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Long noncoding RNAs (IncRNAs) are an important class of
pervasive noncoding RNA involved in a variety of biological
functions. Numerous studies have demonstrated their impor-
tant regulatory role in human disease, especially cancer.
However, the mechanism underlying the transcription of
IncRNAs is not fully elucidated. Here, a comparison of local
chromatin structure of the ROR IncRNA locus revealed a
cohesin-complex-mediated intrachromosomal loop that is
juxtaposed with an upstream enhancer to the ROR promoter,
enabling activation of endogenous ROR IncRNA in tumor
cells. This chromosomal interaction was not observed in
normal control cells. Knockdown of SMCI by RNAIi or dele-
tion of the enhancer DNA by CRISPR/Cas9 abolished the in-
trachromosomal interaction, resulting in ROR IncRNA
silencing and inhibition of the tumor progression in animals
carrying tumor xenografts. Our results reveal a novel mecha-
nism by which the cohesin-orchestrated intrachromosomal
looping may serve as a critical epigenetic driver to activate
transcription of ROR IncRNA, subsequently inducing tumor-
igenesis. Our data represent a novel chromosomal folding
pattern of IncRNA regulation, thereby providing a novel
alternative concept of chromosomal interaction in IncRNA-
triggered tumorigenesis.

INTRODUCTION

Genomic research revealed that the mammalian transcriptome en-
codes a large number of long noncoding RNA (IncRNA) transcripts
in multiple organisms.' > These IncRNAs show clear evolutionary
conservation® and are involved in epigenetic regulatory net-
works,”” such as Xist, which is involved in X chromosome inactiva-
tion,® and Kcnglotl, which is involved in genomic imprinting.’
Consequently, a greater number of studies were performed to profile
the IncRNA expression patterns in different tissues and/or organ-
isms to discover new molecular biomarkers or therapeutic targets
for human disease. Indeed, increasing evidence suggests that altered
IncRNA expression levels are strongly associated with various
human diseases, including cancer,'"!! and correlate with patient
clinicopathological features and prognosis. For example, HOTAIR
IncRNA was upregulated in breast tumors and associated with me-
tastases,'” and MALATI IncRNA was significantly higher in HCC
tissues that correlated with HCC prognosis."> However, the precise
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mechanism of the transcription of most IncRNAs remains to be fully
elucidated.

The process of transcriptional regulation mainly includes cis-con-
trol elements, trans-control elements, and epigenetic modifica-
1% Intriguingly, emerging studies have unraveled the role
of nonlinear interactions, which are also called three-dimensional
(3D) chromosomal interactions, in transcriptional regulation.““]7
The promoters of active B-globin genes interacting with an
upstream regulatory sequence serve as the first example of intra-
chromosomal interactions contributing to transcriptional regula-
tion.'®'? Similar intrachromosomal interactions have now been
described for many other genes that are on average separated by
approximately 150 kb, including approximately 30,000 interactions
between active promoters and putative enhancers.”® For instance,
transcription of HoxD genes in digits integrates the collective ac-
tivities of several regulatory elements. The multiple regulatory
islands that cover approximately 800 kb upstream of the HoxD
cluster either have enhancer activity or serve as anchor points.'
CCCTC-binding factor (CTCEF), cohesion (SMCI), and mediator
(MEDI12) are the top three factors that have been reported
as both essential for cellular functions and correlated with a
specific looping interaction using chromosome conformation
capture (3C) technology.”‘22 Distinct combinations of CTCEF,
mediator, and cohesin show widespread enrichment in chromatin
interactions at different length scales.”” As Kagey et al.'” previ-
ously reported, high-confidence SMCI binding sites significantly
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overlapped high-confidence MEDI2 binding sites. Furthermore,
cohesin-mediated bridge-proximal enhancer-promoter interac-
tions are functionally linked to gene expression.”> In addition,
we also found that the SMCI-orchestrated intrachromosomal
loop is a critical epigenetic barrier to the induction of pluripo-
tency.'® As clearly noted in the examples above, we assume that
intrachromosomal interactions are likely to involve transcriptional
regulation of ROR IncRNAs, which act as a decoy oncoRNA and
play an important regulatory role in tumorigenesis as previously
reported.”*

In this study, we attempted to identify the potential role of intrachro-
mosomal interactions in the transcriptional regulation of ROR
IncRNA. Using 3C approaches, we reveal that the SMCI-orchestrated
intrachromosomal looping may serve as a critical epigenetic driver of
ROR IncRNA transcription, thereby guiding the induction of
tumorigenesis.

RESULTS

A Novel Intrachromosomal Looping Exists at the ROR Locus

We were interested in exploring the underlying epigenetic modifica-
tions, such as local chromatin structure remodeling, that may
contribute to ROR transcription. To investigate our hypothesis, we
explored whether the remodeling of local chromatin structure con-
tributes to ROR transcription during the progression of tumorigen-
esis. We used 3C methodology”” to examine the chromatin structure
present in human tumor cells compared with normal cells. As ex-
pected, in ROR-expressing tumor cells (AGS, HT29, and MUM2B),
the ROR promoter DNA interacted frequently with a DNA region
that is located approximately 3,800 bp upstream of the promoter
(P2-P3 interaction; Figure 1A). This chromatin interaction was not
detected in ROR-deficient control cells (Figure 1B, second panel,
lane 4). Then, 3C products were confirmed by sequencing, and the
identity of the ligated ROR core promoter (P3)/ROR upstream
—3,800 bp was revealed (Figure 1C). To address the role of the up-
stream DNA sequence, we cloned a 962-bp fragment containing the
site P2 (Figure 1D, top panel) and tested its activity that regulated
gene expression. As noted in Figure 1D, the 962-bp DNA fragment
significantly augments promoter activity as measured by luciferase
activity. These data indicate that intrachromosomal looping may
help bring the upstream enhancer in close proximity to the ROR
core promoter, where it activates ROR IncRNA expression in tumor
cells. The absence of intrachromosomal looping may be a critical
epigenetic barrier that impedes ROR activation.

SMC1 Forms Intrachromosomal Looping at the ROR Locus

Next, we determined which factor coordinated this chromosomal
looping. Because cohesin-complex and mediator-complex were
classic elements that orchestrated intrachromosomal loops between
active promoters and putative enhancers,'®"”
whether a cohesin-complex was involved in the chromosomal loop
at the ROR locus (Figure 2A). As expected, we found the ROR pro-
moter (Figure 2B, first panel, lanes 9-11) and its upstream enhancer
fragment (—3.8 kb) (Figure 2B, first panel, lanes 5-7) interact with

we were interested in

the cohesin-complex protein SMCI in AGS, HT29, and MUM2B
cells, but not in control cells (Figure 2B, first panel, lanes 4, 8,
and 12). Similarly, we also detected consistent results in quantita-
tive chromatin immunoprecipitation (ChIP) assays (Figure 2C).
Because cohesin and mediator work together to mediate gene
1917 we then further investi-
gated the ability of interaction between mediator and cohesion
complexes in AGS, HT29, and MUM2B. As expected, co-immuno-
precipitation (coIP) showed that SMCI1 protein interacted with
MEDI12 protein (Figure 2D). We next determined the binding of
mediator-complex protein MEDI2 with the ROR promoter and
enhancer in AGS, HT29, and MUM2B. We found that MEDI2
could interact with the ROR promoter (Figure 2E, first panel, lanes
9-11) and its enhancer (Figure 2E, first panel, lanes 5-7). These
data indicate that chromatin-binding complex cohesion is likely
to recruit mediator complex to form SMCI-mediated intrachromo-
somal looping between the ROR promoter and enhancer in tumor
cells.

expression and chromatin architecture,

The SMC1-Orchestrated Intrachromosomal Loop Was a Critical
Epigenetic Barrier to Activation of ROR Transcription In Vitro
Next, we investigate whether SMCI-mediated intrachromosomal
looping controls the expression of endogenous ROR. We first
analyzed the expression level of SMCI in AGS, HT29, and
MUM2B. As shown in Figure 3A, SMC1 exhibited significantly
higher expression in AGS, HT29, and MUM2B tumor cells (Fig-
ure 3A, lanes 2-4). We then used conventional RNAi to success-
fully knock down SMCI expression in AGS, HT29, and
MUM2B. Real-time PCR (Figure S1) and western blot (Figure 3B)
showed that SMC1 protein expression was significantly inhibited
in tumor cells. We then examined whether intrachromosomal
looping was abolished after SMCI silencing. As expected, SMCI
knockdown abolished the intrachromosomal looping (Figure 3C,
lanes 2, 3, 6, 7, 10, and 11), suggesting a critical role of SMCI in
the formation of intrachromosomal looping of the ROR promoter
and enhancer. Notably, the weak expression of ROR in SMCI-
silenced cells (Figure 3D) further confirmed the importance of
SMCI in activation of endogenous ROR expression in tumor cells.
Moreover, coIP assays showed that the interaction between SMCI
and MEDI12 was abolished when SMCI was knocked down in three
tumor cells (Figure 3E, lanes 3, 4, 7, 8, 11, and 12). These data sup-
port our hypothesis that transcriptional activation of endogenous
ROR requires the formation of SMCI-dependent intrachromoso-
mal looping.

Because SMCI and MEDI2 combined at the ROR locus, we then
determined whether downregulated MEDI2 could influence intra-
chromosomal looping. Thus, to decipher the potential role of
MED]I2 in the chromatin architecture, we aimed to knock down
MEDI2 expression using conventional RNAi methodology (Fig-
ure 3F). 3C was then performed to detect the effect on intrachromo-
somal loop in MEDI12-knockdown cells. Intriguingly, we detected that
intrachromosomal looping was abolished after MEDI2 silencing (Fig-
ure 3G, lanes 2, 3, 5, 6, 8, and 9). Similarly, ROR expression was
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Figure 1. Novel Intra-chromosomal Looping Exists at the ROR Locus

(A and B) Intrachromosomal interaction between the ROR promoter (P3) and enhancer (P2) regions in AGS, HT29, and MUM2B. (B) The intrachromosomal interactions
between P1-P3, P2-P3, P3-P4, P3-P5, and P3-P6 as assessed by PCR. R1/R2 PCR was used as the positive control. (A) Gray intensity analysis of the brands (P3 bait,
vertical arrows) to each Pst | site and the off-target site (P1-P3, P3-P4, P3-P5, and P3-P6). Numbers under P1-P6: distance from the translation start site (TSS). The
interaction frequency was determined by normalizing the 3C PCR signal over that of the positive control (R1/R2 PCR). *p < 0.05 compared with negative control fibroblasts.
(C) 3C products are confirmed by DNA sequencing. The 3C products derived from the ROR promoter P2 and P3 interaction (P2/P3) were cloned and sequenced. The 3C
products contain the Pst | site (5'-CTGCAG-3') that was flanked on both sides by the ROR promoter —891 and —3,800 bp. (D) Identification of the ROR upstream interacting
region as an ROR enhancer. Enhancer activity was measured as the relative luciferase units in 293T cells. ROR enhancer was inserted upstream of pGL2-promoter-Luc. For
comparison, the luciferase expression of the mock insert at 48 h was arbitrarily set as 1 in the calculation. *p < 0.05 compared with mock luciferase expression. 293T, wild-
type 293T cells; M, marker; Mock, empty pGL2-promoter-Luc vector.
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Figure 2. SMC1 Forms Intrachromosomal Looping at the ROR Locus

100 bp -| g

M1 23456789101 12

(A) Schematic diagram of the ROR IncRNA and the position of primers used for ChIP analyses. L1 through L6, primer names; arrows, transcriptional direction. (B) The
interaction between SMC17 and ROR IncRNA. ChIP assay demonstrating that SMC1 binds the ROR promoter (—891 bp) and the upstream fragment (—3.8 kb). IgG is used as
a negative control. Sites X, Y, and Z are ChlIP detection sites. (C) The gPCR-ChIP assay showing the interaction between SMC7 and the ROR IncRNA. ChlP sites on the
chromosome are listed at the bottom. Immunoglobulin G (IgG) is the negative control. All of the data are presented as the mean + SD. *p < 0.05 compared with the negative
control (fibroblast). (D) SMCT interacted directly with MED12 as detected by co-immunoprecipitation. Cohesin (SMCT1) is detected by western blot after AGS, HT29, and
MUM2B immunoprecipitation. (E) ChIP assay detecting the interaction between MED12 and the ROR IncRNA. Sites X, Y, and Z are ChIP detection sites. M, marker.

remarkably decreased once the intrachromosomal loop was lost
(Figure 3H).

To obtain further insights into the specific role of SMCI in this intra-
chromosomal looping, we performed a rescue study of SMCI knock-
down. The results showed the remarkably increased expression levels
of SMCI after SMCI-knockdown tumor cells were transfected with
wild-type SMC1 plasmid (Figure 31, first, third, and fifth panels,
lane 3). Interestingly, the cohesin-orchestrated intrachromosomal
looping was successfully restored (Figure 3], first panel, lanes 3, 7,
and 11). ROR expression was dependent on the rescued intrachromo-
somal looping that was effectively restored by overexpression of the

wild-type SMC1 (Figure 3K). Moreover, no direct positive correlation
was noted between ROR and epigenetic regulator (SMCI and
MEDI12) expression in colon cancer (Figure S2A), gastric cancer (Fig-
ure S2B), and uveal melanoma (UVM) (Figure S2C) based on the GE-
PIA Gene Expression Profiling Interactive Analysis (http://gepia.
cancer-pku.cn).”® These data indicated that SMCI itself was not
able to activate ROR IncRNA transcription and likely helped to bring
the upstream enhancer in close proximity to the ROR core promoter,
where it activates ROR IncRNA expression in tumor cells. As sug-
gested, we transfected normal cells (NCM60, GES-1, PIG1) with
low ROR and SMCI expression with wild-type SMCI (Figures S3A
and S3B). As shown in Figure S3C, SMC1 was overexpressed in
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Figure 3. SMC1-Mediated Intrachromosomal Looping Determines Endogenous ROR Transcription

(A) SMC1 expression in a variety of tumor cell lines was detected by western blot. In brief, 293T cells and fibroblasts were used as positive and negative controls,
respectively. (B) Western blot detecting SMC1 expression in shRNA-SMC1-treated AGS, HT29, and MUM2B cells. (C) Chromosome conformation capture (3C) was
used to examine the intrachromosomal looping between the ROR promoter (P3) and enhancer (P2) regions in SMC1 knockdown AGS, HT29, and MUM2B. Once SMC1
was depleted, intrachromosomal looping was lost. (D) Real-time PCR measurement of ROR expression in SMC1-knockdown tumor cells. ROR expression levels were
remarkably decreased in SMC1-silenced tumor cells that lack intrachromosomal looping. (E) Interaction of MED12 and SMC1 detected by co-immunoprecipitation. The
interaction of MED12 and SMC1 was abolished after SMC17 knockdown. (F) Silenced expression of MED12 using siRNAs in AGS and HT29 cells. Western blot
demonstrated that siMED12 provided the optimal deletion of MED12. Experiments were performed 48 h following siMED12 (50 nM) and control transfection. (G) Loss of
the intrachromosomal loop between the ROR promoter and enhancer regions in MED172-knockdown tumor cells as quantified by PCR. (H) gPCR analysis of
ROR expression in MED12-knockdown tumor cells. The expression levels of ROR were remarkably decreased following loss of the intrachromosomal loop in MED12-
downregulated tumor cells. () SMC1 protein levels in cells treated with wild-type SMC1, shSMC1, or empty vector were measured with western blotting. SMC1
was restored in the presence of the overexpressed wild-type SMC1. (J) 3C detected the intrachromosomal loop in the rescue study of SMC17-knockdown cells.

(legend continued on next page)
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NCM60, GES-1, and PIG1. However, cohesin-orchestrated intra-
chromosomal looping does not occur (Figure S3D) despite SMCI
overexpression.

Enhancer Deletion Disrupts the Intrachromosomal Looping and
Downregulated ROR Expression

To further investigate the role of intrachromosomal looping in ROR
regulation, we next deleted the ~1-kb enhancer DNA using the
CRISPR/Cas9 method. As shown in Figures 4A and 4B, the 1-kb
enhancer was deleted from the genome. Next, we found that the intra-
chromosomal looping between ROR promoter and the upstream
enhancer DNA was abolished (Figure 4C, lane 5). To determine
whether the deletion would control ROR transcription, we assessed
ROR IncRNA expression. As expected, weak ROR expression was de-
tected in enhancer-deleted tumor cells (Figure 4D, lane 6). Similarly,
qPCR data were consistent with this finding (Figure 4D, right). Taken
together, these data indicate that the intrachromosomal looping be-
tween the ROR promoter and the enhancer controls endogenous
ROR expression.

Interruption of SMC1-Mediated Intrachromosomal Looping
Inhibits Tumorigenesis

To apply the in vitro findings to the in vivo situation, we generated a
xenograft tumor model of MUM2B cells in nude mice. As expected,
we noticed that tumor growth was significantly reduced in those
animals that received the SMCI-silencing MUM2B cells (n = 6;
*p < 0.05) compared with wild-type (Ctrl) MUM2B cells (Figure 5A).
In addition, SMCI knockdown resulted in approximately 40% reduc-
tion in tumor weight (Figure 5B). To verify the clinical significance of
SMCI, we collected a set of tumor tissues paired with adjacent normal
tissue from diagnosed patients, including gastric tumors (n = 8) and
ocular melanomas (n = 11). Notably, we detected a prominent in-
crease in SMCI expression in all of the tumor tissues compared
with adjacent healthy specimens (Figures 5C and 5D). We then per-
formed immunohistochemistry-staining assays to detect SMC1 pro-
tein expression in tumor tissues. The results clearly showed that
SMCI1 protein expression was remarkably increased in melanoma tu-
mors (Figure 5E, first row), colon cancer (Figure 5E, first row), and
gastric cancer (Figure 5E, third row) tissues compared with normal
tissues (Figure 5E, second, fourth, and sixth). These data further high-
light the clinical importance of SMCI in gastrointestinal cancer and
ocular melanoma.

We next tested whether intrachromosomal looping deficiency also in-
hibits tumor progression in another enhancer-deletion model. We
then examined cell phenotype changes. CCK8 assays showed that
cell growth was significantly reduced in enhancer-deleted tumor cells
(Figure 6A). Moreover, two colony formation methods were used to

evaluate the capacity of tumor colony formation, and the data showed
that the number of macrocolonies and microcolonies was signifi-
cantly decreased in enhancer-deleted tumor cells using plate (Fig-
ure 6B) and soft agar (Figures 6C and 6D) methods. To examine
the role of intrachromosomal looping in vivo in animal experiments,
we established a xenograft model in nude mice using enhancer-
deleted MUM2B cells. We then evaluated the size of the resultant tu-
mors every 2 days for 20 days. As expected, both tumor volume (Fig-
ure 6F) and weight (Figure 6G) in the enhancer-deleted group were
significantly reduced compared with the empty vector group. Tumor
size was also reduced in the enhancer-deleted group (Figure 6E). In
addition, a remarkable decrease in ROR expression was observed in
the enhancer-deleted group (Figure 6H). These data suggested that
the cohesin-complex-mediated intrachromosomal loop is a key regu-
lator of ROR-mediated tumorigenesis both in vitro and in vivo.

DISCUSSION

To date, numerous studies have focused on IncRNA functions in a va-
riety of diseases, especially cancers.”” >° A great number of cancer-
associated IncRNAs have been reported in various tumors, such as
CCATI1,”" MALAT1,"” HOTAIR," and CANT1;** however, the tran-
scriptional regulation of most IncRNAs remains unclear. We thus
began to reveal the precise mechanism underlying the transcription
of IncRNAs. In the past decades, a large number of cis-regulatory
linear sequences have been reported to control gene transcription.'”
Given that the genome exhibits 3D organization, long-range chro-
matin interactions between these elements are easily formed to con-
trol their target genes. For example, a long-range intrachromosomal
looping between KvDMRI and the Kcngl promoter maintained
mono-allelic expression of the Kcngl genes,” and EVII oncogene acti-
vation is required for the formation of chromosomal looping between
the EVII promoter and GATA2 enhancer in leukemia.” Given these
facts, it raises the possibility that the long-range 3D chromosomal
architecture may also be involved in the transcription of ROR
IncRNAs. In support of this hypothesis, here, we for the first time
demonstrate that an intrachromosomal looping formed between
the ROR promoter and its newly identified enhancer to subsequently
activate the expression of ROR and drivers of tumorigenesis, thereby
representing new insight into our understanding of IncRNA tran-
scription in cancer (Figure 7).

The cohesin complex is a major player in transcriptional regulation
during interphase.”* The complex acts together with the mediator
complex to maintain the physical interaction between promoters
and enhancers of target genes.'®'” Here, we suggest that cohesin-
orchestrated intrachromosomal looping is a critical epigenetic acti-
vator of transcription initiation of ROR IncRNA. This concept is sup-
ported by the fact that the ROR IncRNA was silenced after

Cohesin-mediated intrachromosomal looping was restored in SMC7-knockdown cells by overexpression of wild-type SMC1. (K) gPCR analysis of ROR expression in the
rescue study of SMC1 knockdown. ROR expression levels were restored following overexpression of wild-type SMC1 in SMC1-silenced tumor cells. Mock, empty pGIPZ
vector; NC, nonsilencing control; Neg Ctrl, fibroblast; pGlZ(—), empty pGIPZ vector; pGMLV(-), empty pGIPZ vector; SMC1 WT (wild-type), SMC1 ORF was cloned into

pGMLYV plasmids for stable expression.
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Figure 4. Enhancer Deletion Disrupts Intrachromosomal Looping and ROR
Expression

(A) Schematic of INcRNA-ROR fragment deletion using CRISPR-Cas9. (B) Deletion
of 1-kb P2-containing region from the genome by CRISPR-Cas9 as confirmed by
sequence. (C) Loss of intrachromosomal looping in MUM2B-sgRNA using CRISPR-
Cas9. (D) Weak expression of INncRNA-ROR in MUM2B-CRISPR-Cas9. *p < 0.05
compared with the mock. Mock, empty CRISPR-Cas9 vector.

interruption of the intrachromosomal interaction by knockdown of
SMCI or enhancer deletion. To our knowledge, this is the first
example whereby intrachromosomal interaction mediated by cohesin
contributes to transcriptional activation of IncRNA.

SMCI is one of the components of cohesin that was recently shown to
be involved in chromatin loop organizer function in the interphase
nucleus, thereby regulating gene expression;'”>> 7
that SMCI is closely correlated to tumorigenesis and development.*®
We detected a prominent increase in SMCI expression in tumors that
was further highlighted in clinical ocular melanoma. Knockdown of
SMCI expression leads to significantly repressed tumor progression

evidence indicates
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in vivo. Notably, targeted suppression of SMCI expression in tumors
silences ROR expression, and intrachromosomal looping between the
ROR promoter and upstream DNA was abolished. Thus, we suggest
that high SMCI expression enhances its role as a stabilizer of the
interaction between the ROR promoter and the upstream DNA,
thereby contributing to ROR IncRNA expression to promote
tumorigenesis.

It should also be noted that rescue study of SMCI knockdown suc-
cessfully restored the cohesin-orchestrated intrachromosomal loop-
ing in SMCI knockdown cells and ultimately effectively restored
ROR expression. However, this successful “bail-out” was confined
to SMCl-silenced tumor cells. Thus, the role of SMCI in tumors
may not involve the induction of tumorigenesis directly. Rather,
SMCI1 holds the ROR promoter and the upstream DNA together to
activate endogenous ROR IncRNA, leading to tumorigenesis. We
cannot theoretically eliminate the involvement of other genetic or
epigenetic factors in ROR expression, especially in this intrachromo-
somal looping. It would be of great interest to focus on the identifica-
tion of other factors to better understand ROR IncRNA transcrip-
tional regulation. Further studies should be focused on the
identification of other factors that can organize or occupy chromatin
loops to activate ROR IncRNA expression. Nevertheless, to our
knowledge, this is the first study to imply that ROR IncRNA expres-
sion is highly dependent on intrachromosomal interactions that
juxtapose the enhancer and promoter regions of ROR.

In summary, our results reveal a completely novel mechanism in
which the intrachromosomal interaction bound by the cohesin medi-
ator serves as an epigenetic driver to activate the expression of onco-
genetic IncRNA, subsequently triggering IncRNA-mediated tumori-
genesis. Most importantly, because many IncRNAs exhibit variable
expression levels in different organs and play an important role in
variant diseases, it raises the possibility that the chromosomal inter-
action might be a critical cause in the pathology of diseases, thereby
suggesting new inspiration for exploring the importance of chromo-
somal interactions in IncRNA transcription and IncRNA-mediated
diseases.

Conclusions

In this study, we reveal for the first time a novel mechanism in which
the intrachromosomal interaction bound by cohesin mediator serves
as an epigenetic driver to activate oncogenetic ROR IncRNA expres-
sion, subsequently triggering IncRNA-mediating tumorigenesis. Our
data provide a potential therapeutic biomarker and reveal the novel
chromosomal folding pattern of IncRNA regulation, thereby
providing a novel alternative concept of chromosomal interaction
in IncRNA-mediated tumorigenesis.

MATERIALS AND METHODS

3C

The 3C assay was performed as described previously.'® In brief, 1.0 x
107 cells were cross-linked with 2% formaldehyde and quenched with
0.125 M glycine. Cells were lysed with cell lysis buffer (10 mM Tris
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Figure 5. SMC1 Knockdown Inhibits Tumorigenesis

(A) Tumor volume following SMC1 knockdown in MUM2B cells (n = 6). Suppressive effects on tumor growth in mice treated with knockdown SMC1. “p < 0.05 compared with
control. (B) Tumor weight on day 20 (n = 6). Knockdown of SMC1 expression results in tumor weight reduction. *p < 0.05 compared with control. (C and D) SMC1 expression
levels in normal, colon cancer, and melanoma tissues. SMC1 was highly expressed in colon cancer and melanoma tissues compared with normal tissues. *p < 0.05. Scale
bars, 50 um. (E) Immunohistochemical staining of SMC1 in tumor and normal tissues. SMC1 expression in tumor sections from six melanoma patients, six colon cancer
patients, and six gastric cancer patients were higher than normal tissues (original magnification x200).

[pH 8.0], 10 mM NaCl, 0.2% Nonidet P-40 [NP-40], and protease in-  at 37°C for 1 h. Triton X-100 was then added to a final concentration
hibitors), and nuclei were collected. Nuclei were resuspended in 1x  of 1.8% to sequester the SDS. An aliquot of nuclei (2 x 10°) was di-
restriction enzyme buffer in the presence of 0.3% SDS and incubated ~ gested with 800 U of restriction enzyme PstI at 37°C overnight.
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Figure 6. Enhancer Deletion Inhibits Tumor Growth In Vitro and In Vivo

(A) CCK8 assays show tumor cell growth after enhancer deletion. Cell growth was obviously restrained at day 3 in enhancer-deleted MUM2B cells. The absorbance values
were detected at 24, 48, and 72 h, and the control was arbitrarily set at 100% on day 1. *p < 0.05, *p < 0.01 compared with mock. Scale bars, 500 pm (left; original
magnification x4), 100 um (right; original magnification x 10). (B-D) Plate clone formation assays (B) and soft agar assays (C and D) demonstrate that the tumor formation
ability was significantly reduced in enhancer-deleted MUM2B cells. “p < 0.05 compared with the mock. (E and F) Suppressive effects on tumor volume (F) and weight (G) in
mice. “p < 0.05, **p < 0.01 compared with mock. (G) Mice were sacrificed, and tumors were isolated 20 days after inoculation. The growth of enhancer-deleted MUM2B cells
was compared with empty vector-transfected cells. **p < 0.01 compared with mock. (H) Real-time PCR showing that ROR INcRNA expression was significantly decreased in
the enhancer-deleted group. **p < 0.01 compared with mock.
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tated and diluted in 100 UL of 0.2 M glycine.

Then, 1.6% SDS was added, and the mixture was incubated at 65°C
for 20 min to stop the reaction. Chromatin DNA was diluted with
T4 ligation reaction buffer, and 2 pg DNA was ligated with 4,000 U
of T4 DNA ligase (Takara, Japan) at 16°C for 4 h (final DNA concen-
tration, 2.5 pg/mL). After treatment with 10 mg/mL Proteinase K at
65°C overnight to reverse cross-links and 0.4 pg/mL RNase A for
30 min at 37°C, DNA was extracted with phenol-chloroform, ethanol
precipitated, and used for PCR amplification of the ligated DNA
products. PCR primers used in this study are listed in Table SI.

ROR Enhancer-Luciferase Assays

ROR enhancer was amplified from genomic DNA using primers
(Table S3) incorporating restriction enzyme sites (Kpn I-Xho I) and
cloned into the Kpn I-Xho I sites upstream of the promoter-Luc tran-
scriptional unit. Luciferase assays were performed in 24-well white
plates using the Luciferase Assay System (Promega, USA) according
to the manufacturer’s protocol.

ChIP

ChIP assays were performed as previously described.'® One hundred
million cells were fixed with 1% formaldehyde and sonicated for
8 min (10 s on and 15 s off) on ice with a 2-mm microtip at 40%
output control and 90% duty cycle settings. The sonicated chromatin
(1 mL) was clarified by centrifugation and snap-frozen in liquid nitro-
gen. To perform ChIP, sonicated chromatin (150 pL) was diluted 10-
fold, and protein G-agarose (60 uL) (Millipore, USA) was added with
shaking at 4°C for 2 h. Samples were then briefly centrifuged at
1,000 rpm for 5 min at 4°C, and the supernatant was collected into
anew tube. SMC1 and MED12 antibodies were obtained from Abcam
(USA) and added to the supernatant overnight at 4°C. PureProteome
Protein A and Protein G Magnetic Beads (60 pnL) (Millipore, USA)
were used to pull down the protein at 4°C for 6 h. DNA released

PCRs (3 pL under liquid wax) contained 2 pL
ChIP (or input) DNA, 0.5 mM appropriate
primer pairs, 50 pM deoxynucleotide triphos-
phate, and 0.2 U Klen-Taql (Ab Peptides, USA). The PCR conditions
were 95°C for 5 min followed by 34 cycles of 95°C for 30 s, 30 s of
optimal annealing temperature, and 72°C for 30 s of extension
(Table S2). The PCR products were separated on 8% polyacryl-
amide-urea gels.

colP

colP was performed according to the Nuclear Complex colIP kit proto-
col (Active motif, USA). In brief, nuclear extracts were prepared by sus-
pending cells in 1x hypotonic buffer for 15 min on ice. The cells were
homogenized and centrifuged for 30 s at 14,000 x g. Immunoprecipita-
tion (IP) was performed with 300 pg nuclear protein and 5 pg
anti-MEDI12 antibody (Abcam, CA, USA) in 500 pL IP incubation
buffer at 4°C overnight. The reaction mixtures were incubated
with PureProteome Protein A and Protein G Magnetic Beads (50 pL)
(Millipore, USA) at 4°C for 1 h on a rotator. The immunoprecipitated
complexes were washed twice with IP wash buffer supplemented with
1 mg/mL BSA and without BSA. The washed beads were incubated
with 2x reduction loading buffer and boiled at 100°C for 5 min. The
protein released from components of the complexes was examined by
SDS-PAGE and western blotting with anti-SMCI.

RNA Extraction and RT-PCR Analysis

Total RNA was extracted using TRI-REAGENT (Invitrogen, USA)
according to the manufacturer’s instructions, and cDNA was synthe-
sized using the PrimeScript RT reagent kit (Takara, Japan).

Western Blot Analysis

Cells were harvested at the indicated time and washed twice with cold
PBS. Cell extracts were prepared with lysis buffer and centrifuged at
13,000 x g for 30 min at 4°C. Protein samples were separated by
SDS-PAGE in 7.5% (w/v) polyacrylamide gels and transferred to pol-
yvinylidene fluoride membranes. Membranes were immunoblotted
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with anti-SMC1 (Proteintech, USA). Membranes were incubated
with a secondary antibody conjugated to a fluorescent tag. The bands
were visualized using the Odyssey infrared Imaging System (LI-COR,
Lincoln, NE, USA).

Plasmid, Retrovirus, and Selection

SMCI short hairpin RNA (shRNA)-mir constructs and verified non-
silencing ShRNA were purchased from Open Biosystems (Lafayette,
CO, USA) (Table S3). Selection was performed by incubating with
4 pg/mL puromycin for 2 weeks; the clones were screened for GFP
expression. The cDNA encoding the SMCI open reading frame
(ORF) was amplified by PCR using primers (Table S3) incorporating
restriction enzyme sites (XhoI-BamHI). The PCR fragment was
cloned into the digested plasmids of the pPGMLV vector.

Lentivirus Packaging and Generation of Stable Cell Lines

The Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA, USA) was
incubated with Opti-MEM I Reduced Serum Medium (GIBCO, USA)
and used to transfect 2397 cells with 3 ug SMCI shRNAs or pGMLV-
SMCI plasmids, 3 pg pMD2.D plasmids, and 6 pg PsPax plasmid. The
medium was replaced with 10 mL of fresh medium 5 h after transfec-
tion. The supernatant containing the viruses was collected at 48 and
72 h, filtered, and concentrated. Twenty-four hours prior to transfec-
tion, cells were seeded in a 60-mm dish at 3.0 x 10> cells/dish. The
medium was replaced with 25 pL/mL virus-containing supernatant
supplemented with 10 ng/mL polybrene (Sigma-Aldrich, USA). After
48 h of transduction, selection of stable SMCI-knockdown cell lines
was performed by incubation with 4 pg/mL puromycin (InvivoGen,
USA) for 2 weeks; the clones were screened for GFP. For the SMCI
rescue experiment, 4 pg/mL puromycin and 6 pg/mL hygromycin
were applied for selection.

CCKaB Cell Viability Assay and Soft Agar Tumor Formation
Assays

For CCKS8 assay, cells were seeded into a flat-bottomed 96-well cul-
ture plate at 2,000 cells per well with 100 pL culture medium. In brief,
10 pL of CCK8 (Dojindo, Japan) solution was added to each well. The
samples were incubated for 4 h; then the absorbance was measured at
450 nm in a microplate reader (Varioskan Flash; Thermo, USA) for 4
consecutive days. Soft agar colony formation assays were performed
in six-well plates as described in our previous study.”* To calculate
the colony formation rate after loss of intrachromosomal looping in
MUM2B, the mock cell was set to 1.

Small Interfering RNA

MEDI2 knockdown was achieved using small interfering RNA
(siRNA). Cells were seeded at 200,000 cells per well in six-well plates
and transfected using Lipofectamine 2000 (Invitrogen) in Opti-MEM
I Reduced Serum Medium with 50 nM siRNA (Invitrogen). Forty-
eight hours posttransfection, cells were harvested in TRIzol for
RNA isolation (Invitrogen) or lysed in radioimmunoprecipitation
assay (RIPA) lysis buffer for western blotting.
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Plate Colony Formation Assay

A plate colony formation assay was performed in six-well plates. A
total of 1,000 cells were suspended in 2.0 mL of complete medium
and seeded into each well. The cells were cultured with complete
medium for 10 days. For quantification, the colonies grown in
plates were stained with 1% crystal violet and then photographed.
The number and size of the colonies were determined using
Image].

Tumor Xenograft Model in Nude Mice

Animal protocols were approved by the Animal Care and Use
Committee at Shanghai Jiao Tong Medical College. Male 3-week-
old nude mice were deeply anesthetized. MUM2B, shSMCI
MUM2B, MUM2B-CRISPR/Cas9-P2, or guide RNA (gRNA) empty
vector cells in a 0.2-mL sterile saline solution were subcutaneously in-
jected into the right flank. Tumor growth was monitored using a
caliper every 3 days. Tumor volume was calculated using the formula:
length (mm) x width (mm)?/2. Six mice from each group were sacri-
ficed, and the tumors were weighed.

CRISPR/Cas9-Mediated Deletions

Four small gRNAs (sgRNAs) were cloned separately into lenti-
Guide-Puro plasmids. To delete the 1-kb P2-containing region
from the genome, MUM2B cells were transfected with plasmids
containing gRNAs (and Cas9) targeting the left and right side of
the region to be deleted. Colonies were derived from single cells
and tested for the loss of the targeted region. The control group
was transfected with gRNA-empty vector using Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s instructions.
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Figure S1. Validation of two shRNA mediated knockdowns of SMC1

Real-time PCR demonstrating that ShRNA efficiently silenced SMC1 at the RNA
expression level in AGS, HT29 and MUMZ2Bcells. *P<0.05: compared with the control
(ctrl) and mock. Mock: empty pGIPZ vector. 293T cell and fibroblast used as positive

and negative control respectively.
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Figure S2. Pearson correlation between ROR and the epigenetic regulators (SMC1
and MED12) mRNA expression in the GEPIA dataset.

Gene expression analysis using the GEPIA dataset validated the positive correlation
between SMC1 and MED12 in colon cancer, gastric cancer and uveal melanoma (UVM).
But there was no correlation between the expression of SMC1 and MED12 with ROR

IncRNA.
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Figure S3. Rescue study of SMCL1 in low ROR expression cells
A. SMC1 expression in different tumors were measured by Western blot. SMC1
presented higher expression in a series of tumor cells than in three normal cells
(NCM460, GES-1 and P1G1). 293T cell: positive control. Fibroblast: negative controls.
B. Real-time PCR showed ROR expression in tumors and normal cells. There was
almost no expression of ROR in three normal cells (NCM460, GES-1 and PIG1).
Fibroblast was used as negative controls.
C. The protein levels of SMCL1 in the normal cells treated with wild-type SMC1 and
empty vector were measured with Western blotting. SMC1 was overexpression in the
presence of the overexpressed wild-type SMC1. SMC1 WT: SMC1 ORF was cloned
into pGMLYV plasmids for stable expression. pGMLV(-): empty pGIPZ vector.
D. Chromosome conformation capture (3C) detected the intrachromosomal loop in the
normal cells treated with wild-type SMC1. The cohesin-orchestrated intrachromosomal
looping was not restored in the SMC1 overexpression cells. MUM2B cell was used as

a positive control.



Table S1. Primers for 3C

Primer Sequence (5°-3°)

P1A TAACAGAACCATCAGCCCTGAATGTC

P1B ACCATCAGCCCTGAATGTCCCCCTACT

P2A TGCAAAGAGCTGGCCAGAGGCATC

P2B TGGCCAGAGGCATCCTGGCAGT

P3A TGATCCACTGGTCAGATCCCAGGTC

P3B ACTGGTCAGATCCCAGGTCTCATGACTC

P4A TTCTGACACACCTCCAGTGGATCTG

P4B TCCAGTGGATCTGGGCGCACTCCAG

P5A GATGACCAGTGGCCCTGGAGGTC

P5B GCCCTGGAGGTCCCAAAGGTCAAAGATG

P6A TGTGCATTAATTCCAACCACCTGCTC

P6B TAATTCCAACCACCTGCTCTGTGGAGC
R1 TCAGCTGTCACTCAGCCACAGTG

R2

CAGTGAGAGGATGAACACCTCGCA




Table S2. Primers for ChlP and gqRT-PCR

Gene Primer Sequence (5’-3’) Purpose
ROR- prolF (L1) ACCACTCATTGTTGGCGCATTCACTG ChiIP
ROR- prolR (L2) GTACTCTTCCCACCCCTACTGCCA ChiP
ROR-pro2F (L3) AGCGCCCTTAAGCAGGGTCATTC ChiIP
ROR-pro2R (L4) CTGTGCTCGCTCCCTTGGGAG ChlP
ROR-pro3F (L5) CAGATCCCAGGTCTCATGACTCCCAG ChiIP

ROR-pro3R (L6) GCACAATGGCACTGCAGCACTGT ChiIP
SMC1-F AGAGGTTCACCGCCATCATTGGAC gRT-PCR
SMC1-R CACAGGAGCTCCATGGATCAGGTC gRT-PCR

ROR-F CTTGGCTTAGCGGCTGAAGACTGACG gRT-PCR
ROR-R TGGCCATGCACCAGGTAGAAATCTGTAG qRT-PCR




Table S3. Primers for enhancer cloning and RNAI

Gene shRNA CN / Primer Sequence (5°-3°)

Smcla H4 (V3LHS_637850)

Smcla H10 (V3LHS_637855)
ROR-Enhancer-F GGGTACCACAATCATTGAAAGCTTTCATG
ROR-Enhancer-R GCTCGAGCACTGGCTCAGGATAACTAG

The underline indicated the restriction enzyme site. The CN indicated the catalog

number of Open Biosystems.



Table S4. Primers for MED12 RNAI

Primer

Sequence (5°-3’)

SIMED12-1
SIMED12-2
SIMED12-3

Negative Control

CGCUGGUCUUUCGAUAAAUTT
CCAGCACCUUUCACAUUAUTT
CCAGGGCUAUACUCCUUAUTT

UUCUCCGAACGUGUCACGUTT
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