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Oncogenic Activity of Solute Carrier
Family 45 Member 2 and
Alpha-Methylacyl-Coenzyme A
Racemase Gene Fusion Is Mediated by
Mitogen-Activated Protein Kinase
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Chromosome rearrangement is one of the hallmarks of human malignancies. Gene fusion is one of the consequences
of chromosome rearrangements. In this report, we show that gene fusion between solute carrier family 45 member 2
(SLC4542) and alpha-methylacyl-coenzyme A racemase (AMACR) occurs in eight different types of human malignan-
cies, with frequencies ranging from 45% to 97%. The chimeric protein is translocated to the lysosomal membrane and
activates the extracellular signal-regulated kinase signaling cascade. The fusion protein promotes cell growth, accelerates
migration, resists serum starvation-induced cell death, and is essential for cancer growth in mouse xenograft cancer
models. Introduction of SLC45A2-AMACR into the mouse liver using a sleeping beauty transposon system and so-
matic knockout of phosphatase and TENsin homolog (Pfen) generated spontaneous liver cancers within a short period.
Conclusion: The gene fusion between SLC4542 and AMACR may be a driving event for human liver cancer develop-

ment. (Hepatology Communications 2022;6:209-222).

uman cancer is one of the leading causes
of death in the world. Approximately 8.2
million people worldwide die from cancers
annually.™? The development of human cancer is
dependent on critical alterations of the human genome.
Chromosome alterations, including mutations, copy

number changes, and rearrangement, are some of the
fundamental changes underlying cancer development.
Identifying the driver chromosome alterations for
cancer is the key to developing therapeutic interven-
tions to treat cancer and to reduce the mortality of
the disease.

Abbreviations: aa, amino acid; AMACR, alpha-methylacyl-coenzyme A racemase; BD, binding domain; BE breakpoint; cDNA, complementary
DNA; CMYV, cytomegalovirus; CRISPR, clustered regularly interspaced short palindromic repeats; del, deleted; ERK, extracellular signal-regulated
kinase; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GST, glutathione-S-transferase; HCG, hepatocellular carcinoma; his, histidine; 1C 0
median inhibitory concentration; IgG, immunoglobulin G; KO, knockout; LAMPI, lysosomal-associated membrane protein 1; LoxB locus of x-over,
P1; Lys, lysosome; MEK, mitogen-activated protein kinase/extracellular signal-regulated kinase; mTOR, mammalian target of rapamycin; p, plasmid;
PCa, prostate cancer; phospho, phosphorylated; Pten, phosphatase and TENsin homolog; SB, sleeping beauty; SCID, severe combined immunodeficient;
SLAM, SLC45A2-AMACR; SLC45A2, solute carrier family 45 member 2; Tet, ten-eleven translocation.
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Previously, through ultradeep transcriptome and
whole-genome sequencings of prostate cancer (PCa)
samples, we identified a panel of cancer-specific fusion
genes.’) One of these fusion genes, solute carrier
family 45 member 2 (SLC#5A42)—alpha-methylacyl-
coenzyme A racemase (AMACR), was present in a
significant number of PCa samples. Subsequent anal-
yses showed that SLC4542-AMACR gene fusion was
present in urothelial carcinoma.””) High expression
of SLC45A42-AMACR was found in the non-small
cell lung cancer cell line H2198.°) Separately, the
SLC45A2-AMACR transcript was discovered in up
to 7% of samples from patients with PCa in Asia.®”
Furthermore, the SLC45A2-AMACR fusion tran-
script was readily detectable in the serum samples
of 33% of patients with liver cancer.’) The analysis
of the matched liver tumor samples suggests that
SLC45A2-AMACR may be common in liver can-
cers. However, studies on SLC45A2-AMACR are
fragmented and lack insight into the function of gene
fusion. The biological role of SLC45A2-AMACR
remains uncharacterized. In this study, we showed
that SLC45A2-AMACR gene fusion is present in
eight different types of human malignancies and plays
crucial roles in cancer transformation in both humans
and mice. Its oncogenic activity is mediated by its
interaction with and activation of extracellular signal-

regulated kinase (ERK).
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Materials and Methods
TISSUE SAMPLES

We obtained 815 tissue specimens from the
University of Pittsburgh Tissue Bank in compliance
with institutional regulatory guidelines and approved
by the Institutional Review Board of the University of
Pittsburgh. Tissues comprised 219 PCa samples and
56 lymph nodes; 102 non-small cell lung cancer sam-
ples; 61 ovarian cancer samples and 30 lymph nodes;
60 colon cancer samples and 30 lymph nodes; 70 liver
cancer samples; 150 glioblastoma samples; 60 breast
cancer samples and 30 lymph nodes; and 34 esoph-
ageal adenocarcinomas (Supporting Tables S1-S8;
Supporting Fig. S1). Cancer tissues that were obtained
from other institutions included 16 non-small cell
lung cancer samples from the University of Kansas
and 28 non-small cell lung cancer samples from the
University of Iowa. These samples were obtained in
accordance with guidelines approved by the institu-
tional review boards of the respective institutions. The
cell lines used in the study were purchased from the
American Type Culture Collection (ATCC, Manassas,
Virginia) and were cultured and maintained following
the recommendations of the manufacturer.

