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Abstract

Inactivation of Pten gene through deletions and mutations leading to excessive pro-growth
signaling pathway activations frequently occurs in cancers. Here, we report a Pten derived pro-
cancer growth gene fusion Pten-NOLC1 originated from a chr10 genome rearrangement and
identified through a transcriptome sequencing analysis of human cancers. Pfen-NOLCI fusion is
present in primary human cancer samples and cancer cell lines from different organs. The product
of Pten-NOLC1 is a nuclear protein that interacts and activates promoters of EGFR, c-MET, and
their signaling molecules. Pten-NOLC1 promotes cancer proliferation, growth, invasion, and
metastasis, and reduces the survival of animals xenografted with Pten-NOLC1-expressing cancer
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cells. Genomic disruption of Pten-NOLCI induces cancer cell death, while genomic integration of
this fusion gene into the liver coupled with somatic Pten deletion produces spontaneous liver
cancers in mice. Our studies indicate that Pfen-NOL C1 gene fusion is a driver for human cancers.

Introduction:

Chromosome rearrangement is one of the critical features of human cancers[1, 2]. This
genome aberration may result in gene fusion by joining the genes far apart in the
chromosome position or different orientations to form a chimeric transcription unit. Most
breakpoints of the gene fusions are located in the introns of the involving genes. The
consequences of gene fusion include gene truncation, chimera protein generation, or
complete elimination of the tail gene product due to frameshift[3]. Some fusion genes are
organ-specific such as BCR-Ab[4], TMPRSS2-ERGI[5], and PAXE-PPARG[6], while others
are widely present across multiple types of human cancers such as MANZ2AI-FER[7]. Many
fusion genes are drivers in human cancer development.

Prten[8, 9] is a tumor suppressor in many human cancers. It dephosphorylates
phosphatidylinositol (3,4,5)-trisphosphate (P1P3)[10, 11] to maintain homeostatic
PI3K/AKT signaling and is a crucial regulator of cell survival and growth[12, 13].
Polyubiquitination of Pten leads to the inactivation of Pten in the cytosol, while
monoubiquitination leads to the nuclear translocation of Pten[14, 15]. In a variety of human
malignancies, Pren deletion and mutation are among the most crucial driver events for
cancer development[16]. NOLC1 is a highly phosphorylated nucleolus coiled protein and a
binding protein for RNA polymerase I[17]. NOLC1 is essential for small nucleolar
riboprotein synthesis[18, 19] and a critical transcription factor for an array of gene
transcriptions[20-23]. Here, we report a novel gene fusion between Ptenand NOLCI. The
gene fusion creates an oncogenic chimera protein with a Pten domain in the N-terminus and
a NOLC1 domain in the C-terminus. Our finding indicates that Pren-NOLC1 promotes
tumorigenesis both /n vitroand in vive.

Results:

The Pten-NOLC1 fusion protein is a product of chromosome 10 rearrangement

Pten-NOLC1 fusion transcripts were identified through transcriptome sequencing analysis of
107 prostate samples (20 organ donor prostate samples, three benign prostate samples from
cancer-adjacent regions, and 84 prostate cancer (PCa) samples) with ultradeep sequencing
coverage (up to 2000x). Among the ninety-six cancer-specific fusion transcripts recognized
by the FusionCatcher algorithm (Supplemental Table 1), the Pren-NOL C1 fusion gene is one
of the six fusion genes validated in our subsequent studies (figure 1 and supplemental
figures 1-2). Pten-NOL C1 results from the fusion of two genes, Pren (10923.3) and NOLC1
(10g24.32), 14.2 Mbp apart in chromosome 10 through chromosomal rearrangement. Pten is
a tumor suppressor that negatively regulates PI3K-AKT activities in the cytoplasm[8] and
complexes with P300 to activate p53 in the nucleus[17, 24, 25]. NOLC1 is a nucleolar and
coiled-body phosphoprotein promoting nucleolar organogenesis[24].
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The predicted translation product of Pfen-NOLC1 fusion transcript is a Pten chimeric
protein: A truncated NOLC1 sequence (aa 41-699) containing its most functional domains
and nuclear localization signals replaces the 62 amino acids of Pten C2 domain at the C-
terminus. To validate the results from transcriptome sequencing, we performed Tagman gqRT-
PCR and Sanger sequencing analysis of the PCR product from samples positive for Pten-
NOL C1 and found the juncture sequences of Pten-NOLC1 fusion transcripts in these
samples (figure 1A).

To determine whether Pten-NOLC1 is a transcriptional product of a rearranged genome, we
performed the FISH analysis to examine whether the recombination of Pfenand NOLCI
genes was present in the chromosome 10 of PCa samples positive for Pren-NOL C1 fusion
transcripts. As shown in figure 1B, the probes corresponding to the 5’ end of Pfengene
(Spectrum Orange) and 3’ end of NOLCZI (Spectrum Green) hybridized to the PCa cells,
producing overlapping hybridization signals (yellowish), indicating that these two genes,
Prenand NOLC1, were fused. Independent NOLC1 signals (green) were visible in the same
cancer cells, while wild-type Ptensignals (red) were absent. In the normal organ donor
prostate tissue, two distinct pairs of separate signals for Pternnand NOLCI1 were both visible.
The coexistence of Pren-NOLCI1 genomic recombination and hemizygous Pfen deletion in
the cancer genome suggests a complete functional loss of both alleles of Pfenin this cancer
sample.

To identify the genomic breakpoint of Pten-NOLC1, we performed a series of long-
extension PCRs on genomic DNA from the PCa sample using primers corresponding to the
genomic sequences flanking the fusion juncture (see the Methods section). As shown in
figure 1C, sequence analysis of the PCR product yielded the sequence of the chromosomal
breakpoint of Pten-NOLC1, located at a region between intron 8 of Pfenand intron 1 of
NOLCI1. The breakpoint contains an 8 bp (TAGCTGGG) overlapping sequence shared by
Prenand NOLCZ introns. The human cancer cell lines, including LNCaP, DU145, H1299,
VCaP, HEP3B, MCF7, and PC3, showed the same breakpoint, although these cells were the
malignancies from different organs and had dfferent biological features. The results suggest
a common mechanism underlying Pten-NOLC1 gene recombination in human cancers.

Pten-NOLCL1 fusion is prevalent in human malignancies

To investigate whether human cancers frequently express Pfen-NOL C1 fusion gene, we
performed TagMan RT-PCR analyses of Pten-NOLC1 fusion on 26 human cancer cell lines
using fusion juncture-spanning primers and probes. Unexpectedly, we found Pten-NOLC1
fusion signals in all analyzed cancer cell lines (figure 2A and supplemental figure 3A),
including PCa (PC3, DU145, LNCaP, and VVCaP), lung cancer (H358, H1299, H522 and
H23), breast cancer (MDA-MB231, VACC3133, MDA-MB330, MCF7), liver cancer
(HUH7, HEP3B, SNU449, SNU475, SNU375, SNU182, and HEPG2), glioblastoma
(A-172, LN229, T98G, U138, and U118), and colon cancer (HCT8 and HCT15) cell lines
but not in 20 normal prostate samples from organ donors and 10 matched post-surgery blood
samples of patients with PCa (supplemental figure 3B). We further analyzed the existence of
Pten-NOLC1 in primary human cancers by Tagman qRT-PCR screening on 1030 samples of
different types of human tumor tissues obtained from six institutes (UPMC, Stanford
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University, University of Wisconsin, University of lowa, Northwestern University and
University of Kansas). The results of TagMan RT-PCR and Sanger sequencing analyses in
figure 2B indicate that Pfen-NOL C1 expression was present in 70-85% of these cancer
samples: 70.1% (337 of 481) of PCa, 83% (50 of 60) of breast cancer, 75% (45 of 60) of
colon cancer, 83% (127 of 153) of glioblastoma multiforme (GBM), 82.9% (58 of 70) of
liver cancer, 75.2% (109 of 145) of non-small cell lung cancer (NSCLC), 70.5% (43 of 61)
of ovarian cancer and 85% (29 of 34) of esophageal adenocarcinoma samples (figure 2B,
Supplemental figure 4 and Supplemental tables 2-9). The FISH analyses were performed on
22 human cancer cell lines and 12 cases of primary human cancers, including NSCLC,
HCC, breast cancer and ovarian cancer, all known to be positive for Pten-NOLCI fusion
transcript. The results confirmed the chromosome rearrangement in Pten/NOLC1 regions of
chromosome 10 (Supplemental figure 5).

Northern hybridization revealed a 5.6 Kb transcript from H1299 cells hybridized to both
probes corresponding to Ptenand NOLCI (supplemental figure 6A). To investigate the full-
length coding sequence of the Pten-NOLC1 transcript, we performed a series of nested
PCRs with primers spanning the junction at different locations on the fusion. We identified
Pren-NOLC1 cDNA fragments of various lengths in Dul45 cells via reverse transcription
using a primer specific for the 3’ end of NOLCZ (Supplemental figure 6B). The sequence
alignments of these PCR fragments predicted the presence of the 3.1 kb full-length coding
sequence of Pten-NOLC1I in the cancer cells. We subsequently examined whether the Pten-
NOLC1 chimeric protein was present in the cancer cell lines and primary cancer samples by
Western blot (WB) analysis using antibodies specific for Pten (aa 3-29) or NOLC1 (aa
620-699). The Pten-NOLCL1 chimeric protein contains epitopes recognizable by both the
anti-NOLC1 and anti-Pten antibodies, while wild-type Pten and NOLC1 proteins contain
only one of the two epitopes. As shown in figure 2C-D and supplemental figure 7, a 110
kDa protein band, in addition to the Pten band, was present in the immunaoblots of 25 cell
lines, including H522, HUH7, PC3, DU145, and A-172 and PCa tissues detected with the
Pten-specific antibody. However, this 110 kDa band was not present in the immunoblots of
samples with a Pten-specific antibody (aa 388-400) against the C-terminal epitope
(Supplemental figure 8A). In addition, this band was absent in organ donor prostate samples
and non-cancer cell lines (figure 2D and supplemental figure 7). With the antibody specific
for NOLC1 epitope, a similar 110 kDa protein band was found in these cancer cell lines and
PCa tissues, in addition to the 130 kDa NOLC1 protein band, while no such band was
detected in the normal prostate organ donor samples. To verify Pten-NOLC1 fusion found
by Western blot analysis, we performed immunoprecipitation on the protein extract from
Du145 cells using the Pten-specific antibody and immunoblotted the immunoprecipitate
with an antibody specific for NOLC1. As shown in figure 2E, the anti-NOLC1 antibody
recognized a protein band of the same size as the 110 kDa band found in the Western blot.
Conversely, Pten antibody recognized the similar 110 kDa band from the immunoprecipitate
of NOLC1 antibody, which was confirmed to contain NOLC1 and Pten peptides by Mass
Spectrometry analysis. Furthermore, the 110 kDa protein band was absent in the Pten-

NOL C1 gene knockout cells (figure 2F) and in the Pten-NOL CI knockout clone rescued
with APtend1-342 or ANOL C12241-699 (Sypplemental figure 8B) but reappeared in the clone
rescued with Pten-NOL C1-3xflag. Taken together, we concluded that the 110 kDa protein
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recognized by both the anti-Pten and anti-NOLC1 antibodies was a Pfen-NOLCI gene
product.

