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Abstract

The contribution of RNA processing to tumorigenesis is understudied. Here, we report that the
human RNA debranching enzyme (hDBRZ1), when inappropriately regulated, induces oncogenesis
by causing RNA processing defects, e.g. splicing defects. We found that wild-type p53 and
Hypoxia-inducible factor 1 co-regulate hDBR1 expression, and insufficient hDBR1 leads to a
higher rate of exon skipping. Transcriptomic sequencing confirmed the effect of hDBR1 on RNA
splicing, and metabolite profiling supported the observation that neoplasm is triggered by a
decrease in hDBR1 expression both /n vitroand in vivo. Most importantly, when modulating the
expression of hDBR1, which was found to be generally low in malignant human tissues, higher
expression of hDBR1 only affected exon-skipping activity in malignant cells. Together, our
findings demonstrate previously unrecognized regulation and functions of hDBR1, with immediate
clinical implications regarding the regulation of hDBR1 as an effective strategy for combating
human cancer.
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INTRODUCTION

It is becoming increasingly clear that defective RNA processing events play roles in the
development of diseases. During processing, both coding and non-coding RNAs in a given
transcriptome associate with RNA processing machineries in a dynamic manner to influence
cellular events and ultimately initiate cell fate decisions 1 2. Alternative splicing, a major
RNA processing event, is a regulated process in gene expression, through which a single
gene can encode multiple proteins. It allows different exons in a gene to be included in or
excluded from a final messenger RNA 3: 4. These processes in alternative splicing are
catalyzed by spliceosomes, which are large RNA-protein complexes mainly composed of
five small nuclear ribonucleoproteins (SnRNPs), the U1, U2, U4, U5 and U6 snRNPs 4. The
cycling of these snRNPs is essential during RNA splicing and involves dynamic interactions
between snRNPs and associated factors ®. How specific RNA process influences
transcriptomes and, thus, cell fate decisions, is attracting an increasing amount of interest.

During RNA splicing, introns are removed from pre-mRNAs. The removed introns form
lariat structures with 2”,5”-phosphodiester bonds between their 5 ends and branching sites.
The major component of the lariat intron turnover pathway is the RNA debranching enzyme
(DBR1) 6-10 which is highly conserved in species as diverse as yeast and humans. DBR1
cleaves the 2°-5" phosphodiester linkage at the branch point and converts a lariat intron into
a linear molecule that is then rapidly processed /in vivo % 11, possibly relevant to multiple
other RNA biogenesis including intron turnover  12. 13 mirtron production!4 and etc..
Studies in S. pombe and Arabidopsis have indicated that DBR1 activity is a rate-limiting
step in intron turnover and that deficiency of DBR1 can result in aberrant growth 9 15,16,
These observations suggest that DBR1 deficiency may promote disease in humans because
rapid intron turnover is more important in higher eukaryotes, considering that their genes
contain abundant introns. However, the regulation and function of DBR1 in humans remain
unclear.

p53 is a pivotal surveillance protein that is essential for suppressing the development of
human cancers 17. Many transcriptional targets of p53 have been identified and shown to
mediate the functions of p53 in responses to cellular stressors, such as genotoxic agents.
However, the mechanisms underlying the functions of p53 under hypoxic conditions are not
well studied. Here, we report that the regulation of human DBR1 (hDBR1) expression is
wild-type p53 (wtp53) dependent under hypoxic conditions and that its functions are at least
partially mediated through alternative splicing. Together, our findings show that RNA
processing can determine cellular fates and that there is a direct connection between RNA
processing events and human cancer.
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hDBR1 Expression is Regulated by wtp53 in a Hypoxic Stress-Dependent Manner

Our understanding of how p53 functions in cells under hypoxia, a major tumor-induced
environmental stressor, is not as clear as for other stressors known to activate p53. In our
previous observation by chance, we suspected that DBR1 might be a novel mediator of p53
under hypoxia. We confirmed that higher levels of hDBR1 expression were dependent on
wtp53 in 5 different human cancer cell lines when treated with hypoxia or a hypoxia-
mimicking drug, desferrioxamine (DFO) (Figure 1a—c). In contrast, no substantial increase
in hDBRL1 gene expression (RNA or protein) was observed in any of the cell lines when
treated with agents that induce DNA damage, such as ultraviolet (UV) light (Figure 1d) or
hydroxyurea (HU) (Figure 1e and f). As expected for a DNA damage response, the
expression of p21 was elevated in HU- or UV-treated cells, but not in DFO-treated cells
harboring wtp53 (Figure 1d and g). These data indicate that among the stressors tested,
hDBRZ1 expression is substantially elevated in response to hypoxia in cells carrying wtp53.

To determine the mechanisms by which p53 clearly upregulates hDBR1 expression under
hypoxic conditions, but little in response to UV or HU, we performed experiments to
explore whether hDBR1 expression is affected by the level of hypoxia-inducible factor 1
(HIF1), which is a key mediator of hypoxic effects8, We found that hDBR1, but not Puma
or Bax (induced by wtp53 upon DNA damage), was affected by HIF1 expression levels
(Figure 1h), suggesting that DBR1 may be a mediator of wtp53, relatively stress-specific.
We also performed RNA polymerase I1-chromatin immunoprecipitation (ChlP) assays and
found that much more pol-I1 was recruited to the promoter region of DBR1 under hypoxia
among the tested targets (Figure 1i), indicating that its induction is influenced by hypoxia
(Figure 1h) and suggesting co-regulation of hDBR1 expression by wtp53 and HIF1.

To explore the possibility of synergy between p53 and HIF1 at the c/s-element level, we
analyzed the hDBR1 genomic sequence and found that the hDBR1 gene contains five
putative p53-binding sites with 85% or greater identity to the consensus p53 DNA-binding
sequence (CBS) and several HIF1-binding motifs (G/ACGTG) dispersed within the hDBR1
locus (Figure 2a). To determine whether p53 can bind directly to these putative binding sites
within the ADBR1 gene, we performed a p53 ChIP assay. Specific precipitation of DNA
fragments corresponding to the BS-2 and BS-3 sites, but not the BS-1 site, was observed in
p53 antibody pull-down pellets (Figure 2b). To confirm that the binding of DNA segments
confers p53-dependent transcriptional activity, 3 DNA fragments (BS-1, -2, and -3)
containing putative p53 CBS sites (Figure 2a) were individually cloned into the upstream
region of the minimal SV40 promoter in the pGL3 luciferase reporter plasmid (due to
physical distance, 5 putative p53 CBS sites were included within 3 DNA fragments). We
found that, consistent with the p53 ChlIP assay (Figure 2b), the BS-3 reporter was activated
by exogenous wtp53, but not by exogenous mtp53 (Figure 2c). Via a HIF1a ChIP assay, the
HIF1-binding motif near BS-3 (Figure 2a) was clearly pulled down using anti-HIF1la
antibodies (Figure 2d). These results implied that HIF1 could work in concert with p53
directly at hDBR1 genomic loci to influence hDBR1 transcription. Next, both the p53-
binding sequence 3 (BS-3) and HIF1 response elements (HREs) were cloned upstream of a
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luciferase reporter. As shown in Figure 2e, luciferase activity was substantially elevated only
in the cells transfected with the reporter plasmid containing dual c/s-elements (BS-3 and
HRE). This finding shows that p53 and HIF1-binding regions work together /n cis under
hypoxic conditions to promote high transcriptional activity of the luciferase reporter, as high
levels of hDBR1 expression were observed in wtp53-containing cells under conditions of
hypoxia (Figure 1). Together, these results demonstrate a previously unknown feature of the
regulation of hDBR1 expression under hypoxic conditions: wtp53 and HIF1 co-regulate
hDBRL1 expression.

Deficiency of hDBR1 Changes Alternative Splicing (AS)

Based on the known function of DBR1 in processing lariat introns 6 as well as yeast
studies!® 16, a pathological change in DBR1 levels may lead to an abnormal level of lariat
RNAs in a given transcriptome. We detected DBR1 expression in multiple human cell lines
and found that DBR1 levels varied and that lung cancer Calu-6 (p53 null) cells expressed the
lowest level of DBR1 among the tested cells (Figure 3a). We generated a pair of cells that
were derived from Calu-6 and expressed either exogenous DBR1 at comparable normal
levels (DBR1-N) or empty vector (DBR1-L) to more accurately assess the effects of DBR1
(Figure 3a and Supplementary Figure S1a). We found that the levels of specifically tested
lariats were higher in DBR1-L cells than in DBR1-N cells (Figure 3b). This observation was
further confirmed using a relatively direct measurement: a systematic approach using labeled
RT (reverse transcription) with lariat-enriched RNA samples (Supplementary Figure S1c).
These differences in lariat intron levels observed within human cells are consistent with the
results of studies examining debranching in yeast in vitroand in vivo 20, Therefore, human
cells expressing DBR1 at low levels contain elevated levels of lariat RNAs.

End-product inhibition is a common phenomenon in biological systems. We hypothesized
that an increased amount of lariat introns (reaction products) may interfere with the activities
of enzymes responsible for RNA splicing. Therefore, compromised function of hDBR1
leading to an increase in lariat introns might have affected exon splicing. We then examined
RNA splicing events in DBR1-N and -L cells into which an AS reporter system had been
introduced?!. We found that DBR1-N cells contained a dominant long form versus the short
form of an artificial mini-gene transcript generated from the AS reporter?! (L: Exons 1+2+3
and S: Exons 1+3), while DBR1-L cells retained a relatively high level of the short form
(Figure 3c). In addition, the expression levels of two functioning splicing variants

(FAVL 22.23 and a caspase-9 variant 1) were higher in DBR1-L cells than in DBR1-N cells
(Supplementary Figure S1e). We further specifically analyzed the AS reporter (3 exons and
2 introns) (Supplementary Figure S1d) and found that the level of exon 2-containing lariat
introns was significantly higher in DBR1-L cells than in DBR1-N cells (Figure 3d). These
results indicate that DBR1 may influence exon skipping, in addition to directly processing
lariat RNAs in mammalian cells, and agree with the observation of introns included in
mRNAs in DBR1-deleted yeast 20,

To validate the effect of hDBR1 on AS in depth, we sequenced transcriptomes prepared in
duplicate from DBR1-N and -L cells. We used TopHat bioinformatics software (Johns
Hopkins University) to count the exon junctions and compound ratios of abnormal exon
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fusions (exons that were not fused with the immediately following exon) with normal exon
fusions (exons that were fused with the immediately following exon) for each exon
(Supplementary Figure S1f). As shown in Figure 3e, each dot was plotted with X and Y
coordinates, where X represented the skipping ratio of an exon in DBR1-N cells, and Y
represented the skipping ratio of the same exon in DBR1-L cells. When Y>X, the dot was
located in the area above the bisector, and when X>Y, the dot was located under the bisector
(If XY, the dots were located near the bisector, which indicated that the rate at which a
given exon was skipped was similar between two types of cells). We found that the exon-
skipping ratio was significantly higher in DBR1-L cells than in DBR1-N cells in terms of
specific exon-exon junctions (overall Y>X with a p <0.05). Our transcriptome-wide analysis
supported the elevated level of exon skipping indicated by the AS reporter assay in DBR1-L
cells (Figure 3c and d). Through further analysis of RNA sequencing data using the Cuffdiff
module of the Cufflinks software suite (http://cole-trapnell-lab.github.io/cufflinks/cuffdiff),
we calculated the normalized FPKM for each transcript within each group and then tested
for differential expression. The plot shows the log fold change of the normalized FPKM
(comparing DBR1-L and DBR1-N cells) versus the average log expression. There were
approximately 5000 differentially expressed transcripts between the DBR1-L and DBR1-N
cell groups (shown in red, Fig 3f). Then, we input these results into the Ingenuity Pathway
Analysis (IPA) software for systemic analysis. The results showed that “cell growth and
proliferation”, “cell death and survival” and “cancer” were the most significantly altered cell
functions triggered by different levels of DBR1 expression in Calu-6 cells (Supplementary
Figure S1i). These results demonstrate another previously unrecognized role of hDBR1 in
regulating mammalian cellular RNA splicing, thereby contributing to maintaining
appropriate RNA populations in the transcriptome (i.e., “transcriptome integrity”) and,
ultimately cell fate decisions. When hDBR1 is deregulated, the transcriptome fills with
variant RNAs, and this alteration is at least partially attributed to the compromised function
of hDBRL1.

hDBR1 Modulates the Availability of Active Splicing Complexes for Introns that Harbor a
Weak Branch Site

Whether an exon is included in or excluded from an mRNA molecule depends heavily on
whether U2 snRNPs can properly bind to branch sites at the 3" end of an intron preceding a
given exon 24, Because a substantial proportion of exon 2 of the reporter mini-gene was
excluded from the mRNAs in DBR1-L cells (Figure 3c and d), we suspected that in these
cells, U2 snRNPs might bind to intron 1 in a manner that depends on the level of DBR1
expression. We performed RNA immunoprecipitation (RIP) assays for SF3A1 (a core
component of the U2 snRNP) using DBR1-L and DBR1-N cells that were equally
transfected with the AS reporter (Supplementary Figure S2a). As shown in Figure 4a (left),
the amount of SF3A1 that interacted with the 3" end of intron 1 in pre-mRNAs was indeed
lower in DBR1-L cells than in DBR1-N cells, but a lesser difference was observed in the
interactions with intron 2. To determine whether active splicing complexes were affected by
the level of DBR1 expression in addition to U2 snRNPs, we performed RIP for PRP19 (a
core component of the NTC or NineTeen Complex, which joins U5 snRNPs to assemble the
active splicing complex), and the results were the same (Figure 4a, right). These results
showed that a smaller number of active splicing complexes were associated with the branch
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site of intron 1 in DBR1-L cells than in DBR1-N cells. We then compared the U2-binding
sequences (branch sites) in both introns of the AS reporter and found that intron 2 carries a
branch site that perfectly matches the U2-binding consensus sequence 29: 25 (Supplementary
Table S3), while intron 1 does not. We also analyzed randomly selected introns followed by
an exon that was either included in or excluded from an mRNA molecule (using TopHat
exon-skipping, Figure 3e), the latter of which is responsible for elevated levels of variants
(e.g., FAVL) in DBR1-L cells (Supplementary Table S3). We found that the introns
preceding excluded exons carry branch sites that contain the following motif: N N C/A U/A
N A N, sharing less than 50% homology with the authentic binding motif (Figure 4b, left
column). In contrast, the introns followed by an included exon harbor the branch motif U/C
N C/U UIC CI/A A U/C, sharing higher homology with the consensus binding site 26: 27, U2
snRNPs bind to the latter site, regardless of the level of hDBR1 expression (Figure 4b, right
column).

Studies in yeast showed that sSnRNPs can be dynamically assembled into functional units in
different states. A full-sized active splicing complex is approximately 4.8 MDa and interacts
with introns in pre-mRNAsS; while a post-catalytic splicing complex, without mRNASs but
carrying lariat introns, is approximately 2 MDa in size 28-31, Both of these complexes
contain U2, U5, and U6 snRNPs. The amount of each form of the complexes is heavily
dependent upon snRNP recycling 32 33 and can be examined on the basis of their sizes
through gel filtration analyses (Supplementary Figure S2b). In addition to the size
difference, LSM8 and DHX35, which are specific to active splicing complexes, can be used
to distinguish the two states of complexes 34-36, These proteins were abundant in earlier
fractions (i.e., the larger, or active complex) and were nearly undetectable in the later
fractions (i.e., the smaller complex related to the post-catalytic/splicing complex) (Figure 4c
and Supplementary Figure S2c). Thus, the locations of these two proteins could be used as
internal markers of the pre/post-splicing complexes for the subsequent filtration assays. We
next explored the dynamics of the splicing complexes in cells containing different levels of
DBR1 and found that the level of U2 snRNPs (indicated by the level of the complex core
component, SF3A1) was lower in the pre-catalytic splicing state and higher in the post-
catalytic splicing state in DBR1-L cells, while the opposite situation was observed in DBR1-
N cells. The same differences were observed in the distribution of U5 snRNPs and NTC
according to western blot analyses of their core components, PRP8 and PRP19, respectively
(Figure 4c), although their expression levels were the same in DBR1-N and L cells
(Supplementary Figure S2d). These results were further validated via DBR1 RNAI silencing
(Supplementary Figure S2e). Therefore, a low level of DBRL1 can lead to the retention of
snRNPs in a post-catalytic splicing state and affect their availability to assemble into new,
active splicing complexes. This conclusion was also fully supported by the relatively higher
levels of the U2, U5 and U6 RNAs observed in pre-splicing complex-containing fraction #16
derived from DBR1-N cells compared with those in DBR1-L cells (Figure 4d). Collectively,
these data indicate that a reduced level of hDBR1 increases the proportion of lariat introns
and hinders snRNP recycling from the post-splicing state to the pre-splicing state (Figure
4e). The compromised availability of active RNA splicing complexes subsequently results in
loose associations between splicing complexes and introns containing weak U2 binding
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sites, which ultimately results in the immediate exon being skipped and a decrease in
splicing introns containing weak branch sites.

Reduced hDBR1 Expression Contributes to Tumorigenicity

In DBR1-L cells, the elevated expression of FAVL, an oncogenic factor, and a caspase-9
variant that acts as an anti-apoptotic factor suggested that an appropriate level of hDBR1
may be essential for maintaining a normal growth potential in cells. As shown in Figure 5a,
DBR1-L cells contained a substantially lower proportion of the sub-G; population than the
DBR1-N cells. This finding is strongly in agreement with the results of metabolite profiling
(Figure 5b). The profile of metabolites in DBR1-L cells indicated that these cells possess
less apoptotic activity than DBR1-N cells, according to Ingenuity Pathway Analysis. This
reduction of the overall apoptotic potential will naturally affect the rate of cell growth over
time. We examined the corresponding cell growth rates by both overexpressing
(Supplementary Figure S3b) and silencing hDBR1 (Supplementary Figure S3c, d and e) /n
vitroto demonstrate the suppressive effects of hDBR1, which were further shown in in vivo
experiments (Figure 5c¢, d and Supplementary Figure S3f). To further verify the role of
hDBRL1 in p53-mediated tumor-suppressing activities during the development of human
cancer, we analyzed their relationship /in vivo. Using confocal immunofluorescence, we
found that the expression level of hDBR1 was higher in adjacent tissue cells carrying wtp53
but was lower in p53-mutated lung or ovarian cancer cells (Figure 5e and Supplementary
Figure S3g). Furthermore, we examined the general level of hDBR1 expression in human
tissues and found that the low level of DBR1 expression was associated with neoplasm via
analyzing publicly available datasets and performing immunofluorescence analyses (Figure
5f, g, and Supplementary Figure S3h and i). These analyses of hDBR1 expression in human
cells or tissues demonstrated that hDBR1 plays functionally significant roles in tumor
suppression during the development of human tumors.

DISCUSSION
Regulation of hDBR1 Expression by wtp53

We have shown that DBR1 expression is governed by both wtp53 and HIF1 through a
synergetic mechanism (Figure 1). An increase of either wtp53 or HIF1 could affect DBR1
levels independently, as shown in Figure 1b and 1e, but DBR1 is increased to a maximum
level when the levels of both wtp53 and HIF1 are increased. We have also demonstrated that
both wtp53 and HIF1 can directly regulate hDBR1 expression under hypoxic conditions
(Figure 2). This dual regulation of DBR1 expression influences the accessibility of RNA
polymerase 1l to and its interaction with the promoter region of the hDBR1 gene (Figure 1i),
which affects hDBR1 transcription. Importantly, experiments using a pGL3 reporter
engineered to contain both the p53 binding site and the HIF1 binding motif supported
essential roles for both wtp53 and HIF1 during hDBR1 transcription (Figure 2e). hDBR1
can therefore facilitate p53-mediated tumor suppressor activity during the development of
solid tumors, in which hypoxia is generally present. Because hDBR1 is a housekeeping
gene, the mechanism by which hDBR1 is regulated under normal conditions and what
additional regulatory factors are required for its maintenance remain to be explored.
Addressing this latter issue may help us understand why DBR1 is generally expressed at low
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levels in human cancers (Figure 5e—g), given that p53 signaling is not always defective in
human tumors.