For detailed descriptions of SLC45A2-AMACR

detection, fusion gene breakpoint discovery, yeast
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two-hybrid screening,’'® SLC45A2-AMACR dis-
ruption in HUH7 and H1299 cells, colony forma-
tion and bromodeoxyuridine cell-cycle assays,1%!21%

17-20) serum starvation cell death assay, wound healing

assay, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylt
etrazolium bromide assay, please see the Supporting

Methods.

Results

CHROMOSOME
REARRANGEMENT UNDERLIES
SLC45A42-AMACR GENE FUSION

SLC45A2 is a transporter protein known to be
overexpressed in melanoma,*"?? while AMACR is an
enzyme involved in the metabolism of branched fatty
acids® and is known for its overexpression in several
human malignancies.(m'”) In normal cells, AMACR
is located on chromosome 5p13, while SLC4542
is located on chromosome 5p13.2; both genes are
located on the minor strand of the chromosome.
However, in the fusion, the relative positions of these
two genes are reversed (Fig. 1A). Chromosome break-
points were identified between intron 2 of SLC4542
and intron 1 of AMACR in primary cancer samples as
well as cancer cell lines. A breakpoint between intron
2 of SLC45A2 and intron 1 of AMACR was identi-
fied. Interestingly, the same breakpoint was found in
all cancer cell lines and primary liver cancer and PCa
samples that were positive for the SLC4542-AMACR
fusion. The gene fusion generates a chimeric pro-
tein with 187 amino acids from the N-terminus of
SLC45A2 and 311 amino acids from the C-terminus
of AMACR. As a result, eight transmembrane heli-
cal segments from SLC45A2 are replaced with the
C-terminus of AMACR, which contains an intact
racemase domain (Fig. 1B).

SLC45A42-AMACR GENE FUSION IS
COMMON IN HUMAN CANCERS

To examine the frequency of SLC4542-AMACR
gene fusion in human cancers, we analyzed 27 human
cancer cell lines, including PCa (DU145, PC3,
LNCaP, and VCaP), breast cancer (MDA-MB231,
MCEF7, VACC-3133, and MDA-MB330), lung can-
cer (H1299, H358, H522, H23, and H2198), liver
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cancer (HEP3B, HuH7, HEPG2, SNU182, SNU387,
SNU449, and SNUA475), colon cancer (HCTS8 and
HCT15), glioblastoma multiforme (GBM) (A-172,
U138, U118, and T98G), and renal cell carcinoma
(293) (Fig. 1C; Supporting Fig. S2A). All lung can-
cer cell lines were positive for the SLC4542-AMACR
fusion (5/5), while six of seven liver cancer cell lines
were positive for the fusion gene. Cell lines origi-
nating from ductal carcinoma of the breast (MCFE?7,
MDA-MB231, and MDA-MB330) were positive for
the fusion, while the lobular type (VACC-3133) was
negative. Fifty percent of PCa cell lines were positive
for the SLC4542-AMACR fusion (2/4) as were 75%
of the GBM cell lines. Two colon cancer cell lines and
one renal cell carcinoma cell line were also positive for
the fusion gene.

The high positive rate of SLC4542-AMACR in
a variety of human cancer cell lines suggests that
many primary human cancer samples might be pos-
itive for the fusion gene. Indeed, the examination of
799 human cancer samples revealed various rates of
SLC45A42-AMACR in these cancers, ranging from
45% of colon cancer samples to 97% of esophageal
adenocarcinoma samples (Fig. 1D; Supporting Tables
S1-S8; Supporting Fig. S1). Interestingly, colon cancer
positivity for SLC#4542-AMACR was associated with
poor differentiation of the colon cancer (86% [6/7]
versus 38% [20/52], P = 0.037). In contrast, patients
with non-small cell lung cancer who were negative for
SLC45A2-AMACR had a lower 90-month survival
rate (0%, 0/15) than patients with positive cancer
samples (29.4%, 15/51; P = 0.02). In a cohort from
the University of Iowa, patients with non-small cell
lung cancer who were negative for SLC45A42-AMACR
showed associations with metastasis (P = 0.0048) and
more advanced clinical stages (P = 0.021). For lung
cancer, samples from patients who were white had a
higher frequency of SLC4542-AMACR (74%, 62/84)
than from those who were black (36%, 4/11; P = 0.03).

SLC45A2-AMACR IS EXPRESSED AS
A CHIMERIC PROTEIN

To identify the isoform of SLC45A2-AMACR,
extended long reverse-transcription polymerase chain
reaction (RT-PCR) was performed on three liver
cancer samples and several human cancer cell lines,
including HUH7, using primers encompassing the
entire coding sequence of the fusion gene. A 1.6-kDa
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FIG. 1. SLC45A2-AMACR gene fusion in human malignancies. (A) Schematic diagram of the SLC#542-AMACR gene fusion. Top:
SLC45A42 and AMACR on chromosome 5. The transcription directions are indicated. Mid: Result of chromosome rearrangement of
SLC45A2 intron 2 and AMACR intron 1. The breakpoint sequences between SLC45A2 and AMACR are shown. Representative
chromatogram of Sanger’s sequencing from HUH?7 cells are shown. Bottom: Translation product of SLC4542-AMACR gene fusion;
blue is the SLC45A2 domain, red is the AMACR domain. (B) Structure of the SLC45A2, AMACR, and SLC45A2-AMACR proteins;
yellow is SLC45A2, blue is the AMACR racemase domain, black stripes show the transmembrane helical segments. (C) Distribution of
SLC45A2-AMACR in human cancer cell lines; red is SLC45A2-AMACR positive, white is SLC45A2-AMACR negative. The names
and origins of the malignancies of the cell lines are indicated. (D) Frequencies of SLC45A2-AMACR in primary human malignancies.
Each type of sample cohort is indicated. The number of samples is indicated at the top of the bar. (E) Expression of SLC45A2-AMACR
proteins in human cancers. Lanes 1-3 are the primary HCC samples. HCC#12 and HCC#4 are negative for SLC45A2-AMACR, while
HCC#18 is positive. Lanes 4-8: the human cancer cell lines DU145 (PCa), HEP3B (liver cancer), HEPG2 (liver cancer), H1299 (lung
cancer), and HUH7 (liver cancer). (F) Immunoprecipitation to identify the SLC45A2-AMACR chimeric protein. Top: Immunoblotting
using an antibody specific for the C-terminus of AMACR in the immunoprecipitates of antibodies specific for the N-terminus of
SLC45A2, the C-terminus of SLC45A2, or IgG control of protein lysates from HUH?7 cells. Bottom: Immunoblotting using an antibody
specific for the N-terminus (left) or C-terminus (right) of SLC45A2 on the immunoprecipitates of antibodies specific for the C-terminus
of AMACR or IgG control of protein lysates from HUH7 cells. Abbreviations: CoA, coenzyme A; IP, immunoprecipitation; NSCLC,
non-small cell lung cancer; RCC, renal cell carcinoma; SLC45A2-C, C-terminus of SLC45A2; SCL45A2-N, N-terminus of SLC45A2;
WB, western blot.

complementary DNA (cDNA) was found in the sam-
ples positive for SLC45A2-AMACR (Supporting
Fig. S2B). Sanger sequencing revealed that the

AMACR domain in the fusion was identical to the
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truncated variant 3 of AMACR, while the SLC45A2
domain was identical to the 5 end of variants 1-3
of SLCA45A2 transcripts. To examine whether
SLC45A2-AMACR is expressed as a chimeric
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protein in cancer cells, immunoblotting using an anti-
body specific for the N-terminus of SLC45A2 was
performed. Hepatocellular carcinoma (HCC) samples
positive for SLC45A2-AMACR (HCC#18) showed
a protein of 60 kDa detected by the antibody in addi-
tion to the SLC45A2 protein (55 kDa) (Fig. 1E). In
contrast, the 60-kDa protein was absent in HCC sam-
ples (HCC#4 and HCC#12) that were negative for
the fusion gene. The 60-kDa protein was also pres-
ent in cell lines that were positive for the SLC45A2-
AMACR fusion (HEP3B, HEPG2, H1299, and
HUHY7) but absent in the cell line negative for the
fusion gene (DU145). When an antibody specific for
the C-terminus of AMACR was applied, the 60-kDa
protein was detected in the HCC sample that was
positive for SLC45A2-AMACR in addition to the
AMACR protein (47 kDa) but was not detected in
the HCC samples that were negative for the fusion
gene. Similar results were obtained for the cancer cell
lines. Cells positive for SLC45A2-AMACR contained
a 60-kDa protein and a 47-kDa AMACR detected
by the AMACR antibody, while cells negative for the
fusion contained only the 47-kDa AMACR band
in the immunoblotting analysis (Fig. 1E). To exam-
ine whether the 60-kDa protein is the translation
product of the SLC4542-AMACR fusion gene, the
protein extracts from HUH7 cells were immunopre-
cipitated with an antibody specific for the SLC45A2
N-terminus. The immunoprecipitates were blotted
with an antibody specific for AMACR. The same 60-
kDa protein band was visualized in the immunopre-
cipitate specific for the N-terminus of SLC45A2 but
not for the C-terminus or immunoglobulin G (IgG)
control (Fig. 1F). The 60-kDa protein was similarly
identified on AMACR immunoprecipitation using
the antibody specific for the N-terminus of SLC45A2
but not using the antibody specific for the C-terminus
of SLC45A2. Based on these analyses, we concluded
that the 60-kDa band represents the protein product
of the SLC45A42-AMACR gene fusion.

SLC45A2-AMACR GENE PRODUCT
EXHIBITS LYSOSOMAL
MEMBRANE TRANSLOCATION

SLC45A2 is a membrane-associated protein mostly
located in the lysosome/melanosome membrane.®”
This protein is involved in the biosynthesis of melanin
and the transport of sucrose.*”) In contrast, AMACR
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is a racemase located in the mitochondria that are
involved in the metabolism of branched fatty acids*1*?
and is essential for bile acid biosynthesis and metabo-
lism.“*¥ The fusion between SLC45A2 and AMACR
maintains four transmembrane helical segments of
SLC45A2 in the N-terminus while replacing the
C-terminus with the racemase domain of AMACR.
As a result, the chimeric protein may be translocated
to the lysosomal membrane. To test this hypoth-
esis, NIH3T3 and HUH?7 cells were transformed
with  plasmid  (p)CDNA4-SLC45A2-AMACR-
FLAG/pCDNA6TO to induce the expression of
SLC45A2-AMACR-FLAG. Coimmunostaining
was performed with the lysosomal residential enzyme
lysosomal-associated membrane protein 1 (LAMP1).
Colocalization between LAMP1 and SLC45A2-
AMACR-FLAG was apparent in both cell lines
(Fig. 2A,B). To validate the imaging analyses, HUH7
cells were fractionated into mitochondrial, lysosomal,
and nuclear fractions (Fig. 2C). AMACR was read-
ily detected in the mitochondria, while endogenous
SLC45A2-AMACR was located in the lysosome in
HUH7 cells. When NIH3T3 cells were transformed
with the SLC45A2-AMACR-FLAG construct, the
transfected SLC45A2-AMACR-FLAG was exclu-
sively located in the lysosome. Interestingly, when the
SLC45A2 N-terminus was removed from the chi-
meric protein, the truncated AMACR protein was
retained in the mitochondria (Fig. 2C). Thus, the
translocation of the SLC45A2-AMACR chimeric
protein to the lysosomal membrane is dependent on

the N-terminus of SLC45A2.

SLC45A2-AMACR SHOWS
ONCOGENIC ACTIVITY

Most cancer cell lines are positive for the
SLC45A2-AMACR gene fusion. To examine the
impact of SLC45A2-AMACR fusion on the carcino-
genesis of the cancer cell lines, we chose to disrupt
the gene fusion between SLC4542 and AMACR in
H1299 (lung cancer) and HuH7 (liver cancer) cells
by inserting an mCherry-zeo cassette into the chro-
mosomal breakpoint SLC45A2-AMACR, using clus-
tered regularly interspaced short palindromic repeats
(CRISPR)-Cas9 gene-editing technology (Fig. 3A).
Cell lines displaying mCherry fluorescence and zeo-
cin resistance were selected. These cell lines were ver-

ified to have disrupted SLC45A2-AMACR fusion
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FIG. 2. SLC45A2-AMACR is localized in the lysosome membrane. (A) Immunoblotting of SLC45A2-AMACR-FLAG using an
antibody specific for FLAG in NIH3T3 (NSLAM) and HUH7 (HUH7SLAM) cells transformed with pPCDNA4-SLC45A2-AMACR-
FLAG/pCDNAG6TO, treated with or without tetracycline. Antibodies specific for GAPDH are for the loading control. (B) Colocalization
of SLC45A2-AMACR-FLAG and the lysosome resident protein LAMP1 in NSLAM and HUH7SLAM cells using an antibody
specific for FLAG and LAMP1 proteins (20x images). (C) Lysosomes, mitochondria, and nucleus fractionation of SLC45A2, AMACR,
and SLC45A2-AMACR proteins from HUH7, NSLAM, and HUH7-AMD (HUH? transformed with pCDNA4-AAMACR®#394
FLAG) cells. The antibody for each immunoblot is indicated. Abbreviations: H3, histone H3; Mit, mitochondria; Nuc, nucleus; PDH,

pyruvate dehydrogenase.

transcripts (Supporting Fig. S3). The disruption of
SLC45A2-AMACR in H1299 and HuH7 cells
reduced colony formation by 5.1-fold and 4.6-fold,
respectively (Fig. 3B). The migration of these cancer
cells was retarded by 2.1-fold for H1299 and 2.9-
fold for HuH?7 cells when SLC45A2-AMACR was
knocked out in the cell lines (Fig. 3C). Interestingly,
disruption of SLC45A2-AMACR in H1299 cells
sensitized the cancer cells to serum starvation; only
29% of cells survived after serum starvation for 7
days when SLC45A2-AMACR was disrupted versus
approximately 85% of wild-type H1299 cells that sur-
vived the same period (P < 0.01) (Fig. 3D). Similar

214

results of increased sensitivity to serum starvation were
found in HuH7 cells when the SLC45A2-AMACR
tusion was knocked out (62.3% versus 41.2% on day
10, P < 0.01). When cancer cells were xenografted
into the subcutaneous regions of severe combined
immunodeficient (SCID) mice, H1299 cells with
the knockout of SLC45A2-AMACR failed to form
tumors in the animals in 8 weeks while the wild-type
H1299 cells formed tumors with an average size of
4,206 mm® (Fig. 3E). HuH7 cells with SLC45A2-
AMACR had a significant delay in forming tumors
and had an average tumor size 51-fold smaller than

the wild-type control (3,935 mm® versus 76 mm’,
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FIG. 3. Oncogenic activity of SLC45A2-AMACR in vitro. (A) Schematic diagram of CRISPR-Cas9 knockout for SLC45A2-AMACR.
Top: SLC45A2-AMACR breakpoint region (BP1). The gRNA target sequences are boxed. The direction of gRNA is indicated. Bottom:
SLC45A2-AMACR-knockout cassette. (B) Colony formation assays of cells with forced expression of SLC45A2-AMACR or knockout
of endogenous SLC45A2-AMACR. NSLAM-NIH3TS3 cells transformed with pPCDNA4- SLC45A2-AMACR-FLAG/pDNA6TO;
H1299WT-H1299 cells with control vector; H1299KO1-H1299 cells with genome disruption of SLC45A2-AMACR fusion; HuH7W'T-
HuH7 with control vector; HuH7KO-HuH?7 cells with genome disruption of SLC45A2-AMACR fusion; H1299KO2-dSLAM
(H1299KO2 cells rescued with FLAG-SLC45A2-AMACR®**3%83%); 111299K02-AMD (H1299KO1 cells rescued with FLAG-
AMACR*¥3%), H1299KO2-SLAM (H1299KO1 cells rescued with pCMV-SLC45A2-AMACR-FLAG); H1299SLAM-H1299 cells
transformed with pCDNA4-SLC45A2-AMACR-FLAG/pCDNA6TO; H1299dSLAM-H1299 cells transformed with pCDNA4-
ASLC45A2—AMACRdehaS68'397—FLAG/pCDNA6TO. Data show mean + SD. (C) Wound healing assays of cells from (B). Data show
mean * SD. (D) Serum starvation assays of cancer cells with or without SLC45A2-AMACR. Left: Serum starvation of H1299 cells and
their mutant counterparts. Right: Serum starvation of HUH?7 cells with or without SLC45A2-AMACR. Data show mean + SD.(E) SCID
mouse xenografted tumor models of SLC45A2-AMACR. Left panel: H1299 and its SLC45A2 knockout and knockout-rescued models.
Middle panel: H1299 cells with overexpression of SLC45A2-AMACR models. Right panel: HUH7 cells with or without SLC45A2-
AMACR. Data show mean + SD.(F) Frequency of metastasis of (E). (G) Kaplan-Meier analysis of mouse xenografts with HuH7 and
H1299 cells and their mutant counterparts. Abbreviations: bp, base pair; gRNA, guide RNA; h, hours; W, weeks; W'T, wild type.

P < 0.01; Fig. 3E). Extensive metastases were found in ~ cells. All animals xenografted with HuH7 cells suc-
mice xenografted with wild-type HuH7 (100%; Fig. cumbed to tumors in 3 weeks (Fig. 3G; Supporting
3F) and H1299 (62.5%) tumors. In contrast, no appar-  Table S9), while none of the SLC45A2-AMACR-
ent metastasis was found in any of the mice xeno- knockout counterparts died in the same time frame
grafted with HuH7-knockout (KO) or H1299KO2  after the xenografting.
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FIG. 4. SLC45A2-AMACR interaction with ERK. (A) Yeast two-hybrid validation of the interaction between SLC45A2-AMACR and
ERK. Cotransfection of pBD-SLC45A2-AMACR and pAD-ERK2 resulted in colonies grown in SD-Ade/-His/-Leu/Trp agar plates
and positive for a-galactosidase. The interaction between BD-p53 and activation domain (AD)-T-antigen was used as the positive control,
while the interaction between BD-Lamin C (LamC) and AD-T-antigen was used as the negative control. (B) Coimmunoprecipitation
of SLC45A2-AMACR and ERK in cell cultures. Left panel: Coimmunoprecipitation in NSLAM cells induced to express SLC45A2-
AMACR-FLAG (SLAM-FLAG). Top left: Immunoblotting using an antibody specific for FLAG on the immunoprecipitate of ERK
antibody or control mouse IgG. Bottom left: Immunoblotting using antibody specific for anti-ERK on the immunoprecipitate of FLAG
antibody or control mouse IgG. Right panel: Coimmunoprecipitation in HUH7 cells. Top right: Immunoblotting using an antibody
specific for the N-terminus of SLC45A2 on the immunoprecipitate of ERK antibody or control mouse IgG or FLAG antibody. Bottom
right: Immunoblotting using antibody specific for ERK on the immunoprecipitate by the antibody specific for the N-terminus of SLC45A2
or control mouse IgG or SLC45A2 C-terminus antibody. (C) Colocalization between SLC45A2-AMACR-FLAG and ERK using
antibodies specific for ERK and FLAG (20x images). (D) Schematic diagrams of deletion constructs of GST-SLC45A2-AMACR. The
GST, SLC45A2, and AMACR domains are indicated. (E) Binding assays between GST-SLC45A2-AMACR mutants and recombinant
HisTAG-ERK2. Top: Immunoblotting of HisSTAG-ERK2 to detect the binding between HisTAG-ERK2 and SLC45A2-AMACR
mutants using an antibody specific for ERK. Bottom: Coomassie blue staining of GST-SLC45A2-AMACR mutants. Abbreviations:
AD-T, AMA, AMACR; IP, immunoprecipitation; LamC, SD-Ade/-His/-Leu/Trp, synthetic-defined adenine, histidine, leucine and
tryptophan; SLC, SLC45A2; SLC-C, SLC45A2 C-terminus; SLC-N, N-terminus of SLC45A2; WB, western blot.

In contrast to the disruption of SLC45A2- 3E) and the mortality of the animals (50% versus 0%,
AMACR, overexpression of SLC45A2-AMACR P < 0.05). Interestingly, when H1299ko cells were
increased colony formation and migration rates of reintroduced with SLC45A2-AMACR by trans-
NIH3T3 and H1299 cells (Fig. 3B,C). Overexpression ~ forming the cells with the plasmid cytomegalovirus
of SLC45A2-AMACR in H1299 cells also increased (pCMV)-SLC45A2-AMACR-FLAG construct,
tumor sizes by an average of 2.5-fold (P < 0.05) (Fig. the oncogenic activity of the cell line reappeared; a
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4.6-fold increase in colony formation and a 2-fold
increase in migration over the SLC45A2-AMACR-
knockout control were observed. In addition, over 75%
of SLC45A2-AMACR-FLAG-rescued cells survived
10 days under serum starvation versus 29% of the
SLC45A2-AMACR-knockout counterparts. Unlike
the SLC45A2-AMACR-knockout controls that gen-
erated no identifiable tumors, the rescued H1299K0O2
cells produced large tumors (2,935 mm® average at 8
weeks after xenografting) in SCID mice and had a
37.5% metastasis rate. In contrast, H1299KO2 cells
rescued with the AMACR domain only (amino acids
[aa] 84-394) showed no obvious impact on colony
formation, migration, resistance to serum starvation,
and tumor generation in the xenograft model com-
pared with the controls. These results suggest that the
subcellular localization of SLC45A2-AMACR may

be crucial for its oncogenic activities.

SLC45A2-AMACR INTERACTS
WITH AND ACTIVATES ERK
IN VITRO AND IN VIVO

To investigate the oncogenic mechanism of
SLC45A2-AMACR, a yeast two-hybrid screening of a
prostate cDNA library using plasmid binding domain
(pBD)-SLC45A2-AMACR  was performed. After
three rounds of nutrient selection, 15 colonies con-
taining unique cDNA sequences were identified. One
of these cDNAs was identified as ERK2. To identify
the domain in SLC45A2-AMACR that interacts with
ERK2, the SLC45A2 domain and AMACR domain of
the chimeric protein were separately ligated into pBD.
The cotransfection results showed that the AMACR
domain of the fusion chimera protein was responsible
for the interaction with ERK2 (Fig. 4A). To validate
the interaction results from the yeast two-hybrid assay,
coimmunoprecipitation was performed on NIH3T3
cells transformed with SLC45A2-AMACR-FLAG.
Coimmunoprecipitation  of  SLC45A2-AMACR-
FLAG and ERK1/2 was readily detectable in both
the ERK and FLAG immunoprecipitates (Fig. 4B).
These coimmunoprecipitation results were reproduced
in HUH?7 cells using an antibody specific for ERK or
the SLC45A2 N-terminus. Colocalization between
ERK1/2 and SLC45A2-AMACR-FLAG was iden-
tified in NIH3T3 cells transformed with the fusion
gene (Fig. 4C). To rule out the possibility that a bridge
protein is required for the interaction between ERK2
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and SLC45A2-AMACR, glutathione-S-transferase
(GST)-SLC45A2-AMACR recombinant protein was
produced from Escherichia coli. The purified recom-
binant GST-SLC45A2-AMACR bound directly to
recombinant histidine (His)TAG-ERK2 (Fig. 4D,E).
To identify the binding motif in the AMACR domain
that binds with the recombinant ERK2, serial deletions
of the AMACR domain were made. The binding anal-
yses indicated that aa 368-397 of SLC45A2-AMACR
were responsible for binding with ERK2 (Fig. 4E).

SLC45A2-AMACR ACTIVATES ERK

We performed in vitro kinase assays using recom-
binant ERK2 to investigate the impact of SLC45A2-
AMACR binding on the kinase activity of ERK. The
presence of GST-SLC45A2-AMACR increased the
kinase activity of ERK2 by 2.6-fold (Fig. 5A). The
AMACR domain also increased the kinase activity
of ERK by 2.7-fold. However, when the assay was
applied with the ERK2-binding motif only from
SLC45A2-AMACR, the kinase activity of ERK2 was
not changed. These results indicated that SLC45A2-
AMACR is a partner of ERK2 and that the bind-
ing between them enhances the kinase activity of
ERK. To examine whether SLC45A2-AMACR also
enhances the kinase activity of ERK2 in vive, HUH7
and its SLC45A2-AMACR-knockout counterpart
were analyzed for their ERK activation. The disrup-
tion of SLC45A2-AMACR dramatically reduced the
phosphorylation of threonine 202 and tyrosine 204
of ERK (Fig. 5B). This change was accompanied by
the elimination of mitogen-activated protein kinase
(MAPK)/ERK (MEK; pS217/221) and mammalian
target of rapamycin (mTOR; pS2448) phosphory-
lation. Similar results were found for H1299KO2
cells where SLC45A2-AMACR was knocked out
in H1299 cells; knockout of SLC45A2-AMACR
largely eliminated the activation of ERK, MEK, and
mTOR in the H1299 cell line. When HUH?7 cells
were forced to overexpress SLC45A2-AMACR,
the phosphorylation of ERK, MEK, and mTOR
increased. However, no change in the activation status
of ERK, MEK, and mTOR was found when HUH?7
cells were forced to express the mutant ASLC45A2-
AMACRleted (deDaas68397 o here the binding motif
for ERK2 was deleted. When SLC45A2-AMACR
was reintroduced into H1299ko cells, ERK was reac-
tivated along with MEK activation (Fig. 5C). The
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FIG. 5. SLC45A2-AMACR activates ERK kinase iz vitro and in vive. (A) GST-SLC45A2-AMACR (GST-SLAM) enhanced the
kinase activity of recombinant ERK2 on basic myelin protein. The kinase activity is calculated as percentage recombinant ERK2 kinase
activity without any added GST recombinant protein component in a kinase assay. Standard deviations are indicated. (B) SLC45A2-
AMACR activates the kinase cascade of ERK in vivo. Overexpression of SLC45A2-AMACR but not its mutant with a deletion of the
ERK binding motif enhanced the activation of ERK1/2 kinase activity and its cascade signaling molecules MEK and mTOR in HUH7
cells (lanes 1-4). Knockout of SLC45A2-AMACR deactivates the ERK kinase cascade in H1299 and HuH7 cells (lanes 5-8). (C) Rescue
of H1299KO2 cells with SLC45A2-AMACR-FLAG reactivates ERK kinase cascades but not with the SLC45A2-AMACR mutant that
lacks the ERK binding motif or the mutant that lacks the SLC45A2 domain. (D) Diagram of SLC45A2-AMACR signaling cascade;
green line shows the SLC45A2 domain, red line shows the AMACR domain.

reactivation of ERK and MEK, however, was not

(phospho)-ERK1/2 and phospho-MEK were per-
found when mutant ASLC45A2-AMACR12368-397

formed on liver cancer samples positive for SLC45A2-

or AAMACR™*%* was introduced. These results
suggested that the activation of the ERK signaling
pathway by SLC45A2-AMACR (Fig. 5D) in wvivo
requires both the lysosomal membrane localization
and the binding of ERK.

To examine whether ERK-MEK activation by
SLC45A2-AMACR is also reflected in human can-

cer samples, immunostainings of phosphorylated
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AMACR. The results showed that the presence of
SLC45A2-AMACR increased the levels of phospho-
ERK1/2 and phospho-MEK in liver cancer samples
(Supporting Figs. S4 and S5).

Next, we analyzed whether SLC45A2-AMACR
tusion plays a role in sensitizing cancer cells to ERK
inhibitor. HUH7 and H1299 cells and their corre-
sponding SLC45A2-AMACR-knockout counterparts
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FIG. 6. SLC45A2-AMACR induced spontaneous liver cancer. (A) Schematic diagram of the hydrodynamic injection of pT'3-SLC45A2-
AMACR-FLAG/pSB to induce liver cancer in C57BI™P "L mice treated with AAV8-cre. (B) Representative picture of mouse liver treated
with pT3/pSB or pT3-SLC45A2-AMACR-FLAG/pSB (0.5 images). Liver cancer nodules are indicated by green arrows. (C) Hematoxylin
and eosin staining of liver samples from pT3-SLC45A2-AMACR-FLAG/pSB-treated (9 weeks) mice (top, 4x images) or pT'3/pSB-treated
(9 weeks) mice (bottom, 20x images). Liver cancer is indicated by green arrows. Middle panels represent the high magnification (20x) images
of the indicated areas of the top panel. (D) SLC45A2-AMACR increased the liver to body ratio. Data show mean + SD.(E) SLC45A2-
AMACR-FLAG increased Ki67-positive cells in liver cancer (20x images). (F) SLC45A2-AMACR-FLAG enhanced the activation of ERK
kinase and its signaling molecules MEK and mTOR kinases. Abbreviations: AAV8, adeno-associated virus 8; HPE, high-power field.

were treated with SCH772984, a potent ERK inhib-
itor. Knockout of SLC45A2-AMACR abrogated the
sensitivity of HUH7 (median inhibitory concentration
[IC,,l, 41.6 nM versus >1,000 nM) and H1299 cells
(ICsy, 572.3 nM versus >1,000 nM) to SCH772984,
while overexpression of SLC45A2-AMACR in
H1299 cells decreased the IC,, of SCH772984 by
9.7-fold (59 nM versus 572.3 nM) (Supporting Fig.
S6). These results lend further support that ERK
plays a key role in SLC45A2-AMACR-mediated

transformation.

SLC45A2-AMACR FUSION AND
SOMATIC PHOSPHATASE AND
TENsin HOMOLOG KNOCKOUT
INDUCED SPONTANEOUS LIVER
CANCER IN MICE

Phosphatase and TENsin homolog (Pren) deletion
and loss of expression in HCC are frequent (up to
50%).444 The analysis of our previous publication
showed that Pfen loss occurred in 31% (17/55) of HCC
samples that were positive for SLC45A2-AMACR.“")
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Thus, the combination of Pren loss and gene fusion
between SLC45A42 and AMACR may play a critical
role in HCC generation. To investigate this hypoth-
esis directly, we cloned SLC45A2-AMACR-FLAG
into pT3-ESa to create pT3- SLC45A2-AMACR-
FLAG. We somatically knocked out Pren in the liver
by treating C57Bllocus of x-over, P1 (LoxP)-Pten-LoxP mice
with adeno-associated virus 8 (AAVS8)-cre. We then
delivered pT3- SLC45A2-AMACR-FLAG/plasmid
sleeping beauty (pSB) into 3%-5% hepatocytes by
hydrodynamic tail vein injection. Cancer nodules in
the livers were identified from 9 to 16 weeks in all
animals (6/6) treated with pT3- SLC45A2-AMACR-
FLAG/pSB (Fig. 6A-C). In contrast, none of the ani-
mals with somatic Pren loss and treated with pT3/
pSB developed cancer in the same period. The liver to
body ratios were significantly higher due to the pres-
ence of the cancer (Fig. 6D). Derangement of liver
architecture, deposition of fat vacuoles, and activation
of MEK were found in the cancer samples induced
by SLC45A2-AMACR (Supporting Fig. S7). Cancer
nodules had a 15.6-fold higher frequency of Ki67-
positive cells on average (Fig. 6E). The tumor nodules
displayed similar higher levels of ERK, MEK1/2, and
mTOR activation compared with the controls (Fig.
6F). These results indicate that SLC45A2-AMACR

tusion is a driver of mouse liver cancer development.

