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three cohorts are combined. In summary, fusion transcript prediction model may have a role in
prostate cancer prognosis prediction and guiding the management of prostate cancer patients.
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Major Task 1 : We will conduct analysis of MAN2A1-FER, SLC45A2-AMACR, TRMT11-GRIK2, MTOR-
TP53BP1, LRRC59-FLJ60017, CCNH-C5orf30, KDM4-AC011523.2, TMEM135-CCDC67 on 5106 prostate 
cancer samples collected from University of Pittsburgh, Stanford University and University of Wisconsin 
Madison. We will first establish prostate cancer recurrence model and short PSADT prediction models either 
by fusion gene status alone or in combination with nomogram based on the cohort from 600 radical 
prostatectomy samples from UPMC. This model will be locked in and tested on cohorts from University of 
Pittsburgh, Stanford University and University of Wisconsin. The prediction accuracy, sensitivity and 
specificity within each cohort will be evaluated. 

Subtask 1: In the first 3 months of the funded period, we plan to establish this test in the CLIA certified 
laboratory at the University of Pittsburgh Medical Center. Fifty-six FFPE samples that were shown to be 
positive for at least one fusion transcripts in the matched frozen tissues. These FFPE samples had been tested 
in non CLIA certified laboratory, and achieved 98.9% sensitivity and 100% specificity. We will repeat the 
same tests on these samples in CLIA certified laboratories. All PCR products will be analyzed through 
Sanger’s sequencing to confirm the authenticity of the fusion products. In addition, all fusion minigene RNA 
templates will be serially diluted. TAQMAN QRT-PCR will be performed to evaluate the sensitivity of the 
test. Detection threshold will be obtained. Random selection of 600 prostate cancer samples with definitive 
clinical outcomes will be carried out in UPMC campus. TAQMAN QRT-PCR on -actin will be used as 
RNA quality control. For sites 2 and 3, all relevant institutional review board exempt protocols will be 
secured and approved.



Table 1 Positive rate of fusion in prostate cancers 

Cohort        MAN2A1/      TRMT11/         MTOR/       CCNH/            KDM4B/           SLC45A2/     TMEM135/     LRRC59/ 
        FER                GRIK2               TP53BP1    C5orf30           AC011523.2   AMACR         CCDC67          FLJ60017

UPMC       13% (60)         25.8% (119)    2.8% (13)   33.4% (154)    0.4% (2)         50.1% (234)    1% (5)           3.4% (16) 
Stanford      18% (9)           20% (10)         10% (5)       12% (6)            4% (2)       96% (48)          6% (3)           22% (11) 
UWisc     19% (31)        12.9% (21)   4.3% (7)      76.7% (125)    9.2% (15)      92.6% (151)     0.6% (1)    26% (43) 

Progress: We have procured the CLIA certified lab space in the beginning of the funded period. To accommodate 
the reality of formalin-fixed and paraffin-embedded tissues, we have designed a set of new primers and Taqman 
PCR probes for highly fragmented RNA species. These sets of primers and probes were subsequently tested and 
validated on synthetic mini-fusion genes of MAN2A1-FER, TRMT11-GRIK2, MTOR-TP53BP1, CCNH-C5orf30, 
KDM4-AC011523.2, SLC45A2-AMACR, TMEM135-CCDC67, and LRRC59-FLJ60017. The probe and primers 
for β-actin were also revised to accommodate a shorter RNA fragment. The analyses showed that these assays 
detect as low as 600-1000 molecules of these fusion transcripts. We then analyzed 56 FFPE samples whose frozen 
counterparts have been previous found to contain at least one fusion gene using these sets of probes and primers. 
All samples that were positive for these fusion genes were also positive in the new Taqman qRT-PCR assays. The 
positive match rate is 100%. All participating institutes, including University of Pittsburgh, Stanford University and 
University of Wisconsin Madison, had obtained the institutional approval for the exempt protocols.  

Subtask 2: From month 4-9 of the first funded year, we will perform TAQMAN QRT-PCR and Sanger’s sequencing on a 
randomly selected cohort of 600 samples from phase 1 that have at least 5 years clinical follow-up. These tests will be 
performed in CLIA certified laboratory of University of Pittsburgh. The prediction models of PCa recurrence and PSADT 
mentioned will be developed based on this large number of samples. For sites 2 and 3, the first 300 prostate cancer cases from 
each site will be selected and evaluated for sufficient materials for the assay.  

Progress: To create a training set, we 
performed Taqman qRT-PCR using the 
primers and probes as mentioned from 
above on 271 samples from University 
of Pittsburgh, 155 samples from 
University of Wisconsin 
Madison, and 150 samples from 
Stanford University. The results 
show surprisingly high positive 
rate of SLC45A2-AMACR in 
Stanford and Wisconsin cohort, 
reaching 96% and 92.6% 
respectively. Among these 
fusion genes, the lowest frequent 
one is TMEM135-CCDC67: A total of 8 samples were found positive.  In addition, high positive rate of CCNH-
C5orf30 was also found in the prostate cohort from University of Wisconsin. In general, the rates of fusion gene 
positive samples are comparable among the 3 cohorts (table 1). Subsequent analyses showed that MAN2A1-FER 
(or normalized MANA1-FER), TRMT11-GRIK2, and mTOR-TP53BP1 gene fusions have the highest odd ratios 
for predicting the recurrence of prostate cancer for UPMC and University of Wisconsin cohorts (Table 2). 

Table 3 
To establish a 
prediction model, we 
combined top 6 
fusion genes that 
have prediction 
power to construct 
classification models 
to predict prostate 
cancer recurrence. 
As shown in table 3, 
all three models 
(Random Forest, 



 
Figure 1. ROC analyses of fusion transcript model predicting prostate 
cancer recurrence of UPMC prostate cancer samples. The model utilized 
fusion transcripts only as prediction factor. LDA-Linear discriminant 
analysis; SVM-Support-vector machine; RF-Random forest.   

Support vector machine 
and Linear discriminant 
analysis) yielded very 
similar accuracy: 81%, 
even though the 
specificity and 
sensitivity may vary. 
When combined with 
gleason’s score and 
TNM pathology 
staging, the accuracy 
improves to 84-86%.  
 
When the same models 
were applied to the 
dataset from University of Wisconsin, the accuracy rate yielded 75-84%. Interestingly, when combined with 
Gleason’s grade and pathology TNM staging, the accuracy rate improved to 88-90%. However, the same model 
fared worse in Stanford data set: 67-68% accuracy was found. Combination with fusion genes, Gleason’s grade and 
pathology TNM staging improves the accuracy to 75%. 
 
When all data were pooled, and 10 fold cross validation was performed. The accuracy of fusion gene prediction rate 
is 76-77%. When combined fusion genes, 
Gleason’s grading and TNM staging, the 
accuracy is improved to 81-82% (table 4). In 
contrast, if prediction is only relied on 
Gleason’s grade and TNM staging, the 
prediction accuracy is 74-76% across all 
three data set. As a result, we concluded that 
fusion contains independent prediction value 
and can assist in predicting the clinical 
outcomes of prostate cancer.  
 
 
Subtask 3: From month 10 of the first year 
to the end of year 3 of the funded period, we 
will validate predictive models based on the 
fusion transcript panel and clinical and 
pathological parameters on independent 
datasets from the University of Pittsburgh, 
University of Wisconsin and Stanford 
University.   
 
Progress: After the collection of the results of 
all the qRT-PCR analyses for the prostate cancer 
samples from UPMC, we performed a leave-one-
out cross-validation to examine whether fusion 
transcripts are predictive of prostate cancer 
recurrence. As shown in figure 1, 90.4% accuracy 
was achieved based the detection of 4 fusion 
transcripts (MAN2A1-FER, SLC45A2-AMACR, 



 
Figure 3. ROC analysis of prostate cancer recurrence prediction based on 
prostate cancer samples of combined cohorts of UPMC, Stanford and 
University of Wisconsin. The model utilized fusion transcripts, Gleason grade 
and pathology stage as prediction factors.  LDA-Linear discriminant analysis; 
SVM-Support-vector machine; RF-Random forest.   
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Figure 2. Kaplan-Mier analysis of PSA-free survival of prostate cancer 
based on fusion prediction model on prostate cancer samples from UPMC 
cohort. The prediction was based on the results from Random Forest method. 

mTOR-TP53BP1 and LRRC59-FLJ60017 in 
the cancer samples. The sensitivity is 82% and 
the specificity 95%. When all fusion transcripts 
were included, the accuracy only slightly 
improved to 91%. Among the fusion 
transcripts, MAN2A1-FER is most associated 
with prostate cancer recurrence, with a p-value 
<0.000001. Survival analysis showed that 
patients with positive recurrence prediction had 
only 15% PSA-free survival 5 years after the 
radical prostatectomy (figure 2), while patients 
with negative prediction had over 90% PSA-
free survival. When the same leave-one-out 
approach was applied to Gleason grading 
prediction, it generates 77% accuracy of 
prediction with 57% sensitivity and 91% 
specificity. When fusion transcripts were 
considered along with Gleason grade, the 
accuracy improves to 92% with sensitivity of 
89% and specificity of 93%. When fusion 
transcripts, Gleason grade and pathology stage 
are combined as a model for prediction, the 
accuracy improves to 94% with sensitivity and 
specificity 94.4% and 93.9%, respectively. 
When the analyses includes the cohorts from 
Stanford University (108 samples) and 
University of Wisconsin (194 samples), the 
same model prediction yielded an accuracy of 
74% with sensitivity of 41% and specificity of 
94%, very similar to the Gleason grade 
prediction (75% accuracy with sensitivity of 
47% and specificity of 92%). When fusion 
transcripts were combined with Gleason grade, 
the accuracy improved to 77%. The highest 
accuracy (83%) was achieved when fusion 
transcripts, Gleason grade and pathology stage 
were combined as a model (figure 3). The 
PSA-free survival analysis on the combined 
prediction model showed that prostate cancer 
patients with positive prediction had less than 
20% PSA-free survival in 5 years, while 
patients with negative prediction had PSA-free 
5-year survival rate more than 85% (figure 4).  
 
When cohort from Wisconsin was 
independently analyzed, the fusion gene 
predicted 84% recurrence accurately, 
comparable with 85% Gleason prediction rate. 
When Gleason grade was combined with 
fusion gene model, it improved to 86%. In 
contrast, Stanford cohort showed that fusion 
transcript model was less accurate, generating 
only 65% accuracy in predicting prostate 
cancer recurrence, comparing with 75% 



Month

Figure 4. Kaplan-Mier analysis of PSA-free survival of prostate cancer 
based on fusion prediction model on prostate cancer samples from 
UPMC, Stanford and University of Wisconsin cohort. The prediction was 
based on the results from Random Forest method using fusion transcripts, 
Gleason grade and pathology stage as prediction factors. 
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Figure 5. Fusion transcripts are present in human cancer cell lines. 
Representative cancer cell lines from lung, liver, prostate, breast, colon and brain 
were examined for the presence of fusion transcript TRMT11-GRIK2, CCNH-
C5orf30, mTOR-TP53BP1, TMEM135-CCDC67, KDM4-AC011523.2 and 
LRRC59-FLJ60017 using quantitative TaqMan RT-PCR. Red denotes positive 
for the fusion transcript, while blank negative for the fusion transcript. All 
positive fusion samples were verified by Sanger sequencing. 

accuracy by Gleason grade. However, when 
fusion model was combined with Gleason grade, 
the model prediction improved to 81% accuracy. 
When we combined cohorts from Wisconsin and 
Stanford into one validation cohort, the fusion 
prediction model predicts 72% recurrence 
accurately, slightly lower than Gleason grade 
prediction (73%). Combining Gleason with 
fusion transcripts improves the correct 
prediction rate to 75%. Fusion transcript also 
improve on Gleason plus pathology stage model 
(78% over 76%).  

Association analysis showed that MAN2A1-
FER, TRMT11-GRIK2 and SLC45A2-AMACR 
are associated with higher pre-operational PSA, 
with p-value 0.0025, 0,016, and 0.008, 
respectively. mTOR-TP53BP1 and TRMT11-
GRIK2 are associated with higher Gleason’s 
grade (p=0.002 for mTOR-TP53BP1 and 0.0002 
for TRMT11-GRIK2 ). mTOR-TP53BP1 is 
associated with larger tumor volume (p=0.049) 
and more advanced stage of cancer (p=0.007). 
Samples with lymph node metastasis tends to 
have mTOR-TP53BP1 and SLC45A2-AMACR 
present in the primary cancer samples (p=0.008 
for mTOR-TP53BP1 and p=0.044 for 
SLC45A2-AMACR).  

Overall, fusion transcripts were found widely 
present in prostate cancer samples, and were 
associated with prostate cancer recurrence and other pathological features of the cancer. Even though there were significant 
inter-cohort variations in terms of predictability of prostate cancer clinical outcomes, fusion transcript detection improves on 
the current clinical means in predicting the cancer outcomes, and thus, can be utilized as an important tool in predicting cancer 
outcomes in patient management.  

Additional progress on fusion gene analysis supported by this grant: 

Fusion transcripts are present in human prostate cancer and other cancer cell lines 

In our previous studies, we have 
characterized eight fusion genes identified in 
aggressive prostate cancer samples. 
Additional analyses showed that one of the 
fusion genes called MAN2A1-FER is 
frequently present in 5 other types of human 
malignancies. To expand our analyses of 
other fusion genes in the panel, we analyzed 
TRMT11-GRIK2, MTOR-TP53BP1, CCNH-
C5orf30, KDM4-AC011523.2, TMEM135-
CCDC67, LRRC59-FLJ60017 in 20 cancer 
cell lines from six different human 
malignancies (figure 5). TRMT11-GRIK2 
fusion transcript was identified in breast 



Figure 6. Frequency of gene fusion in primary human malignant samples. Real-time TaqMan 
qRT-PCRs were performed on formalin-fixed paraffin-embedded samples of breast cancer, colon 
cancer, esophageal adenocarcinoma, ovarian cancer, hepatocellular carcinoma, non-small cell lung 
cancer and glioblastoma multiforme. The numbers of samples of each cohort are indicated. Sanger 
sequencing was performed on 20% samples that were found positive for the fusion genes. 

cancer cell line MD-MB231 and lung cancer cell line H1299, while CCNH-C5orf30 was positive in 14 of 20 cancer cell lines, 
including all prostate cancer cell lines tested (PC3, DU145, LNCaP and VCaP), 3 of 4 breast cancer cell lines (MCF7, VACC-
3133 and MDA-MB330), 2 of 4 lung cancer cell line (H358 and H522), 1 of 3 liver cancer cell lines (HepG2), 1 of 2 colon 
cancer cell lines (HCT8) and 3 of 3 GBM cell lines (LN229, U138 and A-172). Also, KDM4-AC011523.2 and LRRC59-
FLJ60017 were present in liver cancer cell line HepG2. These results suggest that these fusion genes are not specific for 
prostate cancer. They may be present in the primary cancer samples of a variety of human malignancies. 

Fusion transcripts are 
present in 7 other types of 
human malignancies: 

To investigate whether any 
of the above-mentioned 
fusion genes has a role in 
human cancers, Quantitative 
TaqMan qRT-PCRs using 
primers and probe specific 
for each fusion gene were 
performed on primary 
human cancer samples 
representing seven different 
types of human 
malignancies. Our results 
showed that TRMT11-
GRIK2 is present in all 
seven types of human 
malignancies (figure 6), 
including breast cancer 
(41/60, 68.33%), colon 
cancer (25/60, 41.7%), 
esophageal adenocarcinoma 
(9/34, 26.5%), 
hepatocellular carcinoma 
(9/70, 12.9%), ovarian 
adenocarcinoma (28/61, 
45.9%), glioblastoma 
multiforme (26/150, 17.3%) 
and non-small cell lung 
cancer (39/141, 27.7%). CCNH-C5orf30 transcript was also detected in 7 different types of human cancers with relatively 
high frequencies: 85% (51/60) breast cancer, 43% (26/60) colon cancer, 50.8% (31/61) ovarian cancer, 67.6% (23/34) 
esophageal adenocarcinoma, 41.8% non-small cell lung cancer (59/141), 37% (26/70) liver cancer and 53% (80/150) 
glioblastoma multiforme. mTOR-TP53BP1, on the other hand, was detected in five different types of human malignancies 
with significantly lower frequencies: breast cancer (10/60, 16.7%), colon cancer (4/60, 6.7%), ovarian adenocarcinoma (4/61, 
6.6%), glioblastoma multiforme (7/150, 4.7%) and lung cancer (8/141, 5.7%). LRRC59-FLJ60017 was found present in four 
different types of human cancers: esophageal adenocarcinoma (3/34, 8.8%), ovarian adenocarcinoma (4/61, 6.6%), 
glioblastoma multiforme (16/150, 10.7%), and non-small cell lung cancer (33/141, 23.4%). Only two glioblastoma multiforme 
and one lung cancer samples were found positive for TMEM135-CCDC67. KDM4-AC011523.2 fusion was only found in 3 
breast cancer and 3 lung cancer samples.  

Interestingly, ductal type of breast cancers positive for TRMT11-GRIK2 was associated with less likely to develop local 
lymph node metastasis (46.7% versus 93.3%, p=0.014). Liver cancer positive for TRMT11-GRIK2 was also associated with a 
higher rate of overall survival (41.7% versus 6.9%, p=0.006). KDM4-AC011523.2 was only detected in lobular type breast 
cancer and adenocarcinoma of the lung. Patients with lobular breast cancers positive for mTOR-TP53BP1 were also less 
likely to have lymph node metastasis (0% versus 40%, p=0.017). CCNH-C5orf30 was more frequent in adenocarcinoma of 



 
Figure 7. Fusion transcript in metastatic lymph node samples. Real-time TaqMan qRT-PCRs were 
performed on formalin-fixed paraffin-embedded samples of breast cancer (top), ovarian cancer (middle) 
and colon cancers (bottom) and their corresponding lymph node metastases. Both primary (top) and 
matched lymph node (bottom) cancer samples are shown. Red indicates positive detection of the fusion 
transcript, while blank indicates negative detection of the fusion transcript. Sanger sequencing was 
performed on 20% samples that were found positive for the fusion genes. 

the lung cancer versus squamous type (67.7% versus 34.8%, p=0.001), and colon cancer with advanced stages at the time of 
diagnosis (52.3% versus 18.8%, p=0.037). 
 
Fusion transcripts are present in metastatic lymph nodes: 
 
To investigate 
whether fusion genes 
are also present in 
the metastatic lesion 
of human cancers, 
breast cancer, colon 
cancer and ovarian 
cancer samples with 
matched lymph node 
metastasis were 
analyzed (figure 7). 
Twenty-six of 30 
metastatic breast 
cancers in the lymph 
nodes were positive 
for TRMT11-
GRIK2, including 
seven metastatic 
cancers whose 
matched primary 
breast cancers were 
negative for the 
fusion. For colon 
cancers, however, the 
status of TRMT11-
GRIK2 between 
primary cancer 
samples and lymph 
node metastases was 
matched by 78.5% 
(11/14): Eleven 
lymph node 
metastases were 
exactly matched with the status of the primary colon cancer samples, while two samples of lymph node metastases were found 
negative for TRMT11-GRIK2 fusion. One lymph node metastasis was found positive for the fusion gene while the matched 
primary sample was negative (figure 3). For ovarian adenocarcinoma, nine metastatic lesions were found to contain TRMT11-
GRIK2 fusion gene, matching all primary samples. However, four lymph node metastases contained no TRMT11-GRIK2 
while the matched primary cancer samples were positive. One lymph node metastasis gained the fusion of TRMT11-GRIK2 
over the primary cancer sample. For CCNH-C5orf30, the matching rate of primary breast cancer with lymph node metastases 
was 62%, while the matching rates for ovarian cancer and colon cancer with their corresponding lymph node metastases were 
72% and 73%, respectively. For mTOR-TP53BP1, two of 3 lymph node metastases retained the fusion in both colon and 
ovarian cancers. Two of 2 lymph node metastases in ovarian cancer retained LRRC59-FLJ60017 fusion. These results suggest 
significant heterogeneity of the cancer samples. However, most fusion genes were retained in metastatic lesions. 
 
 

 
 



We will conduct analysis of MAN2A1-FER, SLC45A2-AMACR, TRMT11-GRIK2, MTOR-TP53BP1, 
LRRC59-FLJ60017, CCNH-C5orf30, KDM4-AC011523.2, TMEM135-CCDC67 on over 1000 prostate cancer 
samples collected from University of Pittsburgh, Stanford University and University of Wisconsin Madison. We 
will first establish prostate cancer recurrence model and short PSADT prediction models either by fusion gene 
status alone or in combination with nomogram based on the cohort from 600 radical prostatectomy samples from 
UPMC. This model will be locked in and tested on cohorts from University of Pittsburgh, Stanford University 
and University of Wisconsin. The prediction accuracy, sensitivity and specificity within each cohort will be 
evaluated. 

1) In the first 3 months of the funded period, we plan to establish this test in the CLIA certified laboratory at the
University of Pittsburgh Medical Center. Fifty-six FFPE samples that were shown to be positive for at least one
fusion transcripts in the matched frozen tissues. Detection threshold will be obtained.

2) From month 4-9 of the first funded year, we will perform TAQMAN QRT-PCR and Sanger’s sequencing on a
randomly selected cohort of 600 samples from phase 1 that have at least 5 years clinical follow-up. These tests
will be performed in CLIA certified laboratory of University of Pittsburgh. The prediction models of PCa
recurrence and PSADT mentioned will be developed based on this large number of samples. For sites 2 and 3,
the first 300 prostate cancer cases from each site will be selected and evaluated for sufficient materials for the
assay.

3) TAQMAN QRT-PCR analysis for the fusion genes will be carried out at the CLIA certified lab at the
University of Pittsburgh using approximately 200 samples provided by Drs. Brooks and Jarrard. In addition,
validation of selected prostate cancer samples on specific fusion genes using FISH will be performed. Statistical
analyses will be performed to evaluate whether the fusion gene status is predicative for the clinical outcomes of
prostate cancers.

1. INTRODUCTION:  Narrative that briefly (one paragraph) describes the subject, purpose and scope of the
research.
 
 
 
 
 

2. KEYWORDS: Provide a brief list of keywords (limit to 20 words).

 
 

3. ACCOMPLISHMENTS:  The PI is reminded that the recipient organization is required to obtain prior written
approval from the awarding agency grants official whenever there are significant changes in the project or its
direction.

What were the major goals of the project?
List the major goals of the project as stated in the approved SOW.  If the application listed milestones/target dates
for important activities or phases of the project, identify these dates and show actual completion dates or the
percentage of completion.

Cancer specific fusion genes are the results of chromosome rearrangement in the cancer genomes. The detection of 
fusion transcripts in cancer cells may reflect the progression of human cancer. Previously, we have identified a panel of 
8 fusion genes in prostate cancer. The presence of these fusion transcripts correlated with the aggressive behavior of 
prostate cancer. In this proposed study, we will conduct large scale analysis to evaluate whether the detection of these 
fusion transcripts is predictable for poor clinical outcomes.  

Fusion gene, RNA, Taqman RT-PCR, in situ hybridization, RNA, prostate cancer, cancer relapse, 
chromosome 



1. We have reaffirmed the detection of fusion transcripts in prostate cancer samples. 
2. Using sensitive detection methods, we have found that fusion genes are widely present in prostate 

cancer samples. 
3. We have established a preliminary training model for the prediction of the clinical outcomes of prostate 

cancer.  
4. We have found the fusion genes identified in prostate cancer are also present in other human 

malignancies. 
5. We have found that the fusion transcripts are present in the serum samples of human cancers in cell-free 

RNA form.  

What was accomplished under these goals? 
For this reporting period describe: 1) major activities; 2) specific objectives; 3) significant results or key outcomes, 
including major findings, developments, or conclusions (both positive and negative); and/or 4) other achievements.  
Include a discussion of stated goals not met. Description shall include pertinent data and graphs in sufficient detail 
to explain any significant results achieved.  A succinct description of the methodology used shall be provided.  As 
the project progresses to completion, the emphasis in reporting in this section should shift from reporting activities 
to reporting accomplishments.   

 
What opportunities for training and professional development has the project provided?    
If the project was not intended to provide training and professional development opportunities or there is nothing 
significant to report during this reporting period, state “Nothing to Report.” 
 
Describe opportunities for training and professional development provided to anyone who worked on the project or 
anyone who was involved in the activities supported by the project.  “Training” activities are those in which 
individuals with advanced professional skills and experience assist others in attaining greater proficiency.  
Training activities may include, for example, courses or one-on-one work with a mentor.  “Professional 
development” activities result in increased knowledge or skill in one’s area of expertise and may include 
workshops, conferences, seminars, study groups, and individual study.  Include participation in conferences, 
workshops, and seminars not listed under major activities.   
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How were the results disseminated to communities of interest?    
If there is nothing significant to report during this reporting period, state “Nothing to Report.” 
 
Describe how the results were disseminated to communities of interest.  Include any outreach activities that were 
undertaken to reach members of communities who are not usually aware of these project activities, for the purpose 
of enhancing public understanding and increasing interest in learning and careers in science, technology, and the 
humanities.   

 
What do you plan to do during the next reporting period to accomplish the goals?   
If this is the final report, state “Nothing to Report.”   
 
Describe briefly what you plan to do during the next reporting period to accomplish the goals and objectives.   
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made an impact or are likely to make an impact on the base of knowledge, theory, and research in the principal 
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(Scientific American style).  
 
 
 
 
 
 

Nothing to report 
 

Nothing to report 
 

MAN2A1-FER is the first tyrosine kinase fusion genes found to play critical roles in prostate cancer, it 
opens a new door for the treatment of prostate cancer using tyrosine kinase inhibitors. In addition, we 
developed a novel approach to treat human cancers that are positive for fusion gene by inserting a suicide 
gene into the chromosomal breakpoint of a fusion gene in the cancer genome. This could be a new way to 
treat prostate cancers that are refractory to other modes of the cancer treatment. 
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 adoption of new practices. 
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 improving public knowledge, attitudes, skills, and abilities; 
 changing behavior, practices, decision making, policies (including regulatory policies), or social actions; or 
 improving social, economic, civic, or environmental conditions. 

 
 

 
 
 
 

Fusion transcripts mentioned in the proposed study was also present in ovarian cancer, breast cancer, colon 
cancer, lung cancer, liver cancer, GBM and esophageal adenocarcinoma, and may play roles in the 
developments of those cancers.  
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Identification of recurrent fusion 
genes across multiple cancer types
Yan-Ping Yu1, Peng Liu2, Joel Nelson3, Ronald L. Hamilton1, Rohit Bhargava1, 
George Michalopoulos   1, Qi Chen4, Jun Zhang   5, Deqin Ma6, Arjun Pennathur7, 
James Luketich7, Michael Nalesnik1, George Tseng2 & Jian-Hua Luo1

Chromosome changes are one of the hallmarks of human malignancies. Chromosomal rearrangement 
is frequent in human cancers. One of the consequences of chromosomal rearrangement is gene 
fusions in the cancer genome. We have previously identified a panel of fusion genes in aggressive 
prostate cancers. In this study, we showed that 6 of these fusion genes are present in 7 different types 
of human malignancies with variable frequencies. Among them, the CCNH-C5orf30 and TRMT11-
GRIK2 gene fusions were found in breast cancer, colon cancer, non-small cell lung cancer, esophageal 
adenocarcinoma, glioblastoma multiforme, ovarian cancer and liver cancer, with frequencies ranging 
from 12.9% to 85%. In contrast, four other gene fusions (mTOR-TP53BP1, TMEM135-CCDC67, 
KDM4-AC011523.2 and LRRC59-FLJ60017) are less frequent. Both TRMT11-GRIK2 and CCNH-C5orf30 
are also frequently present in lymph node metastatic cancer samples from the breast, colon and ovary. 
Thus, detecting these fusion transcripts may have significant biological and clinical implications in 
cancer patient management.

In the last two decades, significant progress has been made in diagnosing and treating human cancers. However, 
cancers remain one of the most frequent causes of death in the United States. In 2017, 1,735,350 new cancer cases 
were diagnosed in the United States1. More than 600,000 cancer deaths are projected to occur in the United States 
in 2018: a death rate second only to cardiovascular diseases. Among human cancers, lung, prostate, breast, liver 
and colorectal cancers appear the most frequently, accounting for approximately 49% of all human cancers. These 
five types of cancers are projected to account for 305710 deaths in 2018 or over 50% of all cancer-related deaths 
in the US. Thus, understanding the mechanisms underlying the development of these cancers is crucial to reduce 
cancer mortality in the country.

Genome abnormalities are widely present in human cancers2. These abnormalities include single nucleo-
tide mutations, copy number changes, chromosomal rearrangement, etc. Indeed, cancer genome abnormalities 
precede the development of cancer phenotypes3–6. Non-malignant tissues adjacent to cancers have been shown to 
contain similar genomic and transcriptomic changes as neighboring cancer tissues3–11. One of the salient abnor-
malities in the cancer genome is chromosomal rearrangements, which may result in the joining of 2 unrelated 
genes in the chromosome to produce a fusion gene. The most well-characterized example of fusion gene is the 
Philadelphia chromosome12 that joins the N-terminus of BCR with the tyrosine kinase domain of ABL13. The 
resulting chimeric protein has constitutively activated tyrosine kinase activity and transforms benign tissue into 
malignant one14. Several cancer-specific fusion genes have been discovered in prostate cancer samples15–17. Some 
of these fusion genes appear to be transforming18,19. Interestingly, one of the fusion genes, MAN2A1-FER, was 
found in 5 other types of human malignancies, and has been shown to transform normal livers into hepatocellular 
carcinomas in a short period of time19. SLC45A2-AMACR was found independently in bladder cancer20 and lung 
cancer cell lines21. These findings suggest that fusion genes may have wider implications than initially antici-
pated. To investigate whether fusion genes play a role in other human malignancies, we analyzed six fusion genes, 
including TRMT11-GRIK2, MTOR-TP53BP1, CCNH-C5orf30, KDM4-AC011523.2, TMEM135-CCDC67, 
and LRRC59-FLJ60017, in primary cancer samples from 7 different types of human malignancies and 20 cancer 
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cell lines originating from 6 human cancers. These fusion genes are present in human cancers with variable 
frequencies, suggesting a much wider role for these cancer-specific fusion genes in the development of human 
malignancies.

Materials and Methods
Tissue samples.  The 536 tissue specimens used in the study consist of 101 non-small cell lung cancers, 61 
ovarian cancers, 60 colon cancers, 70 liver cancers, 150 glioblastoma, 60 breast cancers, and 34 esophageal ade-
nocarcinomas. These samples were obtained from the University of Pittsburgh Tissue Bank in compliance with 
institutional regulatory guidelines (Supplemental Table 1 through 7). The informed consent exemptions and pro-
tocol were approved by the Institution Review Board of University of Pittsburgh. Cancer cells were obtained by 
macro-dissection. Esophageal cancer specimens were from a prospective IRB approved protocol from University 
of Pittsburgh and were frozen tissue samples. Sixteen non-small cell lung cancer samples were obtained from 
the University of Kansas. Twenty-eight non-small cell lung cancer samples were obtained from the University 
of Iowa. All informed consent exemptions and protocols were approved by the Institution Review Board of the 
University of Kansas or University of Iowa. All 20 cell lines used in the study were purchased from the American 
Type Cell Culture (ATCC, Inc., Manassas, VA, USA) and were cultured and maintained following the manufac-
turer’s recommendations.

RNA extraction, cDNA synthesis and detection of fusion genes.  Formalin-fixed paraffin-embedded 
(FFPE) tissue blocks of each sample were cut for multiple unstained slides. One of these slides was stained with 
hematoxylin and eosin. The cancer regions were circled by pathologists and macrodissected. Total RNA was 
extracted using trizol to lyse the cancer tissues (Invitrogen, CA). First strand cDNA was synthesized using ~2 µg 
of RNA from each sample, random hexamers and Superscript IITM (Invitrogen, Inc, CA) at 42 °C for 2 hours. 
One microliter each cDNA sample was used for TaqMan PCR reactions with 50 heat cycles at 94 °C for 30 sec-
onds, 61 °C for 30 seconds, and 72 °C for 30 seconds using primers and probes specific for CCNH-C5orf30 
(AAAGT TAT T TATCAGAGAGTCTGATGCTG/CTGT TCTACTCCAGGTAT T T TCAT TATATC; 
TaqMan probe, 5′-/56-FAM/ACAGGCAAG/ZEN/TTCTGTTCTCTTTCAGCA/3IABkFQ/-3′), mTOR-T 
P53BP1 (TGATAGACCAGTCCCGGGATG/CCACTGACATTCCCAGAACAAG; TaqMan probe, 5′-/56-FAM/TGTC 
AG C C T / Z E N / G TC AG A ATC C A AG TC A AG / 3 IA Bk F Q / - 3 ′ ) ,  T R M T 1 1 - G R I K 2  ( G C G C TG T 
CGTGTACCCTTAAC/GAATGCAAGTTCCTCAGCTCC; TaqMan probe, 5′-/56-FAM/CGGAACTCC/
ZEN/AGATGCTCCTGCG/3IABkFQ/-3′), LRRC59-FLJ60017 (GTGACTGCTTGGATGAGAAGC/CCCT 
CCTCTGGTTTGTTGTTG; TaqMan probe, 5′-/56-FAM/CAGTGTGCA/ZEN/AACAAGGTGACTG 
GAAG/3IABkFQ/-3′), TMEM135-CCDC67 (CAGCTGTCATGGAAGTTCAGAC/CCTCATTCTTTCCT 
GCTCAGAG; TaqMan probe, 5′-/56-FAM/AGTTCCTTT/ZEN/TAAGACTCACCAAGGGCAA/3IABkFQ/-3′), 
KDM4- AC011523.2 (AGACCACCTTCGCCTGGCAC/TCTCTCTCAGATCCAGGCTTG; TaqMan probe, 
5′-/56-FAM/ACAGCATCA/ZEN/ACTACCTGCACTTTGGG/3IABkFQ/-3′), and β-actin (ACCCCA 
CTTCTCTCTAAGGAG/GCAATGCTATCACCTCCCCTG; TaqMan probe, 5′-/56-FAM/CCAGTCCTC/ZEN/
TCCCAAGTCCACAC/3IABkFQ/-3′) in a thermocycler (Eppendorf RealplexTM thermocycler). A negative con-
trol and synthetic positive control were included in each batch of reactions. The PCR products were gel purified and 
Sanger-sequenced on 20% positive samples.

Results
In our previous studies16,17, we have characterized eight fusion genes identified in aggressive prostate cancer 
samples. Additional analyses showed that one of the fusion genes, MAN2A1-FER, is frequently present in 5 
other types of human malignancies19. To expand our analyses of other fusion genes in the panel, we ana-
lyzed TRMT11-GRIK2, MTOR-TP53BP1, CCNH-C5orf30, KDM4-AC011523.2, TMEM135-CCDC67, and 
LRRC59-FLJ60017 in 20 cancer cell lines from six different human malignancies (Fig. 1). The TRMT11-GRIK2 
fusion transcript was identified in the MD-MB-231breast cancer cell line and H1299 lung cancer cell line, while 
CCNH-C5orf30 was positive in 14 of 20 cancer cell lines, including all the prostate cancer cell lines tested (PC3, 

Figure 1.  Fusion transcripts are present in human cancer cell lines. Representative cancer cell lines from 
the lung, liver, prostate, breast, colon and brain were examined for the presence of the TRMT11-GRIK2, 
CCNH-C5orf30, mTOR-TP53BP1, TMEM135-CCDC67, KDM4-AC011523.2 and LRRC59-FLJ60017 fusion 
transcripts using quantitative TaqMan RT-PCR. Red denotes positive detection of the fusion transcript, while 
blank indicates negative detection of the fusion transcript. All positive fusion samples were verified by Sanger 
sequencing (see Supplemental Figs 1–6).
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DU145, LNCaP and VCaP), 3 of 4 breast cancer cell lines (MCF7, VACC-3133 and MDA-MB330), 2 of 4 lung 
cancer cell lines (H358 and H522), 1 of 3 liver cancer cell lines (HepG2), 1 of 2 colon cancer cell lines (HCT8) and 
3 of 3 GBM cell lines (LN229, U138 and A-172). LRRC59-FLJ60017 was also present in the HepG2 liver cancer 
cell line. These results suggest that these fusion genes are not specific for prostate cancer and may be present in 
primary cancer samples from a variety of human malignancies.

To investigate whether any of the above-mentioned fusion genes has a role in human cancers, quantitative 
TaqMan qRT-PCR reactions using primers and probes specific for each fusion gene were performed on pri-
mary human cancer samples representing seven different types of human malignancies. Our results showed 
that TRMT11-GRIK2 is present in all seven types of human malignancies (Table 1, Fig. 2 and Supplemental 
Figs 1–6)), including breast cancer (41/60, 68.33%), colon cancer (25/60, 41.7%), esophageal adenocarcinoma 
(9/34, 26.5%), hepatocellular carcinoma (9/70, 12.9%), ovarian adenocarcinoma (28/61, 45.9%), glioblastoma 
multiforme (26/150, 17.3%) and non-small cell lung cancer (39/141, 27.7%). The CCNH-C5orf30 transcript was 
also detected in 7 different types of human cancers with the following relatively high frequencies: 85% (51/60) 
in breast cancer, 43% (26/60) in colon cancer, 50.8% (31/61) in ovarian cancer, 67.6% (23/34) in esophageal 
adenocarcinoma, 41.8% (59/141) in non-small cell lung cancer, 37% (26/70) in liver cancer and 53% (80/150) in 
glioblastoma multiforme. In contrast, mTOR-TP53BP1was only detected in five different types of human malig-
nancies and with significantly lower frequencies, including breast cancer (10/60, 16.7%), colon cancer (4/60, 
6.7%), ovarian adenocarcinoma (4/61, 6.6%), glioblastoma multiforme (7/150, 4.7%) and lung cancer (8/141, 
5.7%). LRRC59-FLJ60017 was present in four different types of human cancers, esophageal adenocarcinoma 
(3/34, 8.8%), ovarian adenocarcinoma (4/61, 6.6%), glioblastoma multiforme (16/150, 10.7%), and non-small 
cell lung cancer (33/141, 23.4%). Only two glioblastoma multiforme and one lung cancer samples were positive 
for the TMEM135-CCDC67 fusion gene. The KDM4-AC011523.2 fusion was only found in 3 breast cancer and 
3 lung cancer samples.