The Roles of hDBR1 in Modulating Alternative Splicing

hDBR1 linearizes lariat introns to promote their degradation by disrupting their 2"-5
phosphodiester bonds ¢ 11, How this process affects lariat introns and their neighboring
exons has not been extensively studied in human cells. As illustrated in Figure 4e, a
compromised level of hDBR1 expression leads to an elevated number of lariat introns and
the retention of SNnRNPs in post-splicing complexes. An increased level of trapped snRNPs
leads to a deficiency in the amount of active splicing complexes interacting with introns that
carry a weak branch site. The active splicing complexes will therefore easily skip over an
exon that immediately follows such an intron (Figure 3¢ and d). This conclusion was further
supported by analyzing intron sequences in the AS reporter mini-gene and corresponding
RIP assays, in addition to transcriptome sequencing analyses of DBR1-N and L cells (Figure
3c—f and Figure 4a and b). Interestingly, an intron immediately followed by an excluded
exon usually carries a weak U2-binding/branch site, while an intron located immediately
before an included exon is not always required to contain a strong U2-binding/branch site
(Figure 4b and Supplementary Table S3). Therefore, it is the strong interaction between the
active splicing complex and a given intron, not a definite U2-binding site, that defines
whether the following exon is included in an mMRNA molecule. This finding is reasonable
because enhancers, repressors and many other factors all may contribute to the interactions
between introns and active splicing complexes 37. Nevertheless, U2 binding sequences that
were randomly selected from the results of TopHat analysis (Figure 3e) indicated that an
intron before an excluded exon would tend to exhibit lower homology (<50%) to the
authentic binding site than an intron followed by an included exon (Figure 4b). This is
because analysis of those cis-elements nearby 3’ ends of introns, possibly affecting the
interaction of U2 with its binding site, e.g. polypyrimidine tract3® in this case, seemed to not
show significant differences (Supplementary Figure S1j). Our study demonstrates that
hDBR1 modulates the availability of pre-splicing complexes by affecting sSnRNP recycling
(Figure 4c—d), in combination with the c¢/s effects in the preceding intron defining an
excluded or included exon. During human tumor development, an insufficient amount of
hDBR1 expression (Figure 5f, g, and Supplementary Figure S3h and i) will eventually
promote rising levels of a variety of variants (Figure 3c—f) and thereby lead to tumorigenesis
(Figure 5).

Functions of hDBR1 During the Maintenance of Transcriptome-Wide RNA Processing

Recent increases in our understanding of the important roles played by RNA in addition to
simple coding have extended far beyond what we could have previously imagined 3941, One
of the NCI’s Provocative Questions relates to how changes in RNA processing contribute to
human cancer. One answer to this question is provided by the results of this study. While
most of the known targets of p53 remain unaffected under conditions of hypoxia, we
revealed that hDBR1 is a novel target of p53 more in a hypoxic stress-dependent manner
(Figure 1 and 2). Since abnormal growth is observed in yeastand Arabidopsis when DBR1
expression is compromised 9 18 we hypothesized that hDBR1 also affects human cell
behaviors and is associated with diseases when its expression is insufficient. Indeed, we
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found that reduced levels of hDBR1 promoted tumorigenesis in human cells (Figure 5). This
cellular effect may result from an increase in exon skipping (Figure 3c—e). We believe that
the present study may explain a common phenomenon — increases in transcript variants —
that has long been observed in human tumors 2. Nearly 85% of human cancers exhibit a
defective p53-signaling pathway, which can in turn lead to insufficient levels of hDBR1
expression (Figure 1 and Figure 5) and abnormal RNA processing activity (Figure 3).
Together, our findings suggest a logical rationale for the existence of increased transcript
variants in tumors. On the other hand, increases in variants, which are common in human
tumors, may be an important and previously unrecognized factor that contributes to the
tumorigenicity of a defective p53 pathway.

Immediate Translational Impact of This Study

As shown in Figure 5a and b, a compromised level of hDBR1 expression can modulate the
cellular apoptotic potential, which is generally low in human malignant tissues (Figure 5f, g
and Supplementary Figure S3h and i). These results may provide insights to support the
development of a novel approach by which hDBR1 levels could be boosted to “correct” an
abnormal transcriptome. In this case, tumor resistance may be avoidable because a balanced
transcriptome delivers a net biological effect. Interestingly, we also found that when the
endogenous level of DBR1 expression was not low (Supplementary Figure S4a), ectopic
expression of hDBR1 (Supplementary Figure S4b) did not influence AS and the resulting
variant populations in the examined host cells (Supplementary Figure S4c, d and e). This
unexpected result provides a sound rationale for an effective strategy boosting the level of
DBR1 expression because it would not affect “normal cells”. Furthermore, our metabolome
analysis provides promising insights into the development of better biomarkers that can be
used in such putative transcriptome-wide approaches as well as many other approaches to
determine the effectiveness of a given treatment. For example, stearic acid and other
metabolites that we identified might serve as new markers to indicate cellular apoptotic
activity (Figure 5b).