Discussion

Chromosome rearrangement is one of the main fea-
tures of human cancer. It includes translocation, dele-
tion, duplication, and inversion of the DNA sequences
in the chromosome(s). SLC4542-AMACR gene fusion
was discovered in the transcriptome sequencing stud-
ies in several research group data sets in a significant
number of PCa samples(3’6’7) and in liver cancers,(g)
bladder cancer™ and lung cancer cell lines.”) Using
sensitive TagMan qRT-PCR and Sanger sequenc-
ing, we showed that SLC45A2-AMACR is present
in eight different types of human cancers with high
frequencies. Interestingly, most lymph node metas-
tases retain or gain SLC45A2-AMACR expression
compared with the primary cancers (Supporting Fig.
S2). Characterizations of SLC45A2-AMACR in
our studies suggest SLC45A2-AMACR is crucial
in the development of human cancer. First, the dis-

ruption of SLC45A2-AMACR in cancer cell lines
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dramatically reduced the carcinogenesis of the cell
lines. In H1299 cells, the knockout of this fusion
gene eliminated the ability of the cancer cells to form
tumors in SCID mice. In contrast, forced overex-
pression of SLC45A2-AMACR in the same cell line
increased tumor growth and the rate of metastasis in
the xenograft animal model. The results suggest that
the transformation of the cancer cell line is dependent
on this gene fusion. Second, most lymph node metas-
tases of colon cancer, PCa, ovarian cancer, and breast
cancer retained SLC45A2-AMACR gene fusion in
comparison with the matched primary cancer sam-
ples. Significant numbers of samples had a gain of
SLC45A2-AMACR gene fusion in the metastatic
sites over the matched primary cancer samples, imply-
ing a critical role of this gene fusion in metastasis.
Third, the introduction of SLC45A2-AMACR into
the livers of mice along with somatic Pfen knockout
induced a high rate of spontaneous liver cancer (6/6,
100%) in 16 weeks while none of the control animals
displayed any neoplasm. Interestingly, introduction of
pT'3-SLC45A2-AMACR-FLAG/pSB alone did not
induce liver cancer in a similar period (Supporting
Fig. S8), suggesting a requirement of “two-hits” for
liver cancer generation, similar to most carcinogenesis
in humans.*® In light of the high rate of SLC45A2-
AMACR in various human cancers, the presence of
this fusion gene may be essential to human cancer
development.

Topology analysis showed that SLC45A2 is a
multipass membrane protein.(39) Truncation at aa
187 abrogates the transmembrane pass that tra-
verses toward the lumen of lysosome and leaves the
AMACR domain exposed in the cytoplasm compart-
ment (Fig. 5D). Thus, the AMACR domain of the
SLC45A2-AMACR chimera protein is accessible to
cytosolic signaling molecules. Our analyses revealed
that SLC45A2-AMACR binds ERK2 through aa
368-397. This motif is critical to the cancer trans-
forming activity of SLC45A2-AMACR because the
fusion protein mutant with deletion of this sequence
did not result in transformation. Interestingly, this
sequence is outside the boundary of the racemase
motifs in the AMACR domain. The lysosomal mem-
brane location is also critical to the transformation
activity of SLC45A2-AMACR. The cancer cell line
with SLC45A2-AMACR knockout lost most of the
cancer phenotype but regained the phenotype after the
cells were transfected with SLC45A2-AMACR. On
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the other hand, these SLC45A2-AMACR-knockout
cells failed to recover most of the cancer transforma-
tion with the expression of mitochondrial-localized
AMACR domain. Although the truncated AMACR
domain protein retains the ERK2 binding motif,
mitochondria localization may prevent its interaction
with ERK. ERK, an effector, converges several tyro-
sine kinase signaling activities, like epidermal growth
factor receptor, platelet-derived growth factor recep-
tor, and hepatocyte growth factor receptor.(49) Our
study suggests that ERK kinase activation is short
circuited by SLC45A2-AMACR/ERK interaction,
resulting in activation of the ERK pathway without
the upstream signaling. Interestingly, MEK kinase was
activated along with ERK by SLC45A2-AMACR,
raising the possibility of overflow activation of kinase
pathways. Because MEK is widely recognized as the
upstream kinase for ERK activation, the activation
of MEK by ERK may create a self-reinforced kinase
activation circuit to amply the progrowth signals.
Thus, SLC45A2-AMACR may play a critical role in
the transformation of cancer cells by promoting cell
growth, motility, and survival without the excessive
activation of upstream growth factor receptors. Future
transcriptome and proteomic analyses on SLC45A2-
AMACR-transformed cells may gain additional
insight into the mechanisms of this oncogene.

To our knowledge, SLC45A2-AMACR is one of
the most widespread fusion genes in human malig-
nancies. Overexpression of AMACR was found in
a variety of human cancers. Some of the incidences
of AMACR overexpression in cancers may be over-
lapped with SLC45A2-AMACR fusion because
the fusion retains most RNA sequence and pro-
tein domains of AMACR, including an intact race-
mase domain. Because the transforming activity of
SLC45A2-AMACR is ERK activation dependent,
approaches targeting ERK and its downstream sig-
naling molecules should be considered. The unique-
ness of the SLC45A42-AMACR gene in cancer cells
would be a potential target in our fusion gene target-
ing approach using CRISPR-Cas9 genome editing
to insert a suicide gene into the breakpoint region
of a fusion gene. Such an approach achieved par-
tial remissions of xenografted cancers that contain
fusion gene breakpoints.*” The high frequencies of
SLC45A2-AMACR and its near uniform breakpoint
region make it feasible to develop a highly selective
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and specific genome intervention in the treatment of
human cancers.
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