Interestingly, ductal type breast cancers positive for TRMT11-GRIK2 were associated with a lower likeli-
hood of developing local lymph node metastasis (46.7% versus 93.3%, p = 0.014). Liver cancers positive for 
TRMT11-GRIK2 were also associated with a higher rate of overall survival (41.7% versus 6.9%, p = 0.006). 
KDM4-AC011523.2 was only detected in lobular type breast cancer and adenocarcinoma of the lung. Patients 
with lobular breast cancers positive for mTOR-TP53BP1 were also less likely to have lymph node metastasis (0% 
versus 40%, p = 0.017). CCNH-C5orf30 was more frequent in lung cancer adenocarcinomas versus squamous 
type (67.7% versus 34.8%, p = 0.001) and colon cancer at advanced stages at the time of diagnosis (52.3% versus 
18.8%, p = 0.037).

To investigate whether fusion genes are also present in human cancer metastatic lesions, breast cancer, colon 
cancer and ovarian cancer samples with matched lymph node metastases were analyzed (Fig. 3). Twenty-six of 30 
metastatic breast cancers in lymph nodes were positive for TRMT11-GRIK2, including seven metastatic cancers 
whose matched primary breast cancers were negative for the fusion. For colon cancers, the matched status of 
TRMT11-GRIK2 between primary cancer samples and lymph node metastases was 78.5% (11/14Eleven lymph 
node metastases were exactly matched with the status of the primary colon cancer samples, while two samples of 
lymph node metastases were found negative for TRMT11-GRIK2 fusion. One lymph node metastasis was found 
positive for the fusion gene while the matched primary sample was negative (Fig. 3). For ovarian adenocarcino-
mas, nine metastatic lesions were found to contain the TRMT11-GRIK2 fusion gene, matching all the primary 
samples. However, four lymph node metastases contained no TRMT11-GRIK2 fusion gene while the matched 
primary cancer samples were positive. One lymph node metastasis gained the TRMT11-GRIK2 fusion over the 
primary cancer sample. For CCNH-C5orf30, the matching rate of primary breast cancer with lymph node metas-
tases was 62%, while the matching rates for ovarian cancer and colon cancer with their corresponding lymph 
node metastases were 72% and 73%, respectively. For mTOR-TP53BP1, two of 3 lymph node metastases retained 
the fusion in colon and ovarian cancers. Additionally, two of 2 ovarian cancer lymph node metastases retained the 
LRRC59-FLJ60017 fusion. These results suggest significant heterogeneity among the cancer samples. However, 
most fusion genes were retained in metastatic lesions.

Discussion
Gene fusions are the result of recombination of two unrelated genes. Fusion events can also involve genes that have 
similar biological roles (for example, between two genes that both have roles in transcription, such as the ESR1-YAP1 
driver fusion in breast cancer)22. Almost all cancer-specific gene fusions are the result of chromosomal rearrange-
ments or translocations17. There is increasing evidence suggesting that gene fusions are some of the key drivers of 
human cancer development. New gene fusion events have been discovered in prostate cancer15–17, breast cancer23–25, 
NSCLC19,26,27, colon cancer28–30, glioblastoma multiforme19,31,32, liver cancer19,33–35 and ovarian cancer19,36,37. Some 
of these fusion genes appear to play driver roles in the aggressive behaviors of these cancers19,23,26,31. Gene fusions 
produce two possible outcomes for the genes involved. One outcome is a gain of function due to the loss of the reg-
ulatory domain in the protein, so the enzymatic domain of the same protein becomes hyper-activated. BCR-ABL 
and MAN2A1-FER are examples of gain of function fusion genes, leading to hyper-activation of the fusion partner. 
In-frame fusions can also contribute to disease pathogenesis by creating a fusion protein that contains not only 
complementary functions encoded by each partner gene, but also has neomorphic properties. ESR1-YAP122, a driver 
fusion found in advanced breast cancer, generates a hyperactive transcription factor through the combination of the 
ESR1 part that provides domains necessary for DNA binding, dimerization, and nuclear localization and the YAP1 
part that provides components for transcriptional activation. ESR1-YAP1 is able to drive expression of genes that 
promote metastatic biology, a function that full length wild-type ESR1 lacks. The other outcome is a loss of function 
due to the truncation of the head gene and/or complete elimination of the open reading frame of the tail gene, such 
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Cancer
TRMT11-GRIK2 MTOR-TP53BP1 CCNH-C5orf30 KDM4-AC011523.2 
TMEM135-CCDC67 LRRC59-FLJ60017

Breast cancer

Ductal Type 21/30 4/30 26/30 0/30 0/30 0/30

  With LN met 7/15 0/15 11/15 0/15 0/15 0/15

  Without LN met 14/15 4/15 15/15 0/15 0/15 0/15

Lobular 20/30 6/30 25/30 3/30 0/30 0/30

  With LN met 12/15 0/15 10/15 0/15 0/15 0/15

  Without LN met 8/15 6/15 15/15 3/15 0/15 0/15

Non-recurrence 36/53 10/53 47/53 3/53 0/53 0/53

Recurrence 5/7 0/7 4/7 0/7 0/7 0/7

Stage 1 21/33 8/33 30/33 3/33 0/33 0/33

Stage 2 11/16 2/16 12/16 0/16 0/16 0/16

Stage 3 6/9 0/9 7/9 0/9 0/9 0/9

Stage 4 1/2 0/2 2/2 0/2 0/2 0/2

Grade 1 5/8 2/8 8/8 0/8 0/8 0/8

Grade 2 26/38 8/38 33/38 3/38 0/38 0/38

Grade 3 10/14 0/14 10/14 0/14 0/14 0/14

ER positive 34/51 9/51 45/51 3/51 0/51 0/51

ER negative 7/9 1/9 6/9 0/9 0/9 0/9

PR positive 29/44 7/44 39/44 3/44 0/44 0/44

PR negative 12/16 3/16 12/16 0/16 0/16 0/16

HER2 amp+ 2/3 0/3 3/3 0/3 0/3 0/3

HER2 amp− 39/57 10/57 48/57 3/57 0/57 0/57

Triple negative 7/9 1/9 6/9 0/9 0/9 0/9

Colon cancer

With LN met 14/30 3/30 15/30 0/30 0/30 0/30

Without LN met 11/30 1/30 11/30 0/30 0/30 0/30

Recurrence 5-yr 3/5 1/5 4/5 0/5 0/5 0/5

Non-recurrence 22/55 3/55 22/55 0/55 0/55 0/55

Stage 1 1/3 0/3 1/3 0/3 0/3 0/3

Stage 2 3/13 0/13 2/13 0/13 0/13 0/13

Stage 3 20/42 3/42 21/42 0/42 0/42 0/42

Stage 4 1/2 1/2 2/2 0/2 0/2 0/2

Grade I 1/2 0/2 1/2 0/2 0/2 0/2

Grade II 19/51 3/51 21/51 0/51 0/51 0/51

Grade III 5/7 1/7 4/7 0/7 0/7 0/7

Ovarian cancer

With LN met 14/30 3/30 18/30 0/30 0/30 2/30

Without LN met 14/31 1/31 13/31 0/31 0/31 2/31

Non-recurrence 16/33 1/33 15/33 0/33 0/33 2/33

Recurrence 5-yrs 12/28 3/28 16/28 0/28 0/28 2/28

Survive >5 yrs 16/34 1/34 18/34 0/34 0/34 2/34

Death from Ca 12/27 3/27 13/27 0/27 0/27 2/27

Stage 1 11/22 1/22 9/22 0/22 0/22 2/22

Stage 2 2/4 0/4 1/4 0/4 0/4 0/4

Stage 3 15/35 3/35 21/35 0/35 0/35 2/35

Grade I 5/7 1/7 2/7 0/7 0/7 0/7

Grade II 2/8 0/8 4/8 0/8 0/8 0/8

Grade III 16/34 2/34 16/34 0/34 0/34 3/34

Grade IV 5/12 1/12 9/12 0/12 0/12 1/12

Esophageal Adenocarcinoma

9/34 0/34 23/34 0/34 0/34 3/34

Non-small cell lung cancer

UPMC cohort 33/101 7/101 31/101 0/101 1/101 12/101

Stage 1 10/24 3/24 8/24 0/24 0/24 3/24

Stage 2 19/62 4/62 21/62 0/62 1/62 7/62

Stage 3 2/5 0/5 0/5 0/5 0/5 0/5

Continued
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as with TRMT11-GRIK2 and mTOR-TP53BP1. For both these instances, tumor suppressor activities of GRIK238 
and TP53BP139 are lost due to the loss of protein translation.

Among the prostate cancer fusion genes identified in our previous study16, two of these fusion genes 
(SLC45A2-AMACR and MAN2A1-FER) were also found in other types of human cancers19–21, suggesting that 
these gene fusions are not specific to prostate cancer but may be widely present in human cancers. MAN2A1-FER 
was found to be the driver for liver cancer in mouse19. The expression of this fusion gene induced spontaneous 
liver cancer in mice by ectopically phosphorylating the EGFR extracellular domain and activating its signaling 
pathways19. Although the biological roles of the other fusion genes remain unknown, five of these gene fusion 
events (TMEM135-CCDC67, mTOR-TP53BP1, LRRC59-FLJ10067, KDM4-AC011523.2 and TRMT11-GRIK2) 
eliminate the open-reading frames in the tail genes and thus produce gene knockouts. CCDC6740, TP53BP139,41,42 
and GRIK238 are tail genes that contain tumor suppressor activity. The TMEM135-CCDC67, mTOR-TP53BP1 
and TRMT11-GRIK2 gene fusions are equivalent to the functional deletion of CCDC67, TP53BP1 and GRIK2, 
respectively. Deletions of these genes have been shown to promote the aggressive behaviors of cancers38–42. These 
gene fusion events may have significant biological implications in the development of cancer.

