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ABSTRACT

Sense-antisense mRNA pairs generated by convergent transcription is a way of gene regulation. c-fms gene is closely jux-
taposed to the HMGXB3 gene in the opposite orientation, in chromosome 5. The intergenic region (IR) between c-fms and
HMGXB3 genes is 162 bp. We found that a small portion (~4.18%) of HMGXB3 mRNA is transcribed further downstream,
including the end of the c-fms gene generating antisense mRNA against c-fms mRNA. Similarly, a small portion (~1.1%) of
c-fms mRNA is transcribed further downstream, including the end of the HMGXB3 gene generating antisense mRNA
against the HMGXB3 mRNA. Insertion of the strong poly(A) signal sequence in the IR results in decreased c-fms and
HMGXB3 antisense mRNAs, resulting in up-regulation of both c-fms and HMGXB3 mRNA expression. miR-324-5p targets
HMGXB3 mRNA 3’ UTR, and as a result, regulates c-fms mRNA expression. HuR stabilizes c-fms mRNA, and as a result,
down-regulates HMGXB3 mRNA expression. UALCAN analysis indicates that the expression pattern between c-fms and
HMGXB3 proteins are opposite in vivo in breast cancer tissues. Together, our results indicate that the mRNA encoded
by the HMGXB3 gene can influence the expression of adjacent c-fms mRNA, or vice versa.
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INTRODUCTION

In RNA polymerase Il (RNAPII)-driven transcription elonga-
tion, termination, transcript cleavage, and release common-
ly occur after recognizing the poly(A) site (PAS) by the 3’ end
cleavage and polyadenylation (CPA) complex (West et al.
2008; Kuehner et al. 2011; Proudfoot 2016). Cleavage by
CPA releases the nascent transcript, which becomes polya-
denylated at the 3’ end (Proudfoot 1989). When more than
one PAS is present, alternative polyadenylation occurs.

Transcription termination can also occur anywhere from
the 3’ end of the mRNA by readthrough transcription
(Proudfoot 1989; Dye and Proudfoot 1999; Richard and
Manley 2009), which generates the mRNA 3’ end polymor-
phism (de Klerk and t Hoen 2015; Kainov et al. 2016;
Nourse et al. 2020). In yeast, various transcript boundaries
are present (Gullerova and Proudfoot 2008; Pelechano
etal. 2013).

In the case of a convergent gene pair, RNAPII molecules
in the transcription elongation complex collide head-to-
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head and stop transcription (Hobson et al. 2012). In
head-to-head collision, RNAPII molecules may also bypass
one another, generating sense-antisense transcript pairs
overlapping at the 3’ end (Ma and McAllister 2009). In hu-
mans, over 20% of transcripts may form sense-antisense
pairs, in which most antisense transcripts (i.e., cis-encoded
natural antisense, cis-NAT) are generated from the oppo-
site strand of the same genomic locus of the sense strand
(Yelin et al. 2003; Chen et al. 2004; Zhang et al. 2006).
Natural antisense transcripts (NATSs) are prevalent in hu-
man cells (Zhang et al. 2006; Pelechano and Steinmetz
2013). cis-NATs have perfect sequence complementary to
the sense transcripts. cis-NATs can be derived from tail-
to-tail (3" to 3') to their relative orientation (Lapidot and
Piloel 2006). NATSs are proposed to be involved in several
regulatory mechanisms. NAT can interfere with sense tran-
scription by collision of two RNAPII complexes. NAT can
also mask sense mRNA and hinder protein—RNA interaction
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mRNA 3’ end polymorphism

in the cytoplasm, resulting in translation inhibition and RNA
decay. Interaction of 3’ overlapping mMRNAs promotes no-
go-decay in the cytoplasm (Sinturel et al. 2015).

In RNA interference (RNAI), dsRNA formed by conver-
gent transcription is processed to generate siRNAs, which
are incorporated into the RNAi-induced silencing (RISC)
complex for posttranscriptional gene silencing (PTGS) by
inducing mRNA decay and translational repression
(Borsani et al. 2005; Kim and Nam 2006; Carthew and
Sontheimer 2009; Pelechano and Steinmetz 2013). In the
nucleus, siRNA derived from dsRNA by convergent tran-
scription is involved in transcriptional gene silencing
(TGS) (Gullerova and Proudfoot 2012). In TGS, siRNA-in-
duced transcriptional silencing (RITS) complex targets ho-
mologous gene loci, which in turn induce heterochromatin
formation resulting in gene silencing (Buhler and Moazed
2007). In this aspect, TGS and PTGS are proposed to coop-
erate for gene silencing (Faghihi and Wahlestead 2009;
Wemner and Sayer 2009).

Aberrant mRNA 3’ end cleavage and processing are
known to associate with diseases including cancer
(Danckwardt et al. 2008; Di Giammartino et al. 2011;
Ogorodnikov etal. 2016; Nourse etal. 2020). Both point mu-
tations in PAS as well as mutations in CPA complexes have
resulted in aberrant 3’ end processing and pathogenesis.

Here, we describe gene regulation by cis-NATs generat-
ed from a convergent gene pair consisting of the proto-
oncogene c-fms and the HMGXB3 gene. The proto-onco-
gene c-fms, which encodes the receptor tyrosine kinase
and a sole receptor for CSF-1, is expressed by the tumor
epithelium in several human epithelial cancers (Kacinski
etal. 1988, 1990, 1991). An elevated level of c-fms is asso-
ciated with poor prognosis (Chambers et al. 1997; Maher
et al. 1998). Activated (phosphorylated) c-fms protein in
breast and ovarian cancer is present in over 50% of tumors
(Flick et al. 1997; Toy et al. 2001). In breast cancer, interac-
tion of c-fms bearing tumor associated macrophages in
breast tissues promotes malignant transformation (Lin
et al. 2001). HuR is a member of the Elav/Hu family of
RNA-binding proteins and plays a supportive role for c-
fms in breast cancer progression by binding a pyrimi-
dine-rich sequence in its mRNA 3’ UTR, thus regulating
its expression (Woo et al. 2009).

HMGXB3 belongs to a high-mobility group binding pro-
tein 3 family. Currently, there is limited information about
HMGXB3 at the molecular level. However, HMGXB3 is
known to be involved in cell proliferation and migration
(Guo et al. 2016; Sing et al. 2019). Knockdown of
HMGXB3 inhibits cell proliferation and reduces migration
in gastric cancer cells (Guo et al. 2016) and non-small
cell lung cancer cells (Song et al. 2019). miR-324-5p tar-
gets HMGXB3 mRNA 3" UTR and down-regulates its ex-
pression (Sun et al. 2017).

We report here that the proto-oncogene c-fms and
HMGXB3 are a convergent gene pair with a 162 bp inter-

genic region between their 3 ends. They each generate
mRNAs with extended 3’ ends which are cis-antisense
RNA against the 3" end of their pair mRNA. Expression of
both genes regulate each other by sense-antisense RNA
pairing, which may be self-regulatory circuits to regulate
their own expression.

RESULTS

c-fms and HMGXB3 mRNA 3’ end polymorphisms are
derived from extended transcription termination

Both c-fms and HMGXB3 genes are closely juxtaposed in
chromosome 5. The intergenic region between two genes
is 162 bp (Fig. 1A). Since both genes are closely located in
the opposite orientation, we checked the presence of
mRNA 3’ end extension generated by readthrough con-
vergent transcription termination. For northern blot analy-
sis, strand-specific antisense RNA probes 1 through 4 were
generated to detect either c-fms or HMGXB3 mRNA with
3’ end extension (Supplemental Fig. S1). Northern blot
analysis indicates that HMGXB3 mRNA is detected by
strand-specific antisense RNA probe 1 generated from
the HMGXB3 mRNA coding region in 1 h exposure (Fig.
1B). In addition, HMGXB3 mRNA with 3’ end extension is
also detected by strand-specific antisense RNA probe 2
generated from the c-fms mRNA 3’ UTR in 96 h exposure
(Fig. 1B). Strand-specific antisense RNA probe 2 cannot
detect c-fms mRNA, since it is sense c-fms RNA.

Northern blot analysis also indicates that c-fms mRNA is
detected by strand-specific antisense RNA probe 3 gener-
ated from the c-fms mRNA coding region in 1 h exposure
(Fig. 1C). In addition, c-fms mRNA with 3’ end extension is
also detected by strand-specificantisense RNA probe 4 gen-
erated from the HMIGXB3 mRNA 3’ UTR in 96 h exposure
(Fig. 1C). Strand-specific antisense RNA probe 4 cannot
detect HMGXB3 mRNA, since it is sense HMGXB3 RNA.

This indicates that a small portion of c-fms and HMGXB3
mRNAs with 3’ end extensions are present, since weak sig-
nals are detected by strand-specific antisense RNA probes
2 and 4 in 96 h exposure.

Mapping and quantification of c-fms and HMGXB3
mRNAs with 3’ end extensions

To map the 3’ end extensions of c-fms and HMGXB3
mRNAs, we did RT-PCR with strand-specific primers and
poly—(A)*—RNA (Fig. 2A). Reverse transcription was per-
formed with strand-specific primers from multiple different
locations of c-fms and HMGXB3 mRNAs (Fig. 2A;
Supplemental Fig. S2A,B; Supplemental Table S1). The
3’ end of HMGXB3 mRNA is extended up to 578 nt inside
of the c-fms mRNA 3'UTR (i.e.,, up to c-fms mRNA
+3411nt). The 3’ end of c-fms MRNA is extended up to
939 nt inside of the HMGXB3 mRNA 3’ UTR (i.e., up to
HMGXB3 mRNA +4320 nt).
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FIGURE 1. c-fms and HMGXB3 mRNA 3’ end polymorphism. (4) Both HMGXB3 gene and c-fms gene are closely juxtaposed in chromosome
5. The intergenic region is 162 bp. *?P-labeled strand-specific antisense RNA probe 1 derived from the HMGXB3 mRNA coding region detects
HMGXB3 mRNA. *2P-labeled strand-specific antisense RNA probe 2 derived from the 3’ end of c-fms mRNA detects 3’ end extended HMGXB3
MRNA. 32P-labeled strand-specific antisense RNA probe 3 derived from c-fms mRNA coding region detects c-fms mRNA. *?P-labeled strand-spe-
cific antisense RNA probe 4 derived from the 3’ end of HMGXB3 mRNA detects 3’ end extended c-fms mRNA. Detailed description of probe
generation is in Supplemental Figure S1. (B) Northern blot shows HMGXB3 mRNA and HMGXB3 mRNA with 3’ end extension. HMGXB3
mRNA is detected in 1 h exposure. In contrast, HMGXB3 mRNA with 3" end extension is detected in 96 h exposure. (C) Northern blot shows
c-fms mRNA and c-fms mRNA with 3’ end extension. C-fms mRNA is detected in 1 h exposure. In contrast, c-fms mRNA with 3’ end extension

is detected in 96 h exposure.

For further quantification, we measured c-fms and
HMGXB3 total mRNAs and also 3’ end extensions by
strand-specific gRT-PCR (described in Supplemental Fig.
S2C,D). Quantification of both mRNAs and the 3’ end exten-
sions indicates that c-fms mRNA with the 3’ end extension is
~4.1% of total c-fmsmRNA (Fig. 2B; Supplemental Fig. S2E).
Similarly, HMGXB3 mRNA with the 3’ end extension is
~1.1% of total HMGXB3 mRNA (Fig. 2C; Supplemental
Fig. S2F).

We conclude that a small portion of c-fms and HMGXB3
mRNAs with the 3" end extensions are generated by read-
through convergent transcription termination. These c-fms
and HMGXB3 mRNAs with the 3’ end extensions also have
poly-(A)" tails, since poly-(A)"-RNA was used for mapping
(Fig. 2A).

Introduction of strong poly(A) signal sequence in the
intergenic region increases both c-fms and HMGXB3
expression

To block the extended transcription termination, a strong
poly(A) signal sequence SV40-PA (Schek et al. 1992;
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Hans and Alwine 2000) was introduced in the intergenic re-
gion (IR) in chromosome 5 via CRISPR/Cas? (Fig. 3A).
Insertion of SV40-PA was confirmed by genome PCR and
sequencing (Supplemental Fig. S3A). Insertion of SV40-
PA in the IR abolishes the expression of HMGXB3 mRNA
with the 3’ end extension (which is antisense to the c-fms
mRNA 3’ end) (Fig. 3B Northern) thereby increasing the
steady-state level of c-fms mRNA by 2.5-fold (n=4, Fig.
3E; Supplemental Fig. S3B) and protein by 2.6-fold (Fig.
3F) compared to the wild-type cells. Insertion of SV40-PA
in the IR also abolishes the expression of c-fms mMRNA with
the 3’ end extension (which is antisense to the HMGXB3
mRNA 3" end) (Fig. 3C Northern) thereby increasing the
steady-state level of HMGXB3 mRNA by 1.46-fold (n=4,
P<0.001, Fig. 3E; Supplemental Fig. S3C) and protein by
1.6-fold (x0.32, n=4, Fig. 3F; Supplemental Fig. S3E).

When the wild-type (WT) group in BT20 cells was
compared with the SV40-PA inserted group, the half-life
of c-fms mRNA increased from 8 h to >24 h (two-tailed
t-test, n=3, P<0.001) (Fig. 3G). The half-life of HMGXB3
mRNA also increased from 4 h to >8 h (two-tailed t-test,
n=3, P<0.001) (Fig. 3H).
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FIGURE 2. Mapping and quantification of transcripts with the 3’ end extensions. (A) Mapping of 3’ end extension by RT-PCR. The HMGXB3
mRNA with the 3’ end extension was reverse transcribed by 10 primers derived from the c-fms mRNA sequence. RT transcript was PCR amplified
for mapping. The c-fms mRNAwith the 3" end extension was reverse transcribed by eight primers derived from the HMGXB3 mRNA sequence. RT
transcript was PCR amplified for mapping. A detailed mapping strategy is described in Supplemental Figure S2. (B) qRT-PCR indicates that c-fms
mRNAwith 3" end extension is 4.1% of total c-fms mRNA (n = 4). (C) gRT-PCR indicates that HMGXB3 mRNA with 3" end extension is 1.1% of total
HMGXB3 mRNA (n = 4). Detailed quantification strategy is described in Supplemental Figure S2.

These results underscore the stabilizing influence of
SV40-PA insertion by down-regulating c-fms or HMGXB3
mRNAs with the 3’ end extensions, which serve as natural
antisense RNAs.

miR-324-5p regulates c-fms mRNA expression via
interacting with HMGXB3 mRNA

Sun et al. (2017) reported that miR-324-5p interacts
with HMGXB3 mRNA 3’ UTR. TargetScan (http:/www
.targetscan.org/vert 72/) for prediction of miRNA tar-
gets also predicts the interaction of miR-324-5p with
HMGXB3 mRNA, but not with c-fms mRNA. We checked
whether the interaction of miR-324-5p with HMGXB3
mRNA influences the expression of c-fms mRNA. miR-
324-5p mimic down-regulates the steady-state level of
HMGXB3 mRNA and up-regulates c-fms mRNA (n=4,
Fig. 4A; Supplemental Fig. S4A,B). A similar effect was
also observed in their protein levels, that is, miR-324-5p
mimic down-regulates HMGXB3 protein expression and
up-regulates c-fms protein expression (Fig. 4B;
Supplemental Fig. S4C).

We studied the effects of altering HMGXB3 mRNA lev-
els by miR-324-5p mimic on c-fms mRNA half-life in
BT20 cells. As shown in Figure 2C, at least part of the
3.2-fold increase in the steady-state level of c-fms mRNA
in BT20 cells seen on miR-324-5p mimic (Fig. 4A) is due
to an increase in the stability of c-fms mRNA (Fig. 4C).
When the scramble control group in BT20 cells was
compared with the miR-324-5p mimic group, the half-life
of c-fms mRNA increased from 8 h to >24 h (two-tailed
t-test, n=3, P<0.001). These results underscore the stabi-
lizing influence of miR-324-5p mimic on c-fms mMRNA. At
the same time, the half-life of HMGXB3 mRNA decreased
from 4 h to <2 h (two-tailed t-test, n=3, P<0.001). These
results also underscore the destabilizing influence of miR-
324-5p mimic on HMGXB3 mRNA (Fig. 4D).

Conversely, miR-324-5p inhibitor up-regulates the
steady-state level of HMGXB3 mRNA, and down-regulates
c-fms mRNA (n=4, Fig. 4E; Supplemental Fig. S4D,E). A
similar effect was also observed in protein levels, that is,
miR-324-5p inhibitor up-regulates HMGXB3 protein ex-
pression and down-regulates c-fms protein expression
(Fig. 4F; Supplemental Fig. S4F).
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We also studied the effects of altering HMGXB3 mRNA
level by miR-324-5p inhibitor on c-fms mRNA half-life in
BT20 cells. When the scramble control group in BT20 cells
was compared with the miR-324-5p inhibitor group, the
half-life of c-fms mRNA decreased from 8 h to ~4 h (two-
tailed t-test, n=3, P<0.001) (Fig. 4G). These results under-
score the destabilizing influence of miR-324-5p inhibitor
on c-fms mRNA. At the same time, the half-life of
HMGXB3 mRNA increased from 4 h to >8 h (two-tailed t-
test, n=3, P<0.001) (Fig. 4H). These results also under-
score the stabilizing influence of miR-324-5p inhibitor on
HMGXB3 mRNA.

We conclude that miR-324-5p regulates c-fms mRNA
expression via interacting with HMGXB3 mRNA.

miR-324-5p targets HMGXB3 mRNA 3’ UTR, not
c-fms mRNA 3’ UTR

Since Sun et al. (2017) reported direct targeting of
miR-324-5p to HMGXB3 mRNA 3'UTR, we further
verified that miR-324-5p does not also target the 3’ UTR
of c-fms mRNA. To do this, we made luciferase reporter
fused with either HMGXB3 or c-fms mRNA 3’ UTRs
(Supplemental Fig. S5A). BT20 cells were cotransfected ei-
ther miR-324-5p mimic or miR-324-5p inhibitor with lucif-
erase-3' UTR reporter plasmids bearing 3' UTR sequence

of either c-fms or HMGXB3 mRNA. As expected, miR-
324-5p mimic reduced the steady-state luciferase mRNA
and activity of HMGXB3 reporter plasmid (n=4, Fig. 5A,
B; Supplemental Fig. S5B). Conversely, the steady-state lu-
ciferase-HMGXB3 mRNA 3’ UTR and activity were in-
creased by cotransfected with miR-324-5p inhibitor.

As shown in Figure 5C, at least part of the 2.5-fold
decrease in the steady-state level of luciferase-HMGXB3
mRNA in BT20 cells seen in the miR-324-5p mimic group
(Fig. 5A) is due to a decrease in the stability of luciferase-
HMGXB3 mRNA (Fig. 5C). When the scramble control
group in BT20 cells was compared with the miR-324-5p
mimic group, the half-life of luciferase-HMGXB3 mRNA
3’ UTR decreased from 6 h to 4 h (two-tailed t-test, n=3,
P<0.001). These results underscore the destabilizing
influence of miR-324-5p mimic on luciferase-HMGXB3
mRNA 3’ UTR. At the same time, the half-life of lucifer-
ase-HMGXB3 mRNA 3’ UTR increased from 6 h to >8 h
(two-tailed t-test, n=3, P<0.001) in the miR-324-5p inhib-
itor treatment group. These results also underscore the
stabilizing influence of miR-324-5p inhibitor on lucifer-
ase-HMGXB3 mRNA 3’ UTR (Fig. 5C).

In contrast, miR-324-5p mimic increased the steady-
state level of luