cohort with an extended follow-up of only HPV16-infected patients, we 
identified 3′UTR shortening and lengthening events unique to the progressed patients compared to HPV16-positive patients who did 

normal tissue (n = 37) in GSE6008, F. Heatmap of SLR fold changes (BFL) in serous ovarian cancers (n = 41) compared to normal tissue (n = 4) in 
GSE6008. G, H. Representative SLR events in BFL that best distinguish normal tissue and tumors of endometrioid or serous ovarian cancers, 
respectively (Unpaired t-test, Kolmogorov-Smirnov test, *** (0.0001 <p < 0.001, ** 0.001 <p < 0.01). 
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not develop cancer. The proximal poly(A) site usage was enhanced for FOXP1 and OGT in HPV16-positive patients who had pro-
gressed. For VPS4B, the longer 3′UTR isoform was increased more in the progression group. Interestingly, these three proteins have 
potential implications for cervical cancer. For example, FOXP proteins regulate the transcription of differentiation and immune 

Fig. 4. SLR changes in highly malignant serous ovarian tumors compared with low malignant tumors. A. Heatmap of SLR fold changes (BFL) 
in highly malignant tumors (n = 225) compared to low malignant tumors (LMP) (n = 18), B. SLR values of BFL isoforms that best distinguish highly 
malignant tumors from low-risk tumors, C. Average probe intensity graphs showing isoform level expression in malignant and LMP tumors. 
Proximal probe sets recognize total transcripts, and distal probes recognize longer 3′UTR isoforms of BFL transcripts. (Unpaired t-test, Kolmogorov- 
Smirnov test, ns: not significant) **** (p < 0.0001), *** (0.0001 <p < 0.001), ** (0.001 <p < 0.01). 
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system-related genes and have been implicated in angiogenesis and tumorigenesis [36]. VPS4B belongs to the AAA (ATPase associated 
with diverse cellular activities) protein family and functions during the endosomal sorting and lysosomal degradation of membrane 
proteins. VPS4B also participates in cytokinesis and virus budding [37,38]. On the other hand, O-linked N-acetylglucosamine (GlcNAc) 
transferase (OGT) catalyzes the reversible addition of the O-GlcNAc to target proteins. Recently, overexpression of OGT was reported 
in colon and rectum adenocarcinomas [39]. High OGT levels were linked to colon cancer metastasis and poor prognosis [40]. Increased 
OGT was also reported in HPV-associated cervical neoplasms. Interestingly, HPV E6 upregulates OGT, causing increased O-GlcNAc of 
MYC, enhancing the oncogenic activity of HPV [41]. High OGT activity may also alter the stability and function of many other target 
proteins. In support of an oncogenic role, inhibiting OGT slows tumor growth in animal models [41]. Hence, alternative poly-
adenylation and 3′UTR shortening could contribute to the upregulation of OGT protein levels in cervical cancers. 

In short, the roles of FOXP1, VPS4B, and OGT in neoplastic transformation within the specific context of HPV-infected cells merit 
further investigation. The functional consequence and predictive value of these isoform level changes in high-grade cervical lesions 
must be explored in larger patient cohorts. 

Of note, we would like to emphasize that, despite the significantly different isoform ratios in patients, overall mRNA levels are not 
different for the high-risk and low-risk patient groups (Fig. 2D). This contradiction highlights the need to study gene expression at the 
isoform level. An isoform-aware gene expression quantification may allow the identification of new oncogene activation cases without 

Fig. 5. Protein levels of A. CHRAC1, B. RPL13, C. TOP2A, and D. SLC16A1 in ovarian tumors. Protein expression in ovarian tumors (n = 100) 
in the CPTAC data of UALCAN is shown compared to normal ovary tissue (n = 25). Log2 spectral count ratio values from CPTAC were first 
normalized within each sample profile and then normalized across samples. Z-values represent standard deviations from the median (p values were 
calculated by UALCAN; Welch’s t-test, ns: not significant, **** (p < 0.0001), ** (0.001 <p < 0.01). 
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genomic mutations. Hence, isoform switches in cancer transcriptomes are a promising strategy for discovering new cancer genes with 
biological impact [8,23]. 

3.2. Ovarian cancers 

Ovarian cancer is the leading cause of mortality in gynecologic malignancies, and most ovarian cancers are diagnosed at a late 
stage. As a result, ovarian cancer has one of the lowest survival rates among all cancers [42]. Hence, effective screening methods are 
needed for early detection and diagnosis. We screened ovarian cancer subtypes for differentially expressed 3′UTR isoforms to 
contribute to these efforts. As expected, histologically distinct subtypes had unique and shared SLR changes. For example, the common 
pattern of 3′UTR lengthening of WBP5 in different subtypes is potentially interesting because WBP5 has already been implicated in 
various malignancies [43,44]. 

We also identified SLR changes in a highly malignant group of ovarian tumors compared to a low malignancy group. The isoform 
ratio changes detected in malignant tumors are potentially interesting for identifying high-risk patients. While some of these tran-
scripts have not been investigated within the context of cancer, TOP2A is a well-known cancer gene. TOP2A (Topoisomerase II alpha) 
regulates DNA topology during transcription, replication, and repair [45]. High TOP2A expression correlates with poor prognosis, and 
overexpression of TOP2A is reported in various cancers [46,47]. DNA topoisomerase II (TOP2) inhibitors are clinically used drugs that 
cause cancer cell death by inducing DNA damage. TOP2A expression levels are known to affect the effectiveness of these topoisomerase 
inhibitors [48]. The 3′UTR shortening may contribute to the overexpression of TOP2A in a group of ovarian tumors that may not harbor 
DNA level alterations. These findings may be relevant for the therapeutic potential of TOP2 inhibitors and combination therapies with 
DNA-damaging agents. 

Overall, these findings show malignancy-related isoform level changes that conventional gene expression analyses may not detect. 
Unfortunately, these 3′UTR isoforms are generally under-detected. However, they may be informative in evaluating gene expression 
changes in cancer cells. Shorter or longer 3′UTRs are targeted differently by trans-factors, including miRNAs and RNA-binding proteins. 
The increased expression of a specific isoform more than other isoforms may significantly alter protein levels and/or function. Un-
fortunately, the overall quantification of an mRNA by disregarding isoforms may hinder the detection of isoform-level changes and 
cause loss of valuable information with protein-level implications. Our group has identified such an isoform switch for HNRNPA1. The 
total mRNA levels were no different in breast cancers compared to normal breast tissue, but APADetect revealed upregulation of a 
stable mRNA isoform, whereas the normally expressed and unstable isoform was downregulated in breast cancers [23]. 

In short, our results propose a mechanism where alternative polyadenylation of mRNA isoform provides additional ways to 
deregulate protein levels in cancers. In addition, transcript-level diagnostic and prognostic tests are widely used for different cancers. 
We think an isoform-focused view of cancer transcriptomes and our data can open up new research areas that will discover novel 
targets for diagnostic and prognostic applications, which could help develop early detection tools and help improve patient outcomes. 

4. Methods 

4.1. Datasets 

Cancer patient datasets (GSE9750, GSE6791, GSE63514, GSE75132, GSE6008, GSE9891) from the Expression Project for Oncology 
from National Center for Biotechnology Information Gene Expression Omnibus (GEO) were re-analyzed to detect differentially 
expressed 3′-end isoforms. 

4.2. Detection and quantification of 3′UTR isoforms 

We used the APADetect algorithm to detect and quantify mRNA isoforms that differ at their 3′-ends [21]. We used CEL files of 
Human Genome U133A (HGU133A, GPL96) and U133 Plus 2.0 arrays (HGU133Plus2, GPL570) to determine the mean signal in-
tensities of proximal and distal probe sets for each transcript. Means of proximal and distal probe sets were calculated as the "short" to 
"long" ratio (SLR). Patient SLRs were compared to normal tissues. Significant SLR changes were determined using SAM [49] and TM4 
Multiple Array Viewer [50] (SLR >1.5 for shortening events or SLR <0.6 for lengthening events). All SLR events presented in sup-
plementary data are APADetect and SAM outputs. Probes with no reads in more than 15% of patients were filtered out for reliability. 

Correlation-based feature selection subset evaluation (CfsSubsetEval) was used to avoid overfitting and dimensionality problems as 
implemented in WEKA [24]. CfsSubsetEval assessed the performance of SLR values based on the predictive ability of unique SLR events 
to distinguish tumors from normal tissue. We used the BestFirst algorithm with default parameters in WEKA [24]. Cancer-specific SLR 
values were listed as the best first list (BFL) using at least 5 of the ten cross-validations to identify SLR values that best discriminate 
between normal and cancer samples. For statistical analysis, unpaired t-test and Kolmogorov-Smirnov tests were used, **** (p <
0.0001), *** (0.0001 <p < 0.001), ** (0.001 <p < 0.01). 

4.3. Protein levels 

We retrieved protein expression data, when available, for ovarian tumors from the Clinical Proteomic Tumor Analysis Consortium 
(CPTAC) and UALCAN (http://ualcan.path.uab.edu/analysis.html) [33]. Log2 Spectral count ratio values from CPTAC were first 
normalized within each sample profile and then normalized across samples. Z-values represent standard deviations from the median. 
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5. Limitations of the study 

Early diagnosis is a challenge for gynecological cancers. Because tumors are diagnosed at late stages, available gene expression data 
is limited to reflect all disease stages or rare subtypes. Hence it is difficult to define early vs. late molecular changes. In addition to this 
difficulty, disregarding isoforms in gene expression analysis hinders the true complexity of the cancer transcriptome. Our approach 
utilizes existing microarray datasets to determine isoform level expression changes in tumors. Hence, we were limited by the avail-
ability of datasets and by pre-designed probes, as well as low sample sizes for normal tissues and tumor samples. However, tailored 
library preparation or long-read RNA sequencing are more likely to reveal the true transcriptome complexity, including at the 3′-ends. 
Isoform-level deciphering of cancer transcriptomes is expected to contribute to a more comprehensive understanding of gynecological 
cancers. 

Data and code availability 

We used expression data from tumors or corresponding normal tissue as publicly accessible data from GEO. The accession numbers 
for the datasets are listed in Table S1. APADetect algorithm is available at https://github.com/tolgacan/APADetect. 

Additional information required to use APADetect or re-analyze the data reported in this paper is available from the lead author 
upon request. 
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