Materials and Methods

Cell lines

The establishment of hDBR1-expressing stable cell lines and luciferase-expressing
retrovirus and reporter plasmids as well as transfection, gel filtration, reporter imaging
assays, and xenograft formation assays were all performed as previously

described 22: 23.43-45,

All cell lines, with an exception of those specially engineered in house, were obtained from
the American Type Culture Collection (ATCC). The PA1-Neo, PA1-E6, U20S-Neo and
U20S-E6 cell lines have been previously described 44, The RKO p53-/- and RKO p53+/+
cells were generously provided by the laboratory of Dr. Bert Vogelstein (Johns Hopkins
University).
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B Actin Peroxidase antibody (A3854) were purchased from SIGMA; p53 (sc-126), HIF-1
alpha (sc-10790), Pol Il (sc-899), LSm8 (sc-404816) antibodies, and goat anti-mouse 1gG-
HRP (sc-2005) were from Santa Cruz; hDBR1 (H00051163-B0O1P), SF3A1 (NB100-79843),
PRPF8 (NBP2-22274), PRP19 (H00027339-A01) and DHX35 (NBP1-57348) antibodies
were from Novus Biologicals. Rabbit IgG-HRP secondary antibody (A120-101P) was from
Bethyl Laboratories. Alexa Fluor 568 rabbit 1gG (H+L) secondary antibody (A-11011) and
Alexa Fluor 488 mouse 1gG (H+L) secondary antibody (A-11001) were from Thermo Fisher
Scientific.

Chromatin Immunoprecipitation (ChIP) Assay

RT-PCR

A ChIP assay was performed as previously described 44. The following primer sequences
were used:

BS-1F: TGGGTGCAGTAGCTCACAC, BS-1B: CCAGGCTGAAGTGCAATGG,
BS-2F: CTCAGTACCTGTTAACCAGC, BS-2F: TGCCAGGCAGTCACTGTG,
BS-2B: CGATGTGAATCCAAGCTATTCC, BS-3F:
GGAGTTCAGGTTTTAACTAGAGATGC, BS-3B:
GAAACACAAAGCAAGTTAGTGCTC, HBF-F:
GAAACAGGGTCTAGCTCTGTTA, and HBF-B: CAAAGGTGGAGGCCAGATAC.

The following PCR primer sequences were used for RT-PCR: hDBR1-F, 5'-
GGAAACCATGAAGCCTCAAA-3’ and hDBR1-B, 5’-
GGCAGCTGGACTTCCTAATG-3’; Actin-F, 5'-CCGTGTGAACCATGTGACTT-3" and
Actin-B, 5'-CTAAGTTGCCAGCCCTGCTA-3’; Caspase-9-F, 5'-
GCTCTTCCTTTGTTCATCTCC-3" and Caspase-9-B, 5'-
CATCTGGCTCGGGGTTACTGC-3; and EDI-F, 5’-
GACCCGGTCAACTTCAAGCTCC-3 and EDI-B: 5’-
GCGGCCAGGGGTCACGAT-346.47,

Xenograft Formation

Nude mice (4-6 weeks old) were obtained from Charles River Laboratory and injected with
300 ul of Matrigel (Invitrogen) slurry (prepared at a 1:1 ratio with 1X PBS) containing 10
million cells that constitutively expressed luciferase. Luciferase activity was measured by
injecting D-luciferin (50 mg/kg mouse) into anesthetized mice abdominally. We then
acquired live images using a Xenogen IVIS as previously described 44,

Alternative Splicing/Exon-skipping Assay

Calu-6 control and high-hDBR1 cells were transfected with 500 ng of the FN-EDI reporter
minigene 21. Total RNA was subsequently extracted from the cells. Minigene gene
expression was analyzed using radioactive RT-PCR. The PCR products were run in a 5%
non-denaturing polyacrylamide gel and then examined using autoradiography.

Oncogene. Author manuscript; available in PMC 2017 November 15.
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Housekeeping Gene Lariat Intron RT-gPCR

Total RNA was extracted from cells overexpressing hDBR1 or EV control cells using a
standard TRIzol method. Total RNA (20 pg) was isolated from each sample and then treated
with RNase R (Epicentre). RNA extraction and RT-gPCR were performed as described
elsewhere 23, B-actin and untreated total RNA were used as the internal control and the
transfection efficiency control, respectively. All primers are listed in Supplementary Table
S1.

hDBR1 siRNA Oligo Transfection

siRNA oligo transfections were performed as previously described 44. Five siRNA
oligonucleotides targeting human hDBR1 were designed and purchased from Dharmacon:
5 -GTATCGTCACATGCAAACCTT-3’, 5"-GCAGCCTATAGATATATTCTT-3",5'-
CGAGGCGGATCTACGCTGCTT-3’, 5'-GGATCGGTGGAATCTCTGGTT-3",5'-
GGCTCCAGTTCTCACGCTCTT-3".

Gene Knockdown using Lentivirus shRNA

A set of five pLKO.1 plasmids containing shRNAs constructed to target HIF1a (purchased
from Thermo Scientific, Open BioSystems) and the empty pLKO.1 vector were used to
generate the corresponding lentiviruses. U20S cells were then infected with these viruses
according to the manufacturer’s protocol. Infected cells were pool-selected using puromycin
at 48 hours post-infection, and the efficiency of HIF1a knockdown was verified using
HIFla antibodies (Santa Cruz).

RNA Immunoprecipitation (RIP) Assay

RIP was performed according to the procedure in our previous publication 48, The primer
sequences that were used in these experiments are listed in Table S2.

RT-PCR of U2, U5, and U6 snRNAs

PCR primers are as follows:
U2 snRNA: Forward-CGTCCTCTATCCGAGGACAATA,
Reverse-GTACTGCAATACCAGGTCGATG;
U5 snRNA: Froward-CTGGTTTCTCTTCAGATCGCATAA,
Reverse-AGACTCAGAGTTGTTCCTCTCC,;
U6 snRNA: Forward-GCTTCGGCAGCACATATACTA,
Reverse-CGAATTTGCGTGTCATCCTTG.

Analysis of Alternative Splicing

The RNA sequencing results were read using TopHat (http://ccb.jhu.edu/software/tophat/
index.shtml) to identify splice junctions between exons and to determine the skipping ratio
of each exon (Supplementary Figure S1f). A statistically significant change in the skipping
ratio was used for all samples to subtract background noise (paired #test, p<0.05). Two
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skipping ratios were determined for the same exon form DBR1-L and N cells, and these two
ratios are presented as a set of coordinates (x, y; with x representing the ratio derived from
DBR1-N cells and y representing the same exon-skipping ratio from DBR1-L cells).

Metabolomics Analysis

The metabolomics test and analysis were performed as previously described 4°. The cell line
samples were prepared and analyzed according to methods described elsewhere 50-52,

Sample-size Estimation and Statistics

laboratory quantification experiments, including mouse xenograft studies, underwent a
sample size estimation for the t-test by SigmaPlot when designing experiments. And all data
were examined by the two-tailed #test for statistical significance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. hDBR1 expression isregulated by p53 in a hypoxic stress-dependent manner
(a) A higher level of hDBR1 expression was identified through RT-PCR in U20S-neo and

PA1-neo cells treated with 0.1% O, (neo cells harbor a functional p53) than in similarly
treated EG6 cells, in which p53 function is deficient. (b) /n7 sitimmunofluorescent staining
showed that the protein expression of hDBRL1 correlated with the level of the functional p53
protein in the wtp53 (D37) and mtp53 (U251)-carrying brain tumor cell lines. The intensity
of red fluorescence (anti-hDBR1 antibody) was high in treated D37 cells, but not in treated
U251 cells (green fluorescence represents the mt or wtp53 protein (anti-p53 antibody)). In
U251 cells, mtp53 accumulation was observed as bright green fluorescence under either
normal or hypoxic conditions, while wtp53 was only highly expressed in D37 cells under
hypoxic conditions and not in the normal control. Images were taken at a magnification of
600X. Western blotting and RT-PCR showed similar results in RKO cells (p53+/+ or p53-/
—) exposed to hypoxia (c), but not in cells exposed to UV (d). (e and f) Western blotting and
RT-PCR showed a substantially higher level of hDBR1 expression, but not DNA damage, in
wtp53-containing cells than in mtp53 or p53 null cells under hypoxia. (g) RT-PCR showed
that p21 expression was increased in wtp53 cells following exposure to HU but was not
clearly increased in cells under hypoxic stress. (h) The mRNA expression level of hDBR1,
but not Bax or Puma, was dependent on the level of HIF1la (HIF1la levels are shown in the
right panel). VEGF (a target of HIF1) expression was used as the positive control (yellow
arrowheads). (i) RNA pol Il ChIP analysis showed that HIF1 enhanced the recruitment of
RNA pol 11 to the promoter regions of the hDBR1 gene, but not to the corresponding regions
of the Bax and Puma genes.
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Figure2. The DBR1 geneisadirect target of p53 and isalso regulated by HIF1

(a) Five putative p53-binding sites (A, B, C, D, and E) are illustrated with their
corresponding sequences (nucleotides in uppercase indicate homology, whereas lowercase
indicates a mismatch with the consensus). Diamonds represent putative HIF1-binding sites
on the basis of the HIF1-binding motif. All symbols drawn are approximately proportional
to the physical distance between them. (b) p53 ChlIP assays were conducted using DFO-
treated cells, and fragments BS-3 and BS-2 were both immunoprecipitated by p53
antibodies. (c) The BS-3 reporter was activated by wtp53, but not mtp53. The level of p53
protein expression was equal between Calu-6 (p53-/-) cells transfected with wtp53 and
mtp53 (lower panel). (d) In a HIF1 ChlIP assay, the HIF1-binding fragment (HBF) was
pulled down with anti-HIF1 antibodies, but not with control rabbit IgGs. (€) When the p53-
binding sequence and HREs were placed upstream of the luciferase gene, the luciferase
activity of pGL3 was substantially increased only when cells were exposed to hypoxic
stress. No changes were observed in the cells under normal conditions (relative luciferase
activity is shown to the right and is plotted according to photon counts).
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Figure 3. Deficiency of hDBR1 expression changes alternative splicing (AS) activities
(a) Among all the tested cell lines, Calu-6 cells expressed the lowest levels of DBR1

(p<0.05. All results came from 3 separate experiments, and the data are presented as the
mean + SD). (b) Lariat RNA levels were higher in DBR1-L cells than in DBR1-N cells.
Lariat-enriched RNA samples (Supplementary Figure S1b) were used to perform reverse
transcription (RT) and quantitative real-time polymerase chain reactions (QPCRs). Lariat
intron specific primers were used to examine the levels of the corresponding lariats. The
relative levels of lariat introns corresponding to different genes are shown in the right panel.
Three separate experiments were performed. (¢) hDBR1 increased the inclusion of FN-EDI
reporter exons in artificial minigene-derived FN mRNAs. (d) hDBR1 promoted a low level

of lariat introns, including exon 2 (the controls for the input RNA and the transfection
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efficiency of the AS reporter are shown in Supplementary Figure S1g). (€) For each exon,
the exon-skipping ratio was significantly higher in DBR1-L cells than in DBR1-N cells
(shown when the value of the y coordinate is greater than the value of the x coordinate). The
right bar graph shows the average exon-skipping ratio. In each group, n=2229; the results are
presented as the mean + SE. The reproducibility is shown in Supplementary Figure S1h. (f)
The plot shows the log fold change of the normalized FPKM (DBR1-L over N) versus the

average log expression.
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Figure 4. hDBR1 modulates the availability of splicing complexesin introns harboring a weak
branch site
(a) RNA immunoprecipitation (RIP) assays were performed using antibodies targeting

SF3A1 or PRP19 in DBR1-L and N cells. The SF3A1 or PRP19 antibodies pulled down
much greater amounts of pre-mRNA fragments composed of the 3 end of FN-EDI intron 1
and the beginning portion of exon 2 in DBR1-N cells than in DBR1-L cells. RT-gPCR was
used to detect the relevant RNA fragments. Top panels: representative gPCR products;
Bottom panels: gPCR results from 3 separate experiments. The DBR1 RNA levels in the
input samples and the transfection efficiency of the AS reporter are shown in Supplementary
Figure S2a. (b) The RNA sequences of the branch sites in the introns followed by excluded
or included exons showed weak or strong homology, respectively, to the authentic branch
site. (c) Gel filtration analyses of DBR1-L and N cells for the dynamics of pre- or post-
splicing complexes. (d) U2, U5, and U6 RNAs are accordingly altered in the two states of
the splicing complexes. Top panels: representative gPCR products; Bottom panels: gPCR
results from 3 separate experiments. (€) A schematic working model for a previously
unknown function of DBR1.: the level of DBR1 expression influences the dynamics of pre-
or post-splicing complexes. When DBR1 expression levels are low, more SnRNPs are
retained in the post-splicing state, which affects the amount of ShnRNPs that are available to
recycle back for the active splicing complex assembly.
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Figure 5. hDBR1 contributesto p53 tumor-suppressor activity
() The sub-G1 percentage was clearly lower in DBR1-L cells than in DBR1-N cells. (b)

The same set of cells (Supplementary Figure S3a) was subsequently prepared for
metabolomics analysis. Nonparametric statistical analyses were used to screen the
metabolites that were significantly different between the two groups (v < 0.05). An
Ingenuity Pathway Analysis (IPA) showed that a lower level of apoptotic activity occurred in
DBR1-L cells (Z-score=—2.505, overlapping p-value=1.05x107°) (for the list of metabolites,
see Supplementary Table S4). (c and d) DBR1-L and N cells, or A549 control and DBR1-
silenced cells (Supplementary Figure S3d) were used for xenograft analyses performed in
groups of four nude mice. The xenografts generated from DBR1-N cells or A549-control
cells grew much slower than the corresponding xenografts derived from DBR1-L cells or
A549 DBR1-silenced cells, respectively. (p=0.00616 and 0.00481, respectively). (€) A
higher level of hDBR1 expression was associated with wtp53 status /7 sitv in human ovarian
cancer. The fluorescence intensity was measured with ImageJ (p=0.00000018). (The images
were taken in the same microscopic field at a magnification of 600X.) (f) Through the
analysis of gene expression datasets for DBR1 expression in lung adenocarcinoma from the
TCGA database (http://gdac.broadinstitute.org/), we found that tumor tissues generally have
a lower level of DBR1 expression than para-carcinoma non-malignant tissues. However,
there is no significant difference between different stages of malignant tumors. The results
are presented as the mean £ SE, p=0.022. (g) The level of hDBR1 protein expression was

Oncogene. Author manuscript; available in PMC 2017 November 15.


http://gdac.broadinstitute.org/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Han et al.

Page 20

detected using immunofluorescence in a lung tissue array that included a total of 24 cases. In
20 of these lung cancer cases, the level of hDBR1 expression was low compared with that in
the 4 benign samples (Images were acquired in the same microscopic field at a
magnification of 40X).
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