Pten-NOLCL1 is localized in the nucleus

Pten functions in both the cytosol and nucleus, while NOLC1 is an exclusively nucleolar
protein. To examine whether Pten-NOLCL is localized in any of these locations, we
performed immunostaining on NIH3T cells expressing p CONA4-Pten-NOL C1-FLAG with
an antibody specific for FLAG (Supplemental figure 8C). As shown in figure 3A, the Pten-
NOLC1-FLAG signal was localized exclusively in the nuclei, similar to the NOLCL1 signal,
in contrast to the diffuse Pten distribution signal. To directly visualize the distribution of
Pten-NOLC1 and the impact of Pten or NOLC1 domains on the subcellular localization of
Pten-NOLC1, we transfected the vectors into PC3 cells to express Pten-NOLC1-EGFP,
Pten-NOLC1-mCherry or APten@1-342.EGFP, or ANOLC1241-699_mCherry fluorescent
chimeric proteins (Supplemental figure 8C). As shown in figure 3B, the Pten-NOLC1-EGFP
signal was localized exclusively in the nuclei and nucleolus of PC3 cells (upper right in
figure 3B), similar to the Pten-NOLC1-mCherry signal (the nuclear signals are referenced to
the cytoplasmic staining of F-actin by Alexa Fluor 488®-phalloidin, lower right). The
APten1-342_EGFP signal was again diffused throughout the cytoplasm (upper left), in
contrast to the DAPI signal from nuclear staining (lower left). The ANOLC18241-699_
mCherry signal was localized in the nucleus, as referenced to the cytoplasmic F-actin signal
(lower middle). Collectively, these results indicate that Pten-NOLC1 and ANOL C12341-699
exhibited very similar exclusively nuclear localization, while APten21-342 exhibited mostly
cytosolic but occasional nuclear localization in mitotic cells (figure 3B, 2" panel from the
left).

To verify the presence of nuclear Pten-NOLC1, we fractionated lysates of DU145 cells to
examine whether the protein represented by the 110 kDa protein band identified in the
cancer cells was localized in the nuclear fraction. As shown in figure 3C, the cytoplasmic
fraction produced a 50 kDa band of Pten detected with a Pten-specific antibody (aa 3-29),
and the nuclear fraction/nucleolus fraction, produced a 110 kDa band detected with the same
Pten-specific antibody. Immunoblotting with the NOLC1-specific antibody revealed a 110
kDa Pten-NOLCL1 band in addition to a 130 kDa NOLC1 protein band found exclusively in
the nuclear fraction. Truncation of Pten (APten@1-342. F|_AG) or NOLC1 (ANOLC18241-699.
FLAG) did not impact their subcellular localization (Supplemental figure 8D). Collectively,
these results demonstrate that the Pten-NOLC1 fusion protein is a 110 kDa nuclear protein
immunoreactive with antibodies specific for either Pten (aa 3-29) or NOLCL1 (aa 620-699).
In addition, nucleolar fractionation and immunostaining showed that significant amount of
Pten-NOLCL is present in nucleolus of DU145 cells (Supplemental figure 9A and B).

Pten-NOLC1 promotes cancer growth and proliferation and increases tumor survival

Pten-NOLC1 has weak to moderate expression in many cancers of different origins and
lacks phospholipid phosphatase activity (see Figure 3D, supplemental figure 10A—C and
supplemental results and discussion). To investigate whether Pten-NOLC1 expression was
imperative to cancer survival and growth, we knocked out Pten-NOLC1 in DU145, MCF7,
and H1299 cells using the CRISPR/Cas9P10A genome editing method [7, 26, 27] by an
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inserting a promoterless zeocin-mCherry cDNA sequence into the breakpoint region of Pten-
NOLCI (figure 4A). TagMan RT-PCR analysis of these knockout clones revealed that the
expression of Pten-NOLC1 was disrupted (figure 4B and supplemental figure 11), and the
110 kDa Pten-NOLC1 band was not visible in the Western blot analysis with antibodies
specific for either Pten or NOLC1 (figure 4C). The Pten-NOLC1 knockout cell grew
significantly slower than their corresponding parental controls, producing 8- to 13-fold
fewer colonies for DU145 cells (p<0.05), 2.4-fold fewer colonies for MCF7 cells (p<0.05),
and 4.5-fold fewer colonies for H1299 cells (p<0.05) (figure 4D). Regaining the Pten-
NOLC1 expression by transfection of pCMV-Pten-NOLC1-FL AG, Pten-NOLC1 knockout
clones of DU145 and MCF7 were partially reinvigorated: forming colonies significantly
more than DKO1 and MKOL1 cells (figure 4D). Neither DKO1+ APten21-342 (the clone
rescued with truncated Pten) nor DKO1+ ANOL C13341-699 (the clone rescued with truncated
NOLC1) cells showed significantly increased colony formation (Supplemental figure 12A)
compared with that of the corresponding controls. Forced expression of Pten-NOLCL1 in
NIH3T3 and PC3 cells increased the colony numbers by 2.83-fold for NIH3T3 cells and 2.8-
fold for PC3 cells, respectively (Supplemental figure 12B).

To test whether the slow growth of Pten-NOL C1 knockout clones was the result of the
slower proliferation of these cells, we performed BrdU cell cycle analyses. As shown in
figure 4E, the percentage of the cell populations entering S phase decreased from 23.3%
(DU145) to 13% (p<0.05) for DKOL1 clones with Pfen-NOLC1 disruption and to 8%
(p<0.05) for DKO2 clones. A similar delay in S phase entry, indicated by a reduction in the
percentage of S-phase cells from 23% to 15% (p<0.05), was observed in a knockout clone of
MCF7 (MKOL1), and a decrease from 17% to 7% was observed in an H1299 knockout clone
(HKO5). Forced expression of Pten-NOLC1 in NIH3T3 and PC3 cells (Supplemental figure
13A) resulted in an early S phase entry, as evidenced by the increase in the percentage of S-
phase cells from 7% to 26% for NIH3T3 cells (p<0.05) and from 9% to 32% for PC3 cells
(p<0.05).

To examine whether Pten-NOLC1 was crucial for cell viability, we performed UV-induced
cell death analyses in DU145 and MCF7 and the corresponding Pfen-NOL C1 knockout
cells. As shown in figure 4F, 76% of DKO1 cells died when treated with UV irradiation
(200MJ) (p<0.05) versus 51% of parental cells, suggesting that the presence of Pten-NOLC1
increases the resistance of cells to damage caused by UV radiation. Without Pten-NOLC1,
cell vulnerability to UV radiation increased, resulting in a decrease in the ED50 from 191
MJ to 103 MJ for DU145 cells and from 224 MJ to 127 MJ for MCF7 cells (Supplemental
figure 13B).

We next examined whether Pten-NOLC1 was essential to the aggressiveness of cancer cells
by analyzing the migration and invasion of these cells in Matrigel invasion chambers. As
shown in figure 4G, without Pten-NOLC1, the invasion index in the tumor cells reduced by
3.8- and 4-fold for DKO1 and DKO2 cells and by 4-fold HKO5 cells, respectively. Similarly,
xenografts of DU145 or H1299 cells and their knockout counterparts in SCID mice showed
divergent growth patterns. DU145 tumors overgrew, reaching a tumor volume of 6.3 cm3 in
the sixth week (figure 4H), while DU145 tumors with Pren-NOL C1 knockout were an
average of three times smaller. Most of the mice with DU145 tumors had abdominal,
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vertebral, and renal metastatic lesions, while metastasis occurred in only one of the knockout
groups (figure 41). Eighty percent of animals with DU145 tumors died in 7 weeks, while all
animals with DKO1 and DKO2 tumors survived through the same period. H1299 xenografts
in SCID mice had a 4-week delay before developing into visible tumors. However, the tumor
xenografts then began to grow rapidly. Similar to DU145 tumors, wild-type H1299 tumors
grew much faster than Pren-NOL C1 knockout HKOS5 tumors. No mice with either H1299 or
HKOS5 tumors died over the seven weeks, but the average size of the H1299 tumors was four
times larger (>4-fold, p<0.001, Supplemental figure 14A) than that of the HKO5 tumors.
H1299 tumors metastasized to the abdominal cavity, muscles, and vertebrae, while none of
the seven HKO5 tumors metastasized (p<0.001, Supplemental figure 14A). When Pten-
NOLC1 expression was restored in DKO1 cells by pCMV-Pten-NOLC1-FLAG transfection,
the xenografted DKO1+Pten-NOLC1-FLAG tumors recovered the growth and
aggressiveness of the DU145 tumors (figure 4H). Cancer metastasis occurred in all (7/7)
animals with DKO1+Pten-NOLC1 xenograft tumors (figure 41). DKOL1 cells rescued with
the truncated Pten (DKO1+ APten31-342 or truncated NOLC1 (DKO1+ ANOLC13241-699)
generated tumors with sizes similar to those of the DKO1 tumors (figure 4H). However,
animals xenografted with DKO1+ APten@1-342 cells had some metastases. Mice xenografted
with DKO1+Pten-NOLC1 cells, and the corresponding parental DU145 cells had similar
mortality rates, significantly higher than those of mice xenografted with DKO1,
DKO1+APtend1-342 or DKO1+ANOLC12341-699 cel|s (figure 4J and Supplemental figure
14B). MCF7 cells failed to migrate through the Matrigel and to develop tumors in SCID
mice. In summary, all xenograft tumors consistently lost their robust growth when Pren-
NOL C1was knocked out in the cancer cells, and only regain their aggressiveness after the
re-introduction of Pten-NOLC1 expression, suggesting that Pten-NOLC1 is a crucial factor
in cancer aggressiveness.

Pten-NOLC1 regulates the gene expressions of c-MET, GAB1, and EGFR

NOLCL1 is a cofactor of RNA polymerase 1[17] and also a cotranscription factor[20, 28]. To
elucidate the mechanism of Pten-NOLC1 in promoting cell growth, we examined whether
Pten-NOLC1 regulates gene transcription by exploring the DNA elements that Pten-NOLC1
may interact. We performed a series of chromatin immunoprecipitations (ChlIPs) on Pten-
NOLC1 knockout cells and their wild-type counterparts with antibodies specific for NOLC1,
Pten, and the FLAG tag. DNA fragments in the immunocomplex were extracted and
sequenced on an Illumina HiSeq system (ChIP-seq). As shown in figure 5A and
supplemental figure 15, 6179 DNA fragment peak events were detected in DU145 cells
using an antibody specific for NOLCL1, and 2868 peak events were detected in the two Pten-
NOL C1 knockout clones. Similar results were obtained in MCF7 cells: 4347 total peaks in
MCF7 cells and 1196 peaks in MKO1 and MKO2 cells. The presence of Pten-NOLC1 is
responsible for 2.2- to 3.6-fold increase of DNA targets, obtained through subtraction
analysis. To verify whether these DNA binding events are the direct result of Pten-NOLC1
fusion, we forced Pten-NOLC1 expression in PC3 and RWPE1 cells and found a large
number of DNA peaks in the ChlP-seq analysis of these cells reacted with an anti-FLAG
antibody. Many peaks overlapped with those found in DU145 and MCF7 cells. The TagMan
gPCR results validated the alignment of the DNA elements (figure 5B) with the gene
promoter/enhancer regions of MET, EGFR, RAF1, AXL, GABI, and VEGFA
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(Supplemental figures 16 and 17). Pathway analysis of these Pten-NOL CI-associated DNA
fragments suggested that these gene products are among the most enriched molecules in the
‘HGF signaling’ and ‘mechanism of cancer’ pathways (Supplemental Tables 10-12).

To determine whether the loss of Pten-NOLC1 alters the expression of these genes, we
performed Affymetrix gene expression microarray assays on DU145, DKO1, and DKO2
cells. We found that more than 500 gene transcripts were downregulated in both DKO1 and
DKO2 clones compared with their expression levels in the parental DU145 cells. Among
these genes, MET was downregulated by 2.8-6.0-fold, EGFR by 1.4-1.41-fold, GABI by
1.8-1.9-fold, AXL by 1.8-2.3-fold, and VEGFA by 1.5-1.6-fold (figure 5C). The TagMan
RT-PCR assays validated the down-regulation of these genes. Compared with wild-type
MCF7 cells, MCF7 cells with Pten-NOLC1 knockout exhibited similar downregulation of
these genes. Western blot analysis revealed a significant reduction of MET, EGFR, RAF1,
and GABL1 expression and very low levels of EGFR, MET, RAF1, and STAT3
phosphorylation in DKO1, and MKOL1 cells (figure 5D and supplemental table 13).
Interestingly, Pten-NOLC1 knockout also significantly reduced the expression of MDM2, a
transcription target of wild type NOLC1, suggesting that Pten-NOLC1 fusion protein may
retain significant transcription activity of NOLCL1. The re-introduction of Pren-NOLC1-
FLAG into DKOL1 cells led to the reappearance of MET, EGFR, and MDMZ2 in these cells
(figure 5E and supplemental table 13). Taken together, the findings from the ChIP-Seq/
microarray and immunoblot analyses suggest that the expression of these ECM, MET, and
EGFR signaling molecules involved in cell growth, proliferation, and motility are mainly
dependent on the presence of Pten-NOLC1 (figure 5F). Disruption of Pten-NOLC1
expression in 9 different cancer cell lines, including the DU145, HUH7, HEP3B, MCF7,
MB231, and H1299 cell lines, resulted in substantial cell death (Supplemental figure 18 and
table 1) but did not impact the Pfen-NOL CI-negative NIH3T3 cells. Loss of Pten-NOLC1
also showed decreased sensitivity of DU145 cells to the inhibition of a specific EGFR
inhibitor (see supplemental results for detail). These results suggest that many cancer cells
may addict to Pten-NOLC1 for survival.

Pten-NOLCL1 fusion induces hepatocellular carcinomain mice

Chromosomal recombination between Prenand NOLCI results in the concomitant loss of
the tumor suppressor gene Prenand the generation of Pten-NOLCI fusion gene. Some
cancers that are positive for Pten-NOLC1 have complete loss of Pten (figure 1B and
supplemental table 14). To determine whether this single genetic event is sufficient to
generate cancer in mammals, we somatically knocked out Pten in the liver of
C57BIloxp-Pten-loxp mice via intraperitoneal injection of AAV8-cre followed by
hydrodynamic tail vein injection of pT3-Pten-NOLCI-mCherry and pSB (figure 6A). Within
18 weeks, six of the seven mice developed hepatocellular carcinoma (Supplemental table
15), showing distinctive tumor nodules in the liver (figure 6B—C). One mouse developed
cancer metastasis in the peritoneal cavity. Three animals exhibited the accumulation of
ascites. However, none of the control mice with somatic Pfern knockout and pT3/pSB
injection developed tumors during the same period. The tumor cells had large nucleoli and
contained significant fat accumulation in the cytoplasm. Besides, the tumor cells displayed a
high frequency of Ki-67 staining, an increase of 4.6-fold relative to that in noncancerous
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cells (figure 6D). Immunoblot analyses showed that the Pten-NOLC1-mCherry protein was
expressed in all cancer samples but was very weak in the liver tissues of mice treated with
pT3/pSB and AAV8-cre (figure 6E and supplemental figure 19). All tumor tissues, including
the metastatic cancer sample, exhibited upregulation of MET and GABL. Overall, the results
indicate that a single Pten-NOLCI fusion event may transform the hepatocytes to the
development of spontaneous liver cancer.

Discussion:

Pten deletion and mutation are common drivers in human cancers. Here, we report a Pten-
derived fusion molecule that functionally promotes cancer cell proliferation and
transformation.

Pten-NOLC1-mediated cancer transformation may directly result from the DNA binding and
transcriptional activities of the fusion molecule. Our analyses showed that Pten-NOLC1
protein enhanced the expression of several pro-growth signalings, including MET, EGFR,
STAT3, GAB1, and RAF1. We found no impacts of Pten-NOLC1 on AKT expression/
activation, but Pren-NOL C1 expression is crucial for cell survival (details in supplemental
results and discussion, supplemental figures 20-21, supplemental table 16). As Pten-NOLCI
knockout cancer cells with MET downregulation exhibit low viability and are not resistant to
UV- irradiation-induced cell death. Upregulation of the MET pathway by Pten-NOLC1 in
the cancer cell line may contribute to the cell resistance to the death signals since the MET-
FAS interaction on the membrane that suppresses FAS cell death signaling[29]. The cancer
genomes often have a hemizygous Pren deletion along with Pten-NOLC1 genome
rearrangement (Supplemental results/discussion, supplemental figure 22 and supplemental
table 17), resulting in the cancer cells devoid of Pten activity to deactivate PI(3,4,5)P3 in
PI3K/Akt signaling. As a result, the cancers are devoid of functional Pten protein, since
Pten-NOLC1 is negative for phospholipid phosphatase activity and translocated to the
nucleus. These cancers may have over-activated PI3K/Akt signaling due to the lack of
deactivation of PIP3(3,4,5). To our knowledge, this report is the first to identify a Pten-
derived fusion and to characterize Pten-NOLC1 fusion in human cancers. The strategies of
random priming in library preparation and the extra-depth coverage (2000x) may be
advantageous in detection of 5’ end fusion such as Pten-NOLCL (see details in supplemental
discussion, supplemental figure 23).

The activations of multiple pro-growth signalings, including EGFR by Pten-NOLC1, may
contribute to the increased growth rate, resistance to cell death, and transformation of cancer
cells. It is still unclear how much each pathway contributes to the cancer phenotype. It
appears that each of these pathways may have overlapped and unique roles in generating the
cancer cell transformation. The redundancy of the multiple pro-growth signalings promoted
by Pten-NOLC1 fusion may reflect a complex signaling mechanism to sustain the cancer
phenotype.

The discovery of Pten-NOLC1 fusion in human cancers has significant clinical implications.
Pten-NOLC1 transcriptionally activates MET, EGFR, and other pro-growth signaling
molecules. Targeting Pten-NOLCI fusion could be an effective cancer treatment. We
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recently developed a genome therapy strategy specifically targeting the chromosomal
breakpoint of fusion via the CRISPR/Cas9 system[30]. Indeed, this treatment achieved
partial remission of fusion-positive xenograft tumors in animals. The mechanism of
chromosome rearrangement that leads to Pfen-NOLC1 fusion is still unclear. The breakpoint
of Pten-NOLC1 in primary cancer samples or cancer cell lines of different organ origins
appears identical. The identical genome breakpoint of Pfen-NOLC1 will give significant
ease for genome targeting. Pten-NOLC1 fusion gene may provide an important target for
cancer treatment.

Methods:

Tissues and cell lines:

Human samples were obtained in accordance with the guidelines approved by the
institutional review boards of the respective institutes. For more information, please see
Methods online.

RNA extraction, cDNA synthesis, and TagMan RT-PCR.

The procedures were previously described[31-36] and were detailed in Methods online.

Detection of the genomic breakpoint of the Pten-NOLC1 genomic rearrangeme.

Please see Methods online and supplemental table 18 for detail.

Disruption of Pten-NOLC1 via CRISPR/Cas9 genome editing.

The procedure was described in Methods online.

Northern blotting.

The procedure was described in Methods online.

Vectors.

Vectors constructions of pPten-NOLC1-FLAG, pT3-EFla-Pten-NOLC1, and pGST-Pten-
NOLC1 were described in Methods online.

Colony formation and BrdU cell cycle assays.

DU145, MCF7, and H1299 cells or their Pten-NOL C1 knockout counterparts were analyzed
as described in Methods online.

MTT cell proliferation assay.

DU145, MCF7, and their Pten-NOLC1 knockout and rescued counterparts were used with
EGFR and MET inhibitors as described in Methods online.

UV-induced cell death FACS assay.

Dul145, dKO1, dKO2, MCF7 or mKO1 cells were irradiated with UV and quantified as
described in Methods online.

Oncogene. Author manuscript; available in PMC 2021 June 15.
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Cell death FACS assay of Pten-NOLC1 knockout cells.

The procedure was described in Methods online.

Wound-healing and matrigel traverse assays.

The procedures were described in Methods online.

Animal cancer models:

The procedure was described in Methods online.

ChlIP-sequencing analysis.

ChlIP-sequencing analyses of DU145, MCF7 and their corresponding Pten-NOLC1
knockout counterparts were described in Methods online and supplemental table 19.

Transcriptome sequencing.

Transcriptome sequencing process of PCa, benign prostate tissue adjacent-to-cancer, and
prostate organ donor samples were described in Methods online.

Bioinformatic analyses

Fusion transcript detection and TCGA SNP 6.0 data analyses were described in Methods
online.

FISH.
The procedures[37-40] were described Methods online.

P1(3,4,5)P3 phosphatase activity.

The procedures of Pten-NOLC1 and Pten phosphatase assay were described in Methods
online.

Nuclear and Nucleolar fractionation.

The procedures of subcellular fractionation were described in Methods online.

Immunoblotting, Immunostaining, immunofluorescence staining and immunoprecipitation.

The antibodies and procedures were described in Methods online.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Pten-NOLC1 fusion.
(A) Schema of Pren-NOLC1 fusion. Top: Simplified diagrams of the Ptenand NOLC1

genomes. The transcription direction, the distance between the fused genes and the fusion
direction are indicated. Middle: Representative sequence chromatogram of the fusion
transcript with the fusion sequences indicated. Bottom: Diagram of the predicted translation
product of the Pten-NOL C1 fusion transcript. Blue-head gene domain; Red-tail gene
domain. (B) Fluorescence in situ hybridization (FISH) indicates genomic recombination in
PCa cells. Top: Schema of Ptenand NOLCI genomic recombination and the positions of the
FISH probe. Bottom: Representative FISH images for normal prostate epithelial cells
(DO12) and cancer cells positive for the Pren-NOL C1 fusion gene: orange-probe 1; Green-
probe 2; Green arrows-fusion signals. (C) Genomic breakpoint analysis of Pten-NOLC1
fusion. Schema of Pten and NOLC1 genome joining and representative sequence
chromatogram is shown.
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Figure 2. Pten-NOLC1 fusion in human cancers.
(A) Pten-NOLC1 was found in 26 human cancer cell lines but not in healthy prostate donor

