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Pre-mRNA splicing can contribute to the switch of cell identity that occurs in carcinogenesis. Here, we analyze a large

collection of RNA-seq data sets and report that splicing changes in hepatocyte-specific enzymes, such as AFMID and KHK,
are associated with HCC patients’ survival and relapse. The switch of AFMID isoforms is an early event in HCC development

and is associated with driver mutations in TP53 and ARID1A. The switch of AFMID isoforms is human-specific and not detect-

able in other species, including primates. Finally, we show that overexpression of the full-length AFMID isoform leads to a

higher NAD+ level, lower DNA-damage response, and slower cell growth in HepG2 cells. The integrative analysis uncovered

a mechanistic link between splicing switches, de novo NAD+ biosynthesis, driver mutations, and HCC recurrence.

[Supplemental material is available for this article.]

Liver cancer is the second leading cause of cancer death worldwide
and has very poor prognosis, with an incidence rate almost equal
to the mortality rate (ratio = 0.95) (Ferlay et al. 2015). The global
incidence of liver cancer has increased in the past 20 yr, resulting
in a doubling in disease-specific mortality (Llovet et al. 2015).
Hepatocellular carcinoma (HCC) is the primary malignancy of
the liver. The only approved drug for HCC is the protein tyrosine
kinase inhibitor sorafenib, which can only prolong survival by
about 3 mo. Surgical resection has the best prognosis for long-
time survival, but only a minority (∼15%) of HCC patients have
enough normal liver remaining at the time of diagnosis. Even if
surgical resection is successful, most HCC patients (∼90%) die
within 5 yr, because of intrahepatic recurrent HCC tumors
(HCCs). The 5-yr survival rate is ∼17% in the United States.
Unfortunately, recent clinical trials of experimental HCC drugs
have all failed (Llovet et al. 2015). Accordingly, there is an urgent
unmet clinical need in prevention, diagnosis, prognosis, and treat-
ment for this deadly cancer.

HCC cells are highly heterogeneous: Different areas within
the same tumor often have different patterns of morphology, im-
munohistochemical staining, and driver mutations (Friemel et al.
2015). The negative results from recent HCC clinical trials also
highlight the intrinsic resistance of HCC to therapies (Villanueva
and Llovet 2014). One important aspect of how cell identity is de-
termined is through alternative pre-mRNA splicing patterns,
which are regulated in a cell-type–specific manner. Recent studies
identified some recurrent splicing events in HCC, but they did not
establish associations with clinical information and were limited
to small patient cohorts (Sebestyen et al. 2015, 2016; Zhang
et al. 2016b). Also, the detection methods used in the previous
studies were limited to analyzing only two isoforms at a time.

To provide an integrative analysis of splicing patterns during
the transition fromhepatocytes toHCC cells, the present study an-
alyzed∼6000 samples of RNA-seq data comprising humanhepato-

cytes, Kupffer cells, adult and fetal livers, dysplastic lesions, early
HCCs, HCCs, and cancer cell lines from various tissue types. We
sought to identify robust splicing events associated with survival,
recurrence, and driver mutations in HCC, by using amodified per-
cent spliced-in (PSI) index (seeMethods). In particular, we describe
anAFMID alternative splicing event and propose that it plays a crit-
ical role in early HCC development and progression.

Results

Concordant splicing events in HCC tumors and liver-cancer

cell lines

Liver-cancer cell lines are malignant clones derived from heteroge-
neous liver tumors. Concordant splicing events that coexist in
both HCCs and liver-cancer cell lines could be among the main
characteristics preserved in liver-cancer evolution. Concordance
means that the splicing event involves the same exon/exons and
increases or decreases in the same direction. To identify splicing
events, we used a new PSI index to analyze RNA-seq data sets
(Methods; Supplemental Fig. S1). We started with an RNA-seq
data set of 11 primary HCCs and matched adjacent normal liver
(ANL) tissues from a recent study (Jhunjhunwala et al. 2014).
Also, we analyzed 136 non-HCC liver samples from the
Genotype-Tissue Expression (GTEx) database and 16 liver-cancer
cell lines (The GTEx Consortium 2015; Klijn et al. 2015). We iden-
tified 436 and 1992 robust splicing events in HCCs and liver-can-
cer cell lines, respectively (Supplemental Tables S1, S2). To identify
highly reproducible splicing events, we required at least 20 sup-
porting reads for the event in at least 80% of the samples.

Among the splicing events, we identified 136 overlapping
events involving 135 alternative exons with concordant splicing
changes (P = 5.16 × 10−133) (Fig. 1A). The top 10 genes with the

Corresponding author: krainer@cshl.edu
Article published online before print. Article, supplemental material, and publi-
cation date are at http://www.genome.org/cgi/doi/10.1101/gr.227181.117.

© 2018 Lin et al. This article is distributed exclusively by Cold Spring Harbor
Laboratory Press for the first six months after the full-issue publication date
(see http://genome.cshlp.org/site/misc/terms.xhtml). After six months, it is
available under a Creative Commons License (Attribution-NonCommercial
4.0 International), as described at http://creativecommons.org/licenses/by-
nc/4.0/.

Research

28:275–284 Published by Cold Spring Harbor Laboratory Press; ISSN 1088-9051/18; www.genome.org Genome Research 275
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227181.117/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227181.117/-/DC1
mailto:krainer@cshl.edu
mailto:krainer@cshl.edu
http://www.genome.org/cgi/doi/10.1101/gr.227181.117
http://www.genome.org/cgi/doi/10.1101/gr.227181.117
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/site/misc/terms.xhtml
http://genome.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://genome.cshlp.org/site/misc/terms.xhtml


largest PSI changes were PEMT, KIAA1551, NUMB, FN1, MYO1B,
USO1, RPS24, AFMID, KHK, and ARHGEF10L (Fig. 1B). PEMT
(phosphatidylethanolamine N-methyltransferase) mainly ex-
presses the PEMTB isoform (NM_007169) in ANLs, but we found
that it switches to greater expression of the PEMTA1 isoform

(NM_148172) in HCCs (Supplemental Fig. S2; Shields et al.
2001). NUMB is a cell-fate determinant in cell development; the
NUMBL isoform is known to be up-regulated in HCCs (Lu et al.
2015). FN1 (fibronectin 1) had increased inclusion of its EDB
exon. The FN1EDB isoform is a known hallmark of tumor

Figure 1. Concordant splicing events in HCC patient samples and liver-cancer cell lines. (A) The Venn diagram shows the number of overlapping splicing
events between two independent comparisons: 11 adjacent normal livers (ANLs) versus 11 matched HCCs (green circle); and 136 non-HCC liver samples
versus 16 liver-cancer cell lines (blue circle). (B) Each dot in the dot plot represents an alternative exon. The color coding of the circles indicates different
exons from the same gene. The x-axis shows the average PSI change of an alternative exon between ANL and HCCs. The y-axis is the statistical significance,
denoted as −log10(p), of the splicing event in 11 ANLs versus 11 HCCs. (C) The vioplot shows the PSI distributions of exon 5 of AFMID in 11 ANLs and 11
matchedHCCs. (D) Exon/intron structure of AFMID isoforms. Each dark block is a coding exon; the gray boxes represent the UTR exons or portions of exons;
the green boxes denote domain regions. Three purple dots represent the active-site residues (Ser164, Asp247, and His279). The blue dot on exon 4 rep-
resents the HGGXWmotif (the oxyanion hole). (E–H) The stacked bar charts in E andG represent the estimated proportion of AFMID isoforms in the 11 pairs
of ANLs and matched HCCs, based on RNA-seq junction reads; F shows the 136 non-HCC liver samples, and H shows the 16 liver-cancer cell lines. (I) The
stacked bar chart shows the PSIs of AFMID isoforms in human hepatocytes, Kupffer cells, hiHep cells (ESHep and hiHep), HepG2, and skin fibroblasts. (J,K)
The two box plots show the overall gene-expression level of AFMID in 11 matched HCC patient samples and 371 HCC patient samples (50 with matched
ANLs) from TCGA, respectively. Expression levels are shown as transcripts per million (TPM).

Lin et al.

276 Genome Research
www.genome.org

http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.227181.117/-/DC1


angiogenesis and is regulated by the stiffness of the extracellular
matrix (Bordeleau et al. 2015). USO1 (vesicle transport factor
p115) showed a reduction in exon 13 inclusion (Chr 4:
76716488–76716509) and was recently proposed as a potential
splicing marker in HCC (Danan-Gotthold et al. 2015). KHK (keto-
hexokinase) switched fromKHKC toKHKA isoforms. A recent study
showed that switching KHKA to KHKC can induce heart disease
(Mirtschink et al. 2015). Conversely, switching KHKC to KHKA

drives HCC development (Li et al. 2016). AFMID (arylformami-
dase) showed a decrease in the full-length isoform and a higher
proportion of the other two alternative isoforms in liver-cancer
cells; one isoform skips five exons (exon 5 to exon 9) and the
other skips four exons (exons 5, 7, 8, and 9). Among these top
10 genes, PEMT, KHK, and AFMID encode liver-enriched enzymes.
The events involving the alternative exons of AFMID had themost
significant P-values (Fig. 1C). Exon 6 of AFMID has both increased
and decreased PSI values in liver-cancer cells because it is present in
the two full-length isoforms (AFMIDFL1 and AFMIDFL2) and in an
alternative isoform (AFMIDe6) that skips exons 5, 7, 8, and 9 (Fig.
1D). In liver-cancer cells, the exon 6 PSI values were increased
for the AFMIDe6 isoform and decreased for the AFMIDFL1 and
AFMIDFL2 isoforms.

The switch of AFMID isoforms corresponds to loss of normal

hepatocyte identity

AFMID is located on Chromosome 17q25.3 and encodes arylfor-
mamidase, a controlling enzyme in tryptophan metabolism.
The AFMID expression level is evolutionarily constrained across
multiple species (Pervouchine et al. 2015). AFMID generally ex-
presses four isoforms, including AFMIDFL1, AFMIDFL2, AFMIDe6,
and AFMIDSKIP (Fig. 1D). AFMIDFL1 is the major isoform and has
a shorter exon 9 than AFMIDFL2. AFMID has a HGGXW motif (in
exon 4), an alpha/beta hydrolase-fold domain (in exons 4–10),
and an active site triad (in exons 7, 9, and 10, respectively) (Fig.
1D; Pabarcus and Casida 2002, 2005). AFMIDSKIP splices out exons
5–9, where the core-domain region resides. Because the AFMIDSKIP

isoform is incompletely annotated in genome browsers, we lacked
direct information showing whether this isoform includes con-
stitutive exons 1–4. To determine the complete structure of
AFMIDSKIP, we analyzed Pacific Biosciences (PacBio) long reads
derived from several cancer cell lines (Tilgner et al. 2014). We
found that most of the isoforms that lack exons 5–9 have exons
1 through 4 in GM12878, GM12891, GM12892, and K562 cell
lines (Supplemental Fig. S3).

In the present study, we used the PSI of exon 5 to represent
the PSI of AFMIDFL, as both AFMIDFL1 and AFMIDFL2 share the
same exon 5. In normal or non-HCC livers, AFMID primarily ex-
presses AFMIDFL (Fig. 1E,F). In HCCs or liver-cancer cell lines,
AFMID expresses mostly AFMIDSKIP and AFMIDe6 (Fig. 1G,H).
Analyzing the RNA-seq data set from a recent study of human in-
duced hepatocytes (hiHeps), we found that human hepatocytes
had the highest PSI values of AFMIDFL, and hiHep cells had higher
PSI values of AFMIDFL than HepG2 and fibroblasts (Fig. 1I; Huang
et al. 2014). From the RNA-seq data set of humanKupffer cells (spe-
cialized macrophages located in the liver), we also found that
AFMIDSKIP and AFMIDe6 isoforms were the dominant isoforms
(Fig. 1I; Costa-Silva et al. 2015). Both sets of data showed that
the high-AFMIDFL pattern is characteristic of human hepatocytes.

Interestingly, although the PSI values of AFMIDFLwere signif-
icantly decreased in HCCs, the overall gene-expression level of
AFMID was maintained at similar levels in the two RNA-seq data

sets: (1) 11 ANLs versus 11 HCCs (∼1.97-fold increase, adjusted
P-value = 1) (Fig. 1J); and (2) 50 ANLs vs. 371 HCCs (∼0.25-fold in-
crease, adjusted P-value = 0.0059 (Fig. 1K). Real-time RT-PCR ex-
periments with RNA from 20 ANLs and 19 HCCs showed that
the overall AFMID level did not significantly change (∼25% reduc-
tion, P = 0.2963), but the AFMIDFL isoform level was significantly
down-regulated in HCCs by about twofold (∼55% reduction, P =
0.0042) (Supplemental Fig. S4). Both sets of data suggest that
AFMID is not a differentially expressed gene—given the smallmag-
nitude of the change—but rather the proportions of its isoforms
are switched in HCCs.

The decrease of the AFMIDFL isoform is associated with HCC

patients’ survival

Since losing cell identity can have biomarker potentials, we tested
whether the PSI values of the alternative exons are correlated with
the clinical information from the liver hepatocellular carcinoma
(LIHC) data set of The Cancer Genome Atlas (TCGA) (The
Cancer Genome Atlas Research Network et al. 2013). We used
“days_to_death” as the overall survival, and “days_to_new_
tumor_event_after_initial_treatment” as the recurrence-free
survival. We excluded all right-censoring data, which refers to
patients for whom there is only the “days_to_last_followup” infor-
mation. This left us with 130 and 174 HCC patients with overall
and recurrence-free survival information, respectively. We used
the median of the PSI values to separate the HCC patients into
high and low groups. For example, a high-AFMIDFL HCC means
an HCC sample whose PSI value for AFMIDFL is higher than the
median for the overall HCC samples.

From the 50 ANLs and 369 HCCs from the LIHC data set, we
identified 250 splicing events (Supplemental Table S3). Seventy-
nine of the 135 alternative exons identified above were present
again in the set of 250 splicing events. AFMIDFL also had decreased
PSI values in HCCs from the LIHC data set (Fig. 2A). Survival anal-
ysis showed that 32 alternative exons had significant log-rank P-
values in both overall and recurrence-free data sets (Fig. 2B;
Supplemental Table S4). The top five genes were AFMID,
C16ORF13, SLAIN2, STRA13, and KHK. The PSI values of exons 5
and 6 of AFMID had the strongest prognostic values in the RNA-
seq data of TCGA (Fig. 2B). Patients with lower PSI values of
AFMIDFL died sooner (hazard ratio = 1.7087, P = 0.0035) and tend-
ed to have a recurrence earlier (hazard ratio = 1.8822, P = 3.60 ×
10−5) (Fig. 2C,D). For predicting HCC recurrence, AFMID is similar
to MKI67 (encoding the proliferation marker Ki-67), which had a
log-rank P-value of 3.80 × 10−5. Among the 369 HCCs from the
LIHC data set, low-MKI67 samples have significantly higher PSI
values of AFMIDFL (P = 3.71 × 10−7) (Supplemental Fig. S5). The
overall survival was positively correlated with the PSI values of
AFMIDFL in HCC (P = 0.0011) (Fig. 2E). Sixty-three of the 64
low-AFMIDFL patients died within 5 yr. The median survival
for low-AFMIDFL patients was ∼11.77mo (30 d permonth), where-
as for high-AFMIDFL patients it was ∼19.95 mo.

The decrease of the AFMIDFL isoform is associated with driver

mutations

The major source of nicotinamide adenine dinucleotide (NAD+)
production in the hepatocyte is through tryptophan metabolism.
A recent study showed that inhibition of the de novo NAD+ bio-
synthesis pathway leads to NAD+ depletion, DNA-damage re-
sponses, and HCC development in mice (Tummala et al. 2014).
Feeding the mutant mice with nicotinamide riboside (NR), the
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precursor of the salvage pathway for generating NAD+, compen-
sates for the loss of de novo NAD+ biosynthesis and prevents
HCC development (Tummala et al. 2014). The study also showed
that AFMID protein is down-regulated or not detected in human
HCCs by Western blotting, and depletion of Afmid in nontumori-
genic mouse liver cells (AML-12) resulted in aggressive tumors
(Tummala et al. 2014). If the switch of AFMID isoforms increases
DNA-damage responses in normal hepatocytes, low-AFMIDFL

HCCs would have a higher chance of accumulating driver muta-
tions, such as in TP53 and ARID1A (Villanueva and Llovet
2014). To test this hypothesis, we used the nonsilent mutations.
Among 369 HCC samples from TCGA, we found that 37 out of
the 54 TP53-mutated HCC samples were enriched in low-
AFMIDFL HCC samples (hypergeometric P = 0.0016) (Fig. 2F;

Supplemental Table S5). In other words, low-AFMIDFL HCC sam-
ples appear to have a twofold higher chance of gaining TP53 mu-
tations. Among 9762 genes mutated in at least one of the 369
HCC samples, only TP53 had a P-value lower than 0.01. TTN
and CTNNB1 were mutated in a similar number of HCC samples,
but the P-values were not significant. Incorporating silent muta-
tions yielded the same enrichment for TP53. Forty of 61 HCC sam-
ples with TP53 mutations were enriched in the low-AFMIDFL

group (P = 0.0016) (Supplemental Table S6). In addition, we tested
whether the 1st quartile (Q1) and the 4th quartile (Q4) of HCCs
are associated with nonsilent mutations in terms of PSI values of
AFMIDFL. Ranked by the PSI values of AFMIDFL, 93 HCCs were
in Q1 (PSI > 41%, high AFMIDFL) and the other 93 HCCs were in
Q4 (PSI <17%, low AFMIDFL). Twenty-six of the 186 HCCs had

Figure 2. The switch of AFMID isoforms is associated with patient outcome and is already evident in early-stage HCC. (A) The vioplot shows the PSI dis-
tribution of AFMIDFL isoform in adjacent normal livers (ANLs) and HCCs in the LIHC data set of TCGA. (B) The dot plot summarizes the log-rank P-values of
each alternative exon from overall (x-axis) and recurrence-free (y-axis) survival analysis, based on the LIHC data set of TCGA. Each circle represents one
alternative exon. Alternative exons from the same gene are labeled with the same color. (C,D) The plots show the survival curves of AFMID-high and
AFMID-low patients, based on the PSIs of the AFMIDFL isoform in overall and recurrence-free survival analysis, respectively. The PSI of the AFMIDFL isoform
was determined by using the PSI of exon 5. (E) The dot plot shows the correlation between the PSI of the AFMIDFL isoform and overall survival days. (F ) The
plot shows the enrichment (y-axis) of mutated genes in high-AFMIDFL or low-AFMIDFL HCCs, based on the LIHC data set of TCGA. The x-axis shows the
number of HCCs carrying themutated gene. Each dot represents one genemutated in at least one of the HCC samples. The bar labeled TP53 demonstrates
that there aremore TP53-mutatedHCCs (light gray bar) in low-AFMIDFLHCCs (red bar). (G) The box plots show the PSIs of the AFMIDFL isoform in ANLs from
patients with no fibrosis, fibrosis, or cirrhosis, in the LIHC data set. N/A means that the annotation of the liver sample was not available. (H) The box plot
shows the PSI distribution of the AFMIDFL isoform in ANLs, low-/high-grade dysplastic lesions (LG/HG), early HCCs (eHCC), andHCCs. (I) The plot shows the
PSI patterns of AFMIDFL(black), AFMIDSKIP(red), and AFMIDe6 (orange) isoforms in different groups of liver samples.
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TP53mutations, and 20 of themwere enriched in Q4 (P = 0.0020).
Among the 6370 mutated genes in the 186 HCCs, ARID1A also
showed significant enrichment in Q4 (P = 0.0289) (Supplemental
Table S7). Seven out of eight HCCs with ARID1A nonsilent muta-
tions were enriched in Q4. Overall, there is a consistent enrich-
ment of TP53 mutations in low-AFMIDFL HCCs.

The switch of AFMID isoforms occurs in early-stage HCC

To establish when the switch of AFMID isoforms is likely to occur,
we investigated the PSI distributions of AFMIDFL in two data sets:
(1) the LIHC data sets from TCGA; and (2) an RNA-seq data set
that covers several stages in HCC development. First, among the
50 HCC patients with matched HCC samples from TCGA, 22 pa-
tients showed no fibrosis, seven showed fibrosis, and six showed
cirrhosis. The PSI distributions of AFMIDFL were not statistically
different in the ANL samples (Fig. 2G), indicating that the switch
of AFMID isoforms is not associated with fibrosis or cirrhosis.
Next, we investigated the other RNA-seq data set from a recent
study (Marquardt et al. 2014). This data set is composed of seven
ANL samples, four low-grade dysplastic lesions, nine high-grade
dysplastic lesions, five early HCCs, and three late HCCs. The se-
quencing depth for the samples in the RNA-seq data set ranges
from 7million to 339million reads. This RNA-seq data set has par-
ticularly strong enrichment for reads in the 3′ end. In general, ex-
ons near the 5′ end tend to have much lower coverage. For
example, in the 419 TCGA patient samples (50 ANLs and 369
HCCs), the PSI values of exon 5 and exon 9 had high correlation
(correlation = 0.85) (Supplemental Fig. S6A). However, in the 28
patient samples, the PSI values of the two exons were weakly cor-
related (correlation =−0.16) (Supplemental Fig. S6B). The PSI val-
ues of exon 5 are generally much lower than the PSI values of
exon 9. The imbalance in PSI values leads to inaccurate estimations
of theAFMID isoformproportions if we use the PSI values of exon 5
alone to representAFMIDFL. Accordingly, we normalized the PSI of
AFMIDFL by using the average PSI of exon 5 and exon 9 in the sec-
ond data set. After normalization, the PSI distributions of AFMIDFL

were not statistically different in ANL, low-grade, and high-grade
dysplastic lesions. In contrast, the PSI values of AFMIDFL were sig-
nificantly lower in early HCCs (P = 0.0318) and HCCs (P = 0.0356)
than in ANLs (Fig. 2H). Combining the three isoforms in one fig-
ure, we could show that the PSI values of AFMIDFL and
AFMIDSKIP start to intersect at the early stage of HCC (Fig. 2I).

The decrease of the AFMIDFL isoform in other cancers

AFMID has highest expression in the liver, because of this organ’s
high demand for NAD+ (400–800 µmol/kg protein) (Houtkooper
et al. 2010). To investigate if cancers from other organs have the
same switch, we analyzed RNA-seq data from 5213 noncancer
samples from the GTEx portal and from 675 cancer cell lines orig-
inated from 31 tissue types (Fig. 3A; The GTEx Consortium 2015;
Klijn et al. 2015). We found that all of the cancer cell lines ex-
pressed higher proportions of AFMIDSKIP and AFMIDe6 isoforms
(Fig. 3B). The 5213 noncancer samples generally had higher PSI
values for the AFMIDFL isoform, compared to their cancer cell
line counterpart (Fig. 3C). Among the 15 matched tissue types
fromGTEx, liver and kidney had the largest decrease in PSI values,
on average, and lunghad themost significant P-value (Fig. 3D).On
the other hand, brain had very little change in PSI values.We note
that the non-HCC livers with a lower RNA integrity (RIN) score in
the GTEx data set tend to have lower PSI values ofAFMIDFL. For ex-
ample, 82 of the 136 non-HCC livers have RIN < 7 and signifi-

cantly lower PSIs (P = 9.0 × 10−6). RNA integrity is probably one
factor that influences the PSI estimation of AFMIDFL, considering
that AFMIDFL is twice as long as the other alternative isoforms.

To experimentally validate the event in multiple cancer
types, we performed radioactive RT-PCR of RNA fromnormal liver,
kidney, lung, colon, stomach, and brain tissue samples versus their
cancer cell line counterparts (Fig. 3E–J). We confirmed that
AFMIDFL is the dominant isoform in normal liver and kidney.
We also confirmed that AFMIDFL decreases and AFMIDSKIP increas-
es in most of the cancer cell lines tested, except for the brain cell
lines (Fig. 3E–J). Real-time RT-PCR gave similar results. The overall
AFMID expression levels were not significantly different between
normal liver tissues and HepG2 and Hep3B cells, whereas Huh-7
and PLC/PRF/5 cell lines had significantly lower overallAFMID lev-
els (Supplemental Fig. S7A). AFMIDFL was generally lower in the
four liver-cancer cell lines, whereas AFMIDe6 and AFMIDSKIP were
mostly unchanged (Supplemental Fig. S7A). Further RT-PCR anal-
ysis showed that the AFMIDSKIP isoform is also the predominant
isoform in human fetal liver (Supplemental Fig. S7B). The pattern
is consistent with recent RNA-seq data from human fetal liver
(Gerrard et al. 2016).

The switch of AFMID isoforms is human-specific

AFMID is highly conserved (82 orthologs) and often paired with
TK1 in the genome of many species. It is not known if AFMID in
other species is regulated by alternative splicing. Using an ultra-
deep RNA-seq data set, we found zero supporting junction reads
for AfmidSKIP and Afmide6 isoforms in fetal (E18), post-natal day
14 or day 28 (PN14 and PN28), and 3-mo-old adult (A3M) mouse
liver samples (Bhate et al. 2015). Likewise, we did not find support-
ing junction reads for AfmidSKIP and Afmide6 isoforms in RNA-seq
data from the Mst1−/−; Mst2Flox/Flox mouse HCC model (Fitamant
et al. 2015). Using RNA-seq data from chimpanzee (Pan troglodytes
and Pan paniscus), Pongo pygmaeus,Macaca mulatta, gorilla, mouse,
and chicken, we again found that neither AfmidSKIP nor Afmide6
isoforms are expressed in liver, kidney, heart, muscle, and brain
(Brawand et al. 2011; Barbosa-Morais et al. 2012). We conclude
that AFMID splicing regulation is human-specific (Fig. 4A).
Further radioactive RT-PCR showed no bands for the alternative
isoforms in mouse liver and tumor samples (Fig. 4B). This analysis
again confirmed that the alternative splicing regulation of AFMID
isoforms is specific to human cells.

Overexpression of AFMIDFL isoform increases NAD+ level, reduces

DNA-damage response, and slows down cell growth in HepG2

cells

The mechanism of inhibiting de novo NAD+ biosynthesis in the
mouse liver was described in a recent study (Tummala et al.
2014). However, it was not known if increasing the AFMIDFL iso-
form in human liver-cancer cells would affect the NAD+ level
and the response to DNA damage. Moreover, it was not known if
this perturbation affects cell growth. To test the hypothesis that
AFMIDFL regulates NAD+ levels in human cells, we expressed
AFMIDFL in HepG2 cells (Fig. 4C). Overexpression of AFMIDFL re-
duced the total TP53 protein level by ∼40% (Fig. 4D), suggesting
a reduction in theDNA-damage response. The higherAFMIDFL lev-
el increased NAD+ levels by ∼1.74-fold (P = 0.0458) (Fig. 4E).
Finally, overexpression of AFMIDFL slowed down cell growth in
HepG2 cells at day 7 (P = 0.0454) and day 8 (P = 0.038) (Fig. 4F).
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Discussion

HCC’s heterogeneity is a challenge for developing advances in
prognosis and treatment (Friemel et al. 2015; Llovet et al. 2015).
We tried to overcome this challenge by characterizing the splicing
events in liver-cancer cells. We report that hepatocyte-specific
splicing patterns have outstanding power in predictingHCC recur-
rence. Especially, the AFMID splicing event is associated with the
presence of early driver mutations, such as mutated TP53 and
ARID1A. The switch of AFMID isoforms represents a new regulato-
ry step in tryptophan/kynurenine metabolism and revealed the
disruption of de novoNAD+ biosynthesis in hepatocytes in the ear-
ly stages of HCC development. Low-AFMIDFL HCCs tend to have a
higher chance of carrying TP53mutations but not CTNNB1muta-
tions. This is consistent with the current understanding that mu-
tated CTNNB1 is a later event (Friemel et al. 2015). Only the link
betweenmutated TP53 and the switch of AFMID isoforms was pre-
served during HCC evolution. Indeed, seven of 16 liver-cancer cell
lines we analyzed lacked TP53 mutations (Klijn et al. 2015).
Therefore, the switch of AFMID isoforms can occur without TP53
mutations. The switch may play an important role in early HCC
evolution, because it increases the chance of accumulating driver
mutations in HCC-initiating cells (Fig. 5A).

NAD+ is a vital coenzyme in energymetabolism in eukaryotic
cells (Houtkooper et al. 2010; Canto et al. 2015). NAD+ repletion
increases life span in mice (Zhang et al. 2016a). However, the
NAD+/NADH ratio is very low in cancer cells; they maintain suffi-
cient NAD+ for a high rate of glycolysis by converting pyruvate to
lactate, while turning off other sources of NAD+ production
(Vander Heiden and DeBerardinis 2017). For example, the switch

of AFMID isoforms impairs the major source of NAD+ production
in hepatocytes. The switch may facilitate proliferation, but it also
increases DNA-damage responses. For example, poly-(ADP-ribose)
polymerase (PARP) and sirtuin are both NAD+-dependent en-
zymes. PARP enzymes consume NAD+ to generate PAR polymers
for repairing DNA. Sirtuin enzymes are associated with longevity,
aging, and cancer (Herranz et al. 2010; Canto et al. 2015).
Accordingly, the dysregulation of the de novo NAD+ pathway is
a key event in HCC development. The switch of AFMID isoforms
contributes to the accumulation of driver mutations and increases
cancer susceptibility (Fig. 5B). Our discovery of the two human-
specific isoforms (AFMIDSKIP andAFMIDe6) may lead to uncovering
new mechanisms in tryptophan metabolism, as these are the pre-
dominant isoforms in cancer cells. Their roles in kynurenine secre-
tion need to be further investigated. Switching the AFMIDSKIP and
AFMIDe6 isoforms back to AFMIDFL may impact the secretion of
kynurenine by redirecting the flux of tryptophan back to de
novo NAD+ biosynthesis. This, in turn, may enhance NAD+ pro-
duction and reduce immune escape of cancer cells (Fig. 5B). Also,
modulating the splicing switch has potential implications for neu-
rodegenerative diseases (Vecsei et al. 2013).

The new PSI index used in the present study is flexible and
can compute PSI values of individual exons in complex splicing
events. Previous single-exon PSI approacheswere designed for sim-
ple splicing events with only one alternative exon, but they can be
ambiguous in the case of mutually exclusive exons, multi-exon
skipping, and more complex events. For example, we identified
exon 5-6-7-8-9 and exon 5-7-8-9 skipping splicing events of
AFMID. MISO cannot detect such splicing events because its data-
base does not annotate multi-exon skipping events (Katz et al.

Figure 3. The switch of AFMID isoforms in cancers. (A) The color key of 31 tissue types. (B) The stacked bar chart shows the proportions of AFMID isoforms
(AFMIDFL: black, AFMIDSKIP: red, and AFMIDe6: orange) in 675 cancer cell lines, based on RNA-seq analysis. (C) The stacked bar chart shows the proportion of
AFMID isoforms in noncancer samples of 15matched tissue types. (D) The dot plot shows the averageΔPSI between noncancer samples and cancer cell lines
from the same tissue type. The x-axis is the average ΔPSI, and the y-axis shows the statistical significance (−log10[P-value]) of the ΔPSI. (E–J) The six panels
show radioactive RT-PCR results of AFMID isoforms in normal tissues and cancer cell lines from liver, kidney, lung, colon, stomach, and brain, respectively
(24 amplification cycles). The three arrowheads on the left indicate the expected sizes of AFMIDFL, AFMIDe6, and AFMIDSKIP isoforms, respectively. The
stacked bar chart below each RT-PCR plot shows the average PSI values and standard deviations from triplicate experiments. The PSI bars of AFMIDFL,
AFMIDe6, AFMIDSKIP, and unknown bands are colored in black, orange, red, and gray, respectively.
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Figure 4. Phylogenetic comparisons of AFMID splicing patterns and functional experiments of the AFMIDFL isoform. (A) The bidirectional gene pair, TK1
and AFMID, is a conserved structure in Fugu, mouse, monkey, gorilla, and human (from top to bottom). The black arrows indicate the direction of transcrip-
tion for each gene. The promoter region is indicated by green and red bars for TK1 and AFMID, respectively. The distance between the two transcription
start sites is <1 kb. In the human diagram, the red arc indicates the AFMIDSKIP isoform, and the orange arcs represent the AFMIDe6 isoform. (B) Radioactive
RT-PCR analysis of Afmid isoforms in mouse liver and tumor samples. Expected sizes of isoforms are labeled on the left. Size markers are shown on the right.
(C,D) RepresentativeWestern blots at the top show (C) AFMIDFL and (D) TP53 levels in HepG2 cells, respectively. HepG2 cells with a GFP plasmid are labeled
pBABE-GFP, and HepG2 cells with an AFMIDFL plasmid are labeled pBABE-AFMID. The bar charts below show the quantifications of Western blots from
triplicate experiments. (E) The plot shows the NAD+ levels in HepG2 cells with pBABE-GFP or pBABE-AFMID from eight biological replicates. (F ) Cell growth
curves of HepG2 cells with pBABE-GFP (black) or pBABE-AFMID (green) are shown. Error bars indicate SEM. (∗) P < 0.05.

Figure 5. Model of the AFMID isoform switch in HCC. (A) The flow chart represents HCC progression (left to right). At the start, six representative hepa-
tocytes are shown (nuclei in red). Later, because of environmental or hereditary factors (E/H factors), a subset of hepatocytes switches AFMID isoforms. The
environmental factors include WNT signals in peri-central hepatocytes in daily liver regeneration, cytokines released during inflammation, chemical dam-
age, and virus infection. The hereditary factors include driver mutations, such as in TP53 and ARID1A. The E/H factors temporarily disrupt the identity of
hepatocytes and reduce the NAD+ level in the hepatocytes. The reduced NAD+ level gives rise to increased DNA damage in the nucleus. After recursively
accumulating driver mutations, the DNA-damaged hepatocytes become HCC initiating cells. The switch of AFMID isoforms can then be observed by bulk
RNA-seq. (B) The diagram shows two states of hepatocyte cells. On the right, a normal hepatocyte expresses high levels of AFMIDFL isoform, and tryptophan
can be converted to NAD+ for PARPs to fix DNA damage. On the left, the HCC cell expresses low levels of AFMIDFL and has low NAD+, so DNA damage is
increased and kynurenine is secreted to inhibit immune rejection.
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2010). Even if the exon 5-6-7-8-9 skipping event were annotated,
MISO would not report the exon 5-7-8-9 skipping event because
the splicing change can only be detected when all isoforms are
considered together (Supplemental Fig. S1). Likewise, a recent pa-
per using SUPPA did not report the splicing events of AFMID or
KHK in the TCGA-LIHC data set (Sebestyen et al. 2016). In addi-
tion, our new PSI index reported an alternative first exon event
of PEMT, which was missed by previous studies (Sebestyen et al.
2015, 2016; Zhang et al. 2016b). Because the new PSI index takes
into account all the junction reads involving the 3′ splice site of
exon 4, the switch from PEMTB to PEMTA1 can be detected (Supple-
mental Fig. S2). Related approaches, such as MAJIQ, have similar
advantages and can detect these splicing changes (Vaquero-Garcia
et al. 2016). Additional advantages of our new PSI index are that it
can: (1) report PSI values and exon coordinates of individual exons
in a multiple-exon skipping event, (2) amend the GC-content and
3′-end biases from RNA-seq by using the junction reads from both
ends, and (3) detect the splicing changes from alternative exons
that share the same upstream intron. Thus, the new PSI index pro-
vides more precise and suitable information for downstream
analysis.

In summary, the present study provides the first integrative
analysis of splicing events in liver cancer. We identified new splic-
ing-based biomarkers in hepatocyte-enriched enzymes, such as
PEMT, KHK, and AFMID. We found that AFMID alternative splic-
ing constitutes a key event in liver carcinogenesis and a new switch
in tryptophan/kynurenine metabolism.

Methods

A new PSI index

Traditionally, the PSI index is denoted as (a + b)/(a + b + 2c), where
a and b stand for the number of splice-junction reads connecting
the alternative exon to the upstream and downstream constitutive
exons, respectively (Barbosa-Morais et al. 2012), and c stands for
the number of junction reads connecting the two constitutive ex-
ons. We modified the PSI index as follows:

C = a+ b
∑n

i=1 C1Si +
∑m

j=1 C2Sj
× 100%,

whereC1 andC2 stand for the upstream and downstream constitu-
tive exons, respectively. C1Si stands for the total number of junc-
tion reads whose 5′ splice site is connected to the upstream
constitutive exon in a given splicing event. Similarly, C2Sj stands
for the junction reads whose 3′ splice site is connected to the
downstream constitutive exon. Because the denominator is the
sum of junction reads connecting to the flanking constitutive ex-
ons, the equation does not have the ambiguity for mutually exclu-
sive exon events in which c might not exist. Also, in the new PSI
equation, a and b stand for the number of junction reads connect-
ing the alternative exon to its upstream and downstream exons, re-
spectively; a and b do not necessarily reflect connections toC1 and
C2 exons. For alternative splice site events, only C1 or C2 is used in
the denominator, because the event only involves one constitutive
exon.

In the present study, the alternative exons were identified
based on the Ensembl 75 gene annotation. For a given alternative
exon, each sample was required to have more than 20 supporting
junction reads in the denominator of the PSI index. If fewer than
80% of the samples met the criteria, the splicing events were not
considered as candidates for highly reproducible splicing events.

In addition, splicing events with lower than 10% PSI change or
whose P-value was larger than 0.05 were also excluded.

RNA-seq data processing

RNA-seq data sets were downloaded from several sources, such as
Sequence Read Archive (SRA), European Genome-phenome
Archive (EGA), TCGA, and GTEx. The present study used three dif-
ferent approaches to obtain the counts of junction reads
(Supplemental Fig. S1). For data sets without alignment files or
junction read information, we used STAR (2.4.1c) to obtain the
counts of junction reads (Dobin et al. 2013). For data sets that al-
ready have alignment files or junction reads, we extracted the
counts of junction reads either directly from the alignment files
or from the file with junction read information. For example, the
RNA-seq data set of the 11 primary HCCs andmatched normal liv-
ers was downloaded from SRA and aligned by STAR. The RNA-seq
data set of 675 cancer cell lines was downloaded from EGA and
aligned by STAR. For TCGA’s LIHC data set, we downloaded the
alignment files from The Cancer Genomics Hub (http://cghub.
ucsc.edu) and extracted the counts of junction reads from the
alignment files. Recurrent HCCs (02A or 02B) in the LIHC data
set were excluded. The counts of junction reads of the 5213 non-
cancer samples were downloaded from the GTEx portal (http
://www.gtexportal.org/). GRCh37 (hg19) and Ensembl 75 were
the reference genome and gene annotation for human data sets,
respectively. mm10 was the reference genome for mouse data
sets. PPYG2 was the reference genome for Pongo pygmaeus.
CHIMP2.1.4 was the reference genome for Pan troglodytes and
Pan paniscus. MMUL1.0 was the reference genome for Macaca
mulatta. gorGor3.1 was the reference genome for Gorilla gorilla.
galGal4 was the reference genome for Gallus gallus. The pre-exist-
ing alignments and junction-count annotations from TCGA and
GTEx were based on GRCh37 (hg19). To enable others to easily re-
produce our findings, we used the same settings as in these two
major data sources in our study. TCGA adopted the new reference
genome GRCh38 (hg38) in 2016, and we verified that the PSI
changes are reproducible.

Statistical analysis

The two-sample t-test was used to elaborate the significance of
PSI differences between noncancer and cancer cells. The log-rank
test was used for survival analysis. The hypergeometric test was
used for enrichment analysis of somatic mutations. Correlation
testing was based on Pearson’s product moment correlation coeffi-
cient. The adjustment method for P-values used the Bonferroni
correction.

RT-PCR

Total RNA was extracted from cell lines using TRIzol (Invitrogen).
Genomic DNAwas removed by treatmentwithDNase I (Promega).
Reverse transcription of 0.5–1 µg of total RNAwas carried out using
ImProm-II reverse transcriptase (Promega). Semiquantitative
PCR in the presence of [α-32P]-dCTP was performed with
AmpliTaq polymerase (Applied Biosystems). The human-specific
primer set (Forward: 5′-GGCCACCAGGAAGAGCCTGC-3′, Re-
verse: 5′-CCTTCTGGGTCAGATTCTCAAC-3′) was used to amplify
endogenous AFMID transcripts; these primers anneal to exons 3
and 10. After 24 amplification cycles, the products were resolved
using a 5% native polyacrylamide gel, and the resolved bands
were visualized on a Typhoon 9410 phosphorimager (GE Health-
care). The signal intensities were quantified using ImageJ software
(Schneider et al. 2012). Primer sequences are listed in Supplemen-
tal Table S8.
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Real-time PCR

One-half microgram of total RNA was extracted and reverse-tran-
scribed as for RT-PCR. Complementary DNA (cDNA) was analyzed
on a 7900HT Fast Real-Time PCR system (ThermoFisher Scientific).
Fold changes were calculated using the ΔΔCq method and are re-
ported as three biological replicates with three technical repeats
each with ±SEM. Real-time PCR results for HCC patient samples
were obtained using a Bio-Rad system. For empirical validations,
20 ANLs and 19 HCCs from the Taiwan Liver Cancer Network
were selected based on gender and cirrhosis status. These samples
were used in accordance with the IRB procedures of Taipei Medical
University. Primer sequences are listed in Supplemental Table S8.

Overexpression of AFMIDFL
cDNA for AFMIDFL or GFP were synthesized and subcloned into
the pBABE-Puro vector. HepG2 cells were grown in DMEM.
HepG2 cells expressing AFMIDFL orGFPwere generated by retrovi-
ral transduction and puromycin selection (1.5 µg/mL).

Western blot analysis

Cells were washed with PBS and lysed in RIPA buffer (50 mM Tris
pH 8, 150 mM NaCl, 1% [v/v] NP40, 0.5% [w/v] deoxycholate,
0.1% [w/v] SDS) supplemented with Complete Protease Inhibitor
Cocktail tablets (Roche) and PhosSTOP (Roche). Thirty micro-
grams of total protein were loaded on a 12% SDS-polyacrylamide
gel and transferred onto a nitrocellulose membrane (Millipore).
For AFMID detection, the membrane was blocked in 1% (w/v)
BSA in Tween 20-TBST (50 mM Tris pH 7.5, 150 mM NaCl,
0.05% [v/v] Tween 20). For TP53 detection, the membrane was
blocked in 5% (w/v) milk in Tween 20-TBST. Blots were incubated
with AFMID (Proteintech, 19522-1-AP), Tubulin (Sigma, T9026),
or TP53 (Santa Cruz, sc-126) primary antibodies. IR-Dye 680
anti-mouse or IR-Dye 800 anti-rabbit immunoglobulinG (IgG) sec-
ondary antibodies (Licor) were used for infrared detection and
quantification with an Odyssey Imaging System (Licor).

NAD+ assay

The concentration of NAD+ was measured using an EnzyChrom
NAD+/NADH Assay kit (BioAssay Systems) in accordance with
the manufacturer’s instructions. Briefly, 106 cells were homoge-
nized using 100 µL NAD extraction buffer at 60°C for 5 min. The
extract was then neutralized with 100 µL NADH extraction buffer
and 20 µL assay buffer, followed by centrifugation at 15,000 rpm
for 5 min. Forty microliters of supernatant were then mixed with
80 µL of working reagent solution (60 µL assay buffer, 1 µL
Enzyme A, 1 µL Enzyme B, 14 µL lactate, and 14 µL MTT).
During the reaction, optical density at 565 nmwasmeasured using
a SpectraMax i3 plate reader (Molecular Devices) at 0- and 15-min
time points, at room temperature. The concentration of NAD+ was
determined using a calibration curve with NAD standards, as per
the manufacturer’s instructions.

Cell growth assay

Cells were seeded in 6-well plates at a density of 2 × 104 cells/well.
The cell number at the indicated time points in triplicate wasmea-
sured with a Bright-Line hemocytometer (Hausser Scientific).
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