Based on the current analyses, TRMT11-GRIK2 and CCNH-C5orf30 are probably some of the most widely 
distributed gene fusions in human malignancies, being present in at least eight types of human malignancies. 
TRMT11-GRIK2 has frequencies ranging from 12.9% in liver cancer to 68.3% in breast cancer. This fusion gene 
is also found in a breast cancer cell line and a lung cancer cell line. CCNH-C5orf30 is also very frequent among 
different types of cancers and their corresponding cancer cell lines. In contrast, the positive rates of the other 
four fusion genes are much less frequent. The mechanism underlying the disparity of frequencies of these fusion 
genes is not clear. Although there is some correlation between the distance between the partner genes and the 
frequencies (both mTOR-TP53BP1 and LRRC59-FLJ60017 gene fusions have their gene partners located in dif-
ferent chromosomes, while both TRMT11-GRIK2 and CCNH-C5orf30 are located in the same chromosome with 
distances less than 24 MB), TMEM135 and CCDC67 are only separated by 6 MB, and the TMEM135-CCDC67 

Cancer
TRMT11-GRIK2 MTOR-TP53BP1 CCNH-C5orf30 KDM4-AC011523.2 
TMEM135-CCDC67 LRRC59-FLJ60017

Stage 4 2/10 0/10 2/10 0/10 0/10 2/10

With LN met 10/39 2/39 12/39 0/39 0/39 5/39

Without LN met 23/62 5/62 19/62 0/62 1/62 7/62

Survival 5-yr 9/34 2/34 10/34 0/34 0/34 6/34

Death 5 yrs 22/67 5/67 21/67 0/67 1/67 6/67

Ad Ca 0/0 0/0 0/0 0/0 0/0 0/0

Sq Ca 33/101 7/101 31/101 0/101 1/101 12/101

Kansas cohort 1/16 0/16 15/16 0/16 2/16 12/16

Stage I 0/5 0/5 5/5 0/5 0/5 4/5

Stage II 1/11 0/11 10/11 0/11 2/11 8/11

Ad Ca 1/8 0/8 8/8 0/8 0/8 6/8

Sq Ca 0/8 0/8 7/8 0/8 2/8 6/8

Iowa cohort 5/24 1/24 13/24 3/24 0/24 9/24

Stage I 2/8 0/8 4/8 0/8 0/8 3/8

Stage II 2/7 1/7 5/7 2/7 0/7 5/7

Stage III 0/6 0/6 3/6 1/6 0/6 1/6

Stage IV 1/3 0/3 1/3 0/3 0/3 0/3

With met 3/16 1/16 7/16 2/16 0/16 6/16

Without met 2/8 0/8 6/8 1/8 0/8 3/8

Ad Ca 5/23 1/23 13/23 3/23 0/23 9/23

Sq Ca 0/0 0/0 0/0 0/0 0/0 0/0

Sarcomatoid 0/1 0/1 0/1 0/1 0/1 0/1

Liver cancer

Total 9/70 0/70 26/70 0/70 0/70 0/70

Survive 5 yrs 5/12 0/12 7/12 0/12 0/12 0/12

Death 4/58 0/58 19/58 0/58 0/58 0/58

Non-recurrence 5/34 0/34 13/34 0/34 0/34 0/34

Recurrence 4/36 0/36 13/36 0/36 0/36 0/36

Glioblastoma multiforme

26/150 7/150 80/150 0/150 2/150 16/150

Table 1.  Distribution of fusion genes in colon cancer, breast cancer, esophageal adenocarcinoma, liver cancer, 
ovarian adenocarcinoma, glioblastoma multiforme and non-small cell lung cancer.
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fusion is exceeding rare in cancers. Nevertheless, the presence of these gene fusions suggests that chromosomal 
recombination and translocation are probably some of the most frequent events in human cancers.

TRMT11 is a tRNA methyltransferase. The protein is essential for m2G formation at position 10 in tRNA43. 
This methylation event is required for tRNA stability and translation activity44. In contrast, GRIK2 encodes a glu-
tamate receptor45 and was shown to possess tumor suppressor activity38. The process of chromosomal recombina-
tion between TRMT11 and GRIK2 to create the TRMT11-GRIK2 gene fusion destroys the open-reading frames 
of both genes and produces functional knockouts of these two proteins. The absence of TRMT11 may produce 
less efficient and unstable translation of mRNA into protein in cancer cells due to tRNA defects. Alternatively, 
protein translation may be repressed. The lack of GRIK2 may accelerate cell cycle progression and promote cell 
migration. Thus, cells with the TRMT11-GRIK2 gene fusion may be unstable and tumorigenic.

CCNH is an important member of the cyclin family. It complexes with cdk7-MAT1 and is a component in 
the TFIIH and RNA polymerase complexes46,47. Thus, CCNH is a critical regulator for the processes of tran-
scription and cell cycle progression. The CCNH-C5orf30 gene fusion produces a truncated cyclin H protein 
with the deletion of its H5′ and HC domains. A study showed that CCNH mutants lacking the HC domain 
do not activate cdk747. As a result, the truncated CCNH from the gene fusion may have a negative impact on 
the functions of RNA polymerase and TFIIH. C5orf30 was also shown to inhibit the generation of cytokines 
involved in inflammation, such as TNF and IL1, and promote the expression of anti-inflammatory cytokines, 
such as IL10, in rheumatoid arthritis synovial fibroblasts48,49. The CCNH-C5orf30 fusion transcript contains an 
intact C5orf30 opening reading frame. The CCNH-C5orf30 gene fusion places C5orf30 expression under the 
CCNH promoter and may promote its expression. Over-expression of C5orf30 in cancer cells may help to fend 
off immune responses targeting the cancers.

The wide presence of the 6 fusion genes in a variety of human malignancies may provide significant utility 
for clinical cancer diagnosis and therapeutic targeting. The presence of these fusion genes in metastatic cancer 

Figure 2.  Frequency of gene fusion in primary human malignant samples. Real-time TaqMan qRT-PCR reactions 
were performed on formalin-fixed paraffin-embedded samples from breast cancer, colon cancer, esophageal 
adenocarcinoma, ovarian cancer, hepatocellular carcinoma, non-small cell lung cancer and glioblastoma 
multiforme. The number of samples from each cohort are indicated. Sanger sequencing was performed on 20–
100% of samples that were found to be positive for the fusion genes (see Supplemental Figs 1–6).
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samples can be used in clinical follow-up studies to analyze the recurrence of human cancers. If these fusion genes 
are present in grey zone biopsy samples, it may also help to confirm or to make a correct diagnosis. Furthermore, 
the chromosomal breakpoints of significant numbers of these fusion genes have been identified. These chromo-
some breakpoints not only serve as cancer markers but also provide unique opportunities to treat human cancers 
using genome editing technologies50. When multiple fusion gene breakpoints are present in the same cancer cells, 
multi-targeting at these chromosomal breakpoints may significantly enhance the efficiency of genome editing 
treatments targeting the cancer cells.
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ABSTRACT
Hepatocellular carcinoma is one of the most lethal cancers in the United States. 

Early detection of the disease is crucial for reducing the mortality of this malignancy. 
Recently, we identified a panel of fusion genes present in several types of human 
cancers, including hepatocellular carcinoma. Among 8 fusion genes, MAN2A1-FER, 
TRMT11-GRIK2 and CCNH-C5orf30 appear most frequently in hepatocellular carcinoma 
samples. In this study, we showed that the fusion transcripts of MAN2A1-FER, CCNH-
C5orf30 and SLC45A2-AMACR were detected in the serum samples of liver cancer 
patients as circulating cell-free RNA. The distributions of these gene fusion RNA 
fragments largely matched those of the primary HCC samples. In contrast, the sera 
of all healthy individuals free of human malignancies were shown to be negative for 
these fusion genes. These results suggest that gene fusion RNA is frequently shed 
from liver cancer cells. The detection of serum cell-free fusion transcripts may provide 
a new approach to aid in the diagnosis, follow-up or therapy of liver cancers.

INTRODUCTION

Human cancer is one of the most frequent causes 
of death in the United States. In 2018, the mortality rate 
of cancer reached 606,880 in the US [1], making cancer 
the second most lethal cause of death after cardiovascular 
diseases [2]. Hepatocellular carcinoma (HCC) is one of 
the most lethal malignancies, accounting for more than 
31,000 deaths in the US alone [1]. The five-year survival 
rate for HCC is approximately 18%. Only pancreatic 
adenocarcinoma and glioblastoma multiforme have lower 
survival rates [3]. The development of early detection 
methods and effective treatment for HCC is urgently 
needed to reduce the mortality of this disease.

Treating liver cancer in the early clinical stages offers 
a significant advantage for therapeutic options and a better 
prognosis [4]. Currently, surgical resection, ablation and liver 
transplant are the most effective approaches to treating early-

stage HCC [5, 6]. HCC patients treated with these approaches 
typically survive long-term and can even be considered cured 
of the disease. However, patients with late clinical stage 
HCC without similar options of surgical intervention usually 
survive less than a year. Thus, early detection of HCC is 
crucial for reducing the mortality of liver cancer. Recently, 
we identified a panel of 8 fusion genes in human cancers 
[7–9]. Some of these fusion genes were shown to be present 
in a large proportion of HCC cancer samples [7, 10]. The 
mechanisms underlying these gene fusions are chromosomal 
translocation and rearrangement [8–10]. The presence of 
these fusion transcripts in liver cancer samples indicates that 
translocation and chromosomal rearrangement are common 
in liver cancer cells. To investigate the utility of these fusion 
transcripts in detecting liver cancer, we performed TaqMan 
qRT-PCR on the RNA extracted from cell-free serum. The 
results suggest that many of these fusion genes are detectable 
as cell-free circulating RNA.
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RESULTS

One of the hallmarks of genomes of human cancer 
is chromosomal rearrangement and translocation [11, 
12]. Previously, we identified a panel of fusion genes in 
prostate cancer samples from patients who experienced 
poor clinical outcomes. Subsequent analyses showed 
that many of these fusion genes are present in a variety 
of human cancers, including liver cancer [7, 10]. To 
investigate whether these fusion transcripts are detectable 
in the sera of HCC patients, we analyzed the presence 
or absence of 8 fusion genes in 118 serum samples from 
HCC patients and individuals free of malignant tumors. 
As shown in Table 1, all serum samples from individuals 
free of malignancies were negative (0/14) for the fusion 
transcripts of all the fusion genes. In contrast, 83.7% 
(87/104) of the serum samples from HCC patients were 
positive for at least one fusion transcript. Interestingly, 
all serum samples obtained from HCC patients with non-
alcoholic steatohepatitis etiology (n=20) were positive 
for at least one fusion gene (p=0.019): 100% (20/20) 

versus 77.6% (59/76). The fusion gene is also more likely 
present in the serum samples from HCC patients with 
steatohepatitis background (p=0.02): 100% (20/20) versus 
78.5% (62/79). Interestingly, multiple fusion transcripts (at 
least 2) detected in the serum are associated with moderate 
differentiation of HCC (42.4% [14/33] versus 9.5% [2/21] 
for all other category, p=0.014).

Upon analyzing individual fusion transcripts, we 
determined that MAN2A1-FER was frequently detected 
in the sera of HCC patients, reaching 78.8% (82/104, 
Table 2). SLC45A2-AMAMCR occurred at a frequency 
of 31.7% (33/104), while CCNH-C5orf30 occurred at 
a frequency of 10.6% (11/104). All HCC patients with 
NASH were positive for MAN2A1-FER in their serum 
samples (20/20), indicating a strong association between 
MAN2A1-FER and the etiology of NASH (p=0.005).

To determine whether the HCC samples from the 
same patients were positive for these fusion genes, six liver 
cancer samples from these HCC patients were analyzed. 
As shown in Table 3 and Figure 1, MAN2A1-FER and 
CCNH-C5orf30 were positive in all six HCC samples, 

Figure 1: Detection of MAN2A1-FER, CCNH-C5orf30 and SLC45A2-AMACR in HCC samples and the corresponding 
serum samples. Six cases of HCC and matched serum samples were analyzed for the presence of transcripts of MAN2A1-FER, CCNH-
C5orf30 and SLC45A2-AMACR using TaqMan qRT-PCR. The results of β-actin were used as normalization controls. Assays were 
performed twice independently. Sanger sequencing was performed on 20% of all positive samples.
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while 4 of 6 HCC samples were positive for SLC45A2-
AMACR. All positive serum samples corresponded to the 
matched positive HCC samples, indicating that the source 
of the seral fusion transcripts was the liver cancer. Two 
serum samples were negative for MAN2A1-FER, while 
the matched HCC samples were positive for the fusion 
gene. Similarly, two HCC samples positive for SLC45A2-
AMACR had matched serum samples that were negative 
for the same fusion gene. Even though TRMT11-GRIK2 
and CCNH-C5orf30 were present in all six HCC samples, 

the transcripts of these fusion genes were undetectable in 
the sera of the same patients. Half of the HCC samples 
were also positive for LRRC59-FLJ60017, but the fusion 
transcript was not detected in the matched serum samples. 
Based on these results, MAN2A1-FER appears to be 
the most sensitive marker for serum detection of HCC 
(4/6 or 67%). SLC45A2-AMACR ranks second (2/4 or 
50%), while TRMT11-GRIK2 and CCNH-C5orf30 are 
the most insensitive markers (0/6 or 0%). These results 
suggest that these fusion transcripts have different levels 

Table 1: Fusion transcripts detection in the sera of HCC patients

Clinical characteristics Fusion gene positive Fusion gene negative

HCC patients

Age:

40s 5 0

50s 22 2

60s 33 11

70s 20 1

80s 4 3

Etiology:

HCV 44 8

HBV 6 2

Ethanol 34 9

NASH 20 0

Other 4 4

Background liver:

Cirrhosis/fibrosis 81 17

Steatosis 12 4

Steatohepatitis 20 0

Recurrent status:

Recurrent 20 2

Non-recurrent 50 11

Response to therapy:

Responsive 31 8

Progressive 42 6

Pathology grade:

Poorly differentiated 5 0

Moderately differentiated 28 5

Well differentiated 18 6

Death 40 7

Alive 42 9

Healthy individuals 0 14
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of detectability in the blood, probably due to differences 
in the sensitivity of these RNA sequences to circulating 
RNAses.

DISCUSSION

Cancer-specific gene fusions are the result of 
chromosomal rearrangement and translocation [8]. 

Many gene fusion events are not specific to one type of 
cancer. Indeed, most of the fusion genes we discovered in 
prostate cancer were later detected in a variety of human 
malignancies, including HCC [7, 10]. MAN2A1-FER 
and SLC45A2-AMACR belong to a class of fusion genes 
with gain of function. The MAN2A1-FER gene fusion 
generates a new chimera protein in which the C-terminal 
glycoside hydrolase of mannosidase alpha, class 2A, 

Table 2: Frequency of individual fusion transcript detected in the sera of HCC patients

Clinical features MAN2A1-
FER

TRMT11-
GRIK2

MTOR-
TP53BP1

CCNH-
C5orf30

KDM4B-
AC011523.2

SLC45A2-
AMACR

TMEM135-
CCDC67

LRRC59-
FLJ60017

All HCC patients 83/104 0/104 0/104 11/104 0/104 33/104 0/104 0/104

Ages:

>80s 11/15 0/15 0/15 0/15 0/15 6/15 0/15 0/15

70s 21/22 0/22 0/22 2/22 0/22 7/22 0/22 0/22

60s 36/48 0/48 0/48 8/48 0/48 11/48 0/48 0/48

50s 12/14 0/14 0/14 1/14 0/14 5/14 0/14 0/14

40s 2/2 0/2 0/2 0/2 0/2 2/2 0/2 0/2

Etiology:

HCV 42/54 0/54 0/54 8/34 0/54 19/54 0/54 0/54

HBV 7/8 0/8 0/8 1/8 0/8 1/8 0/8 0/8

Ethanol 31/43 0/43 0/43 2/43 0/43 11/43 0/43 0/43

NASH 21/21 0/21 0/21 4/21 0/21 7/21 0/21 0/21

Other 2/5 0/5 0/5 0/5 0/5 0/5 0/5 0/5

Background liver:

Cirrhosis/fibrosis 81/101 0/101 0/101 12/101 0/101 28/101 0/101 0/101

Steatosis 11/16 0/16 0/16 0/16 0/16 7/16 0/16 0/16

Steatohepatitis 20/21 0/21 0/21 3/21 0/21 7/21 0/21 0/21

Recurrent status:

Recurrent 20/22 0/22 0/22 2/22 0/22 5/22 0/22 0/22

Non-recurrent 50/63 0/63 0/63 10/63 0/63 20/63 0/63 0/63

Response to therapy:

Responsive 29/38 0/38 0/38 5/38 0/38 12/38 0/38 0/38

Progressive 42/49 0/49 0/49 7/49 0/49 16/49 0/49 0/49

Pathology differentiation grade:

Poor 4/5 0/5 0/5 0/5 0/5 3/5 0/5 0/5

Moderate 26/34 0/34 0/34 5/34 0/34 5/34 0/34 0/34

Well 18/24 0/24 0/24 2/24 0/24 3/24 0/24 0/24

Death 39/48 0/48 0/48 5/48 0/48 17/48 0/48 0/48

Alive 41/51 0/51 0/51 5/51 0/51 15/51 0/51 0/51

Healthy person 0/14 0/14 0/14 0/14 0/14 0/14 0/14 0/14
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member 1 (MAN2A1) is replaced with an intact tyrosine 
kinase domain from FER [9, 10]. The new chimera protein 
exhibits an almost 4-fold increase in tyrosine kinase 
activity compared with that of the native FER, and the 
chimera protein is translocated to the Golgi apparatus [10]. 
The resulting chimera protein transforms immortalized 
cells into cancer through the ectopic phosphorylation of 
growth factor receptor [10]. MAN2A1-FER was detected 
in 15% of human HCC samples, and this fusion protein 
was shown to be a driver of mouse liver cancer [10]. 
SLC45A2-AMACR was also detected in a lung cancer 
cell line [13] and urothelial carcinoma [14], in addition 
to prostate cancer [9, 15]. To our knowledge, this is the 
first report showing that SLC45A2-AMACR is present in 
HCC and the corresponding serum samples. AMACR is 
a racemase responsible for branch fatty acid metabolism, 
while SLC45A2 is a solute transporter. The fusion 
generates a chimera protein such that 5 transmembrane 
domains of SLC45A2 are removed from its C-terminus 
and replaced with an intact racemase domain from 
AMACR. The overexpression of AMACR was shown 
to be associated with the aggressive behavior of multiple 
human cancers [16–25]. In vitro, AMACR was shown to 
increase cell growth and proliferation [26].

CCNH-C5orf30 and TRMT11-GRIK2 belong to 
a class of fusion genes with loss of function. CCNH-

C5orf30 was detected in 37% of HCC samples [10], 
while TRMT11-GRIK2 was detected in 12.9% of HCC 
samples [7]. The gene fusion of CCNH-C5orf30 produces 
a truncation of the H5′ and HC domains of cyclin H 
(CCNH), which is an important cell cycle regulator for 
the progression to mitosis [27, 28], and an independent 
C5orf30 protein. The truncated CCNH in the fusion 
gene is defective in binding with cdk7 [29] and may be 
defective in its transcriptional activity and promotion 
of the cell cycle. A more dramatic loss of function is 
identified in the TRMT11-GRIK2 gene fusion; the 
TRMT11-GRIK2 gene fusion eliminates the open-reading 
frame of GRIK2, which is a potential tumor suppressor 
[30, 31], and produces a large truncation of TRMT11, 
which is a tRNA methyltransferase [32, 33]. Thus, the 
fusion event is equivalent to the structural deletion of both 
TRMT11 and GRIK2 genes. The deletion of TRMT11 
reduces the stability of tRNA and may therefore adversely 
impact the protein translation of cancer cells, while the 
loss of GRIK2 may promote the growth of cancer cells. 
All these gene fusion events may play important roles in 
the development of human liver cancer.

The abnormal chromosomal recombination that 
generates these fusion genes is cancer-specific and is 
absent in normal tissues [8]. The frequent presence of 
these fusion transcripts in the serum samples of HCC 

Table 3: Fusion gene detection in serum versus matched HCC tissue

Case No. MAN2A1-
FER

TRMT11-
GRIK2

MTOR-
TP53BP1

CCNH-
C5orf30

KDM4B-
AC011523.2

SLC45A2-
AMACR

TMEM135-
CCDC67

LRRC59-
FLJ60017

2274

HCC tissue + + - + - + - -

Serum + - - - - + - -

2298

HCC tissue + + - + - + - -

Serum + - - - - + - -

2209

HCC tissue + + - + - - - +

Serum - - - - - - - -

2128

HCC tissue + + + + - + - +

Serum - - - - - - - -

2218

HCC tissue + + - + - - - -

Serum + - - - - - - -

2172

HCC tissue + + - + + + - +

Serum + - - - - - - -
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patients suggests that these RNAs are derived from 
liver cancer cells. Three lines of evidence support the 
hypothesis that the fusion RNA fragments detected in the 
serum are shed from liver cancer cells. First, the pattern 
of fusion transcript distribution in the serum completely 
overlaps that of the corresponding liver cancer samples, 
i.e., there is no fusion transcript that is positive in the 
serum but negative in the matched liver cancer sample. 
Second, all serum samples from healthy individuals are 
negative for these fusion transcripts. Normal individuals 
do not produce these fusion genes. Third, the normalized 
quantities of the detected fusion transcripts in the serum 
are generally 4- to 16-fold lower than those detected in the 
corresponding HCC samples, suggesting the shedding of 
RNAs from a fraction of cancer cells.

Early detection of HCC is probably the most 
effective way to reduce the mortality of the disease, due 
to the availability of many effective surgical treatments. 
Unfortunately, at the time of diagnosis, the HCCs of 
many patients are at the advanced stages, eliminating 
many options for curing the disease [4]. Currently, the 
primary means of diagnosing HCC relies on radiology 
imaging of liver cancers. The screening of HCC for 
patients with cirrhosis and chronic liver diseases involves 
biannual ultrasonography [4]. This screening method may 
be combined with a seral test for α-fetoprotein or other 
imaging analyses, such as MRI, CT and contrast-enhanced 
ultrasound, if a suspicious nodule appears. The presence 
of fusion transcripts from HCC cancer cells in the serum 
may represent a new approach for detecting liver cancer. 
Since the test is minimally invasive, it can be employed 
regularly in conjunction with ultrasound screening for 
patients with chronic liver disease or cirrhosis. When a 
suspicious nodule is detected, the presence of a fusion 
transcript may help to confirm the diagnosis. All 14 
healthy individuals negative for the fusion transcript had 
no known liver disease and were cancer-free. The high 
frequency of fusion genes in liver cancer implies that 
gene fusion in the cancer genome is an early event for 
liver cancer development. It is of interest to investigate 
whether these fusion genes are also present in some of the 
HCC precursor lesions such as NASH. So far, the fusion 
transcripts appear cancer-specific. The serum detection 
of these fusion genes may provide a sensitive follow-up 
test for patients undergoing surgical resection or liver 
transplant to monitor the recurrence of liver cancer. A new 
therapeutic approach was recently developed to target the 
chromosomal breakpoints of these fusion genes using the 
CRISPR-cas9 gene editing system [34]. This approach 
led to the partial remission of xenografted human liver 
cancers when the animals were treated with reagents 
targeting the breakpoint of the MAN2A1-FER fusion gene 
[34]. As a result, the detection of these fusion genes in 
HCC may have significant therapeutic implications. The 
utilization of cell-free fusion RNA in the circulation as 
tumor markers may provide an important means for early 

detection, follow-up and therapeutic guidance for the 
management of HCC patients.

MATERIALS AND METHODS

Tissue samples

The 124 tissue specimens and serum samples used 
in this study consisted of 6 hepatocellular carcinoma 
samples from HCC patients, 104 serum samples 
from HCC patients and 14 serum samples from non-
cancerous patients. These samples were obtained from 
the University of Pittsburgh Tissue Bank in compliance 
with institutional regulatory guidelines. The informed 
consent exemptions and protocol were approved by the 
Institution Review Board of the University of Pittsburgh. 
All serum samples and hepatocellular carcinoma 
samples were fresh-frozen and stored at -80°C. Some 
cases have multiple etiologies, pathological features, 
and backgrounds. They were classified multiple times. 
When statistical analyses were performed, however, the 
duplication was excluded from the analyses. HCC cases 
that do not contain the specific clinical information were 
also excluded from the analyses.

RNA extraction, cDNA synthesis and detection of 
fusion genes

The procedures for RNA extraction, cDNA 
synthesis and the detection of fusion genes were described 
previously [35–49]. Briefly, total RNA was extracted using 
Trizol to lyse the cells in the cancer tissues (Invitrogen, 
CA, USA). First strand cDNA was synthesized using 
~2 µg of RNA from each sample, random hexamers and 
Superscript II™ (Invitrogen, Inc, CA, USA) at 42°C for 2 
hours. One microliter of each cDNA sample was used for 
the TaqMan PCR reactions with 50 heat cycles, as follows: 
94°C for 30 seconds, 61°C for 30 seconds, and 72°C for 
30 seconds. The following primers and probes were used: 
MAN2A1-FER (AGCGCAGTTTGGGATACAGCA/
CTTTAATGTGCCCTTATATACTTCACC; TaqMan  
probe, 5’/56-FAM/TCAGAAAC A/ZEN/GCCTATGAGG 
GAAATT/3IABkFQ/3’), SLC45A2-AMACR (TTGAT 
GTCTGCTCCCATCAGG/CAGCTGGAGTTTCTCCAT 
GAC; TaqMan probe, 5'-/56-FAM/AAGAGGGCA/ZEN/
TGGTAGTGGAGGC/3IABkFQ/-3'), CCNH-C5orf30 
(AAAGTTATTTATCAGAGAGTCTGATGCTG/CTGTT 
CTACTCCAGGTATTTTCATTATATC; TaqMan probe, 
5'-/56-FAM/ACAGGCAAG/ZEN/TTCTGTTCTCTTTC 
AGCA/3IABkFQ/-3'), mTOR-TP53BP1 (TGATAGA 
CCAGTCCCGGGATG / CCACTGACATTCCCAGA 
ACAAG; TaqMan probe, 5'-/56-FAM/ TGTCAGCCT/
ZEN/GTCAGAATCCAAGTCAAG/3IABkFQ/-3'), TRM 
T11-GRIK2 (GCGCTGTCGTGTACCCTTAAC / GAAT 
GCAAGTTCCTCAGCTCC; TaqMan probe, 5'-/56-FAM/ 
CGGAACTCC/ZEN/AGATGCTCCTGCG/3IABkFQ/ 
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-3'), LRRC59-FLJ60017 (GTGACTGCTTGGATG 
AGAAGC / CCCTCCTCTGGTTTGTTGTTG; TaqMan  
probe, 5'-/56-FAM/CAGTGTGCA/ZEN/AACAAGGT 
GACTGGAAG/3IABkFQ/-3'), TMEM135-CCDC67  
(CAGCTGTCATGGAAGTTCAGAC / CCTCATTCT 
TTCCTGCTCAGAG; TaqMan probe, 5'-/56-FAM/
AGTTCCTTT/ZEN/TAAGACTCACCAAGGGCAA/3IA 
BkFQ/-3'), KDM4- AC011523.2 (AGACC 
ACCTTCGCCTGGCAC / TCTCTCTCAGATCCAG 
GCTTG; TaqMan probe, 5'-/56-FAM/ACAGCATCA/ZEN/
ACTACCTGCACTTTGGG/3IABkFQ/-3'), and β-actin  
(ACCCCACTTCTCTCTAAGGAG / GCAATGCTATC 
ACCTCCCCTG; TaqMan probe, 5'-/56-FAM/CCA 
GTCCTC/ZEN/TCCCAAGTCCACAC/3IABkFQ/-3’). 
The PCR reactions were performed in a thermocycler 
(Eppendorf Realplex™ thermocycler). A negative control 
and synthetic positive control were included in each batch 
of reactions. The PCR products were gel-purified and 
Sanger-sequenced for 20% of the positive samples.
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