samples by TagMan gRT-PCR. All positive samples were confirmed by Sanger sequencing.
(B) Detection frequency of Pten-NOLC1 in primary human tumor samples. The numbers of
samples are indicated. Twenty-five percent positive samples were confirmed by Sanger’s
sequencing. (C) Diagram of the functional domains of the Pten and NOLC1 proteins as well
as the Pten-NOLC1 fusion protein. The arrows indicate the truncation sites. NLS - nuclear
signal sequences; SRP40 - domain homologous to the C-terminus of the S. cerevisiae SRP40
protein; snoRNA binding - binding site for small nucleolar RNA; T - serine-rich sequence
homologous to the HSV1 transcription factor ICP4. (D) Detection of Pten-NOLC1 by
immunoblotting with antibodies specific for Pten (upper panel), NOLC1 (middle panel) and
B-actin in prostate cancers (PC1T, PC2T, PC4T, and PC9T), prostate organ donors (DO12
and DO17) and human cancer cell lines (lanes 7-11). PNOL denotes Pten-NOLC1. (E)
Immunoprecipitation and immunoblotting to identify the Pten-NOLCL1 protein in DU145
cells. Top: Protein lysates from DU145 cells were immunoprecipitated with Pten antibody
and immunoblotted with NOLC1 antibody. Immunoprecipitation with nonspecific IgG was
used as the negative control. Bottom: Protein lysates from DU145 cells were
immunoprecipitated with NOLC1 antibody and immunoblotted with Pten antibody.
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Nonspecific 1IgG immunoprecipitation is the negative control. (F) Identification of Pten-
NOLCL1 in DU145 cells and derivative cell lines. Protein lysates from DU145 cells (lane 1),
DU145 with Pten-NOLC1 disruption (DKO1, lane 2), and Pten-NOLC-FLAG-rescued KO1
cells (lane 3; DKO1+PNOL) were immunoblotted with FLAG (top) or Pten (middle)
antibody. Lysate immunoblotted with GAPDH antibody was used as the normalization
control (bottom). PNOL denotes the Pten-NOLC1 protein.
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Figure 3. Pten-NOL C1 islocalized in the nucleus and lacks Pl P3 phosphatase activity.
(A) Immunostaining of NIH3T3 cells with antibodies specific for Pten (left, FITC), NOLC1

(middle, Cy5) or FLAG (Pten-NOLC1-FLAG) (right, Cy5). (B) Fluorescent chimera
proteins of APtend1-342 pten-NOLC1 and ANOLC12241-699 Upper panel: Live cell imaging
of PC3 cells transfected with pAPter?@1-542_EGFP (left), pANOL C1C3341-699_mCherry
(middle) and pPten-NOL C1-EGFP (right). Lower panel: Confocal images of PC3 cells
transfected with pAPter?31-342_EGFP and co-stained with DAPI to identify nuclei (left), or
with pANOL C1C2a41-699-mCherry and co-stained with DAPI and actin-phalloidin green
(APG, middle), or with pPten-NOLC1- mCherry and co-stained with DAPI and APG (right).
(C) Immunoblotting of Du145 cellular fractions. Antibodies specific for Pten, NOLC1, and
FLAG detected Pten-NOLC1 (110 kd) in the nuclear (25% of total nuclear fraction loaded)
or cytoplasmic fraction (10% of total cytosolic fraction from 5x10° cells loaded). GAPDH
and Histone 3 antibodies were used to assess the purity of the fractions. (D) Pten-NOLC1
lacks Pten phosphatase activity /in vitro. Upper: The PIP3 phosphatase activity of purified
GST, GST-Pten-NOLC1 (GST-PNOL), GST-Pten, GST-APten?1-342 (GST-APten), and GST-
ANOL C123241-699 (GST-ANOLC1) proteins. Lower: immunopurified Pten from NIH3T3
(NIH3T3 IP) or 1gG control, immunopurified Pten-FLAG from Pten-FLAG transformed
DU145 (Pten-FLAG DU145 IP) using FLAG antibody, immunoprecipitates from DU145
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(DU145 IP) using Pten Ab, immunopurified APten-FLAG from APtend1-342.F| AG
transformed DU145 cells (APten-FLAG Dul45 IP) using FLAG antibody, immunopurified
Pten-NOLC1-FLAG from Pten-NOLC1-FLAG transformed PC3 cells (PNOL-FLAG-PC3
IP) using FLAG antibody, immunopurified Pten-NOLC1-mCherry from Pten-NOLC1-
mCherry transformed PC3 cells (PNOL-mCherry-PC3 IP) using Pten antibody,
immunopurified Pten-NOLC1-mCherry from Pten-NOLC1-mCherry transformed PC3 cells
(PNOL-mCherry-PC3 IP) using NOLC1 antibody, and immunopurified Pten-NOLC1-GFP
from Pten-NOLC1-GFP transformed PC3 cells (PNOL-GFP-PC3 IP) using Pten antibody.
These immunoprecipitates were analyzed via ELISA. The resulting Pten activity was
inversely proportional to the absorbance of 450 nm for P1(4,5)P, in the competitive binding
experiment. Each data point is the average of three independent experiments with triplicate
samples. A measurement value below the threshold (red dotted line) indicates positive PIP3
phosphatase activity, while a value at or above the threshold indicates negative activity.
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Figure 4. Pten-NOL C1 promotes cancer cell growth and invasion in vitro and in vivo.
(A) Schema of the Pren-NOL C1 knockout strategy. Top: sgRNA design. Middle: Donor

vector design. Bottom: Images of Cas9P10A-EGFP and Zeocin-mCherry coexpression in
DU145 cells after cotransfection of the pCas9P10A-EGFP-gRNA and pPtenintron8_zeocin-
mCherry-NOLC1intronl yectors. (B) Detection of Pten-NOLCI RNA in Pten-NOLC1
knockout clones via TagMan RT-PCR. TagMan gRT-PCR was performed on RNA extracts
from DKO1/ DKO2 cells (DU145 cells with Pten-NOLC1 knockout), MKO1/MKO1 cells
(MCFT7 cells with Pten-NOLC1 knockout), and HKOS5 cells (H1299 cells with Pten-NOLC1
knockout). B-Actin was used as the normalization control. (C) Immunoblotting analyses of
Pten-NOLC1 expression in Pten-NOLC1 knockout clones. Protein extracts from DKO1,
DKO2, MKO1, MKO1 and HKOS5 cells and the corresponding wild-type Du145, MCF7 and
H1299 cells were immunoblotted with antibodies specific for Pten (left) or NOLC1 (right).
Immunoreactions with GAPDH antibody were used as the normalization control. (D) Pren-
NOLC1 promoted colony formation. The insets: Examples of the colony formation assays:
DU145/DKO01, MCF7/MKO1, and H1299/HKO5 cells. Each bar represents the mean of
three independent experiments of triplicate samples. The standard deviations and p-values
<0.01 are indicated. (E) Pten-NOLCI promoted cell entry into S phase. The insets:
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Examples of BrdU labeling of 10,000 cells of the indicated cell types. Each bar represents
the mean of three independent experiments with triplicate samples. The standard deviations
and p-values <0.05 are indicated. (F) Pten-NOLC1 enhanced resistance to UV-induced cell
death. The insets: Examples of Annexin V and PI staining of cells after exposure to UV
radiation (175 MJ). Each bar represents the mean of three independent experiments with
triplicate samples. Standard deviations and p-values are indicated. (G) Knockout of Pren-
NOLC1 reduced cancer cell invasion. The invasion indexes were calculated as the ratio of
cells migrated through the membrane/cells migrated through the control insert. Each bar
represents the means of three independent experiments with triplicate samples. The standard
deviations and p-values <0.001 are indicated. (H) Pten-NOLC1 increased the volume of
xenograft tumors. The volumes of xenograft tumors of the indicated cells are plotted. The
number of animals in each group is indicated. The inset on the left shows the tumors
generated by DU145 and DKO1+Pten-NOLCL1 (PN) cells five weeks after xenograft, and the
inset on the right shows the tumors generated by DKO1, DKO1+APten, and
DKO1+ANOLC1 (ANOL) cells seven weeks after xenograft. (1) Expression of Pten-NOLC1
enhanced metastasis. (J) Disruption of Pten-NOLC1 improved the survival of animals
xenografted with DU145 cells.
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Figure 5. Pten-NOL C1 interacts with genomic DNA and activates the expression of progrowth
genes.

(A) Genome distribution of mapped DNA fragments from ChlP-seq of DU145 versus
DU145 KO1/KO2 cells (top) and MCF7 versus MCF7 KO1/KO2 cells (bottom) using
NOLC1 antibody. The distributions of DNA fragments in DU145 or MCF7 cells after
subtraction from the profiles of their knockout counterparts are shown in the right. (B)
TagMan gPCR quantification of Pten-NOLC1 binding to promoter/enhancer regions of
MET, EGFR, RAF1, AXL, GABI, and VEGFA. (C) disruption of Pten-NOLC1 induced the
downregulation of EGFR, VEGFA, GABI1, EREG, AXL, and c-MET. Top: Microarray
analysis; Middle: TagMan gRT-PCR of EGFR, AXL, EREG, VEGFA, ¢c-MET, and GABIin
DU145 cells and their Pten-NOL CI1 knockout counterparts. Expression changes of Pren-
NOLC1 knockout clones relative to DU145 cells are shown. Standard deviations from three
independent experiments are indicated. Bottom: TagMan gRT-PCR of EGFR, AXL, EREG,
VEGFA, c-MET, and GABI in MCFT7 cells and their Pten-NOL C1 knockout counterparts.
Fold changes in expression are shown. Standard deviations from three independent
experiments are indicated. (D) Deletion of Pten-NOLCZ in PC3 and MCF7 cells reduced c-
MET, EGFR, RAF1, and GABL1 protein expression and STAT3 and RAF1 phosphorylation.
(E) Rescue of DKO1 and MO cells with Pten-NOLC1 restored the expression of c-MET,
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EGFR, and their phosphorylations (pY1234/1235 for c-MET and pY 1068 for EGFR) as well
as MDM2. (F) The MET, EGF, and ECM signaling pathways were impacted by the
presence of Pren-NOLC1. The red icons indicate genes interacting with the Pten-NOLC1
proteins but not the NOLCL1 protein. *-validated event.
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Figure 6. Pten-NOL C1 fusion gener ates spontaneous liver cancer.
(A) Pten-NOLC1 animal model: Pten was deleted somatically through the treatment of

C57Blloxp-Pten-loxp mice \with AAV8-cre, followed by hydrodynamic tail vein injection of
pT3-Pten-NOLC1-mCherry/pSB. The insets: Examples of PC3 cells transfected with pT3-
Pten-NOLC1-mCherry/pSB. (B) Examples of livers from mice treated with AAV8-cre and
pT3-Pten-NOLC1-mCherry/pSB (right) or treated with AAV8-cre and pT3/pSB (left). The
arrows indicate liver cancer nodules. (C) Hematoxylin and eosin staining of two liver cancer
samples (HCC1 and HCC3) from pT3-Pten-NOLC1-mCherry/pSB-treated mice (right) and
two control samples (pT3#1 and pT3#5) from pT3/pSB-treated mice (left). The red arrows
indicate the tumor nodules. (D) Immunostaining of tumor tissues from pT3-Pten-NOLC1-
mCherry/pSB-treated mice with Ki-67 antibody. The bar graphs show the mean numbers of
Ki-67-positive tumor cells in 7 high power fields (20x). (E) Increased expression of c-MET
and GABL in mouse liver cancer samples (HCC1, HCC2, HCC3, and Metastasis) was
mediated by Pren-NOLC1 gene fusion. Liver samples from pT3/pSB (pT3#1)-treated mice
were used as the control.
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Table 1

Induction of cell death by disruption of Pten-NOLC1

Cell line Cas9P10A only  Cas9Pl0A + gRNAs  Cas9Pl0A + gRNAs + KO cassette
% cell death % cell death % cell death
MDA-MB231 17.6 £ 0.50 20.0+0.73 49.8 +0.83
MCF7 448 +2.41 447+ 1.25 72.7+£0.47
PC3 11.2+0.34 40.7 £0.94 66.1 +0.82
DU145 29.6+1.74 30.0 £ 0.05 57.7+1.25
SNU475 104 +241 29.5+0.75 70.3+0.97
HEP3B 35.7+0.22 42.9+0.25 49.6 +0.25
SNU449 11.7+£0.45 21.6 £0.42 495+231
H1299 19.3+0.43 58.2+0.97 73.6 +8.38
NIH3T3 155+ 0.46 16.0+£0.21 18.9+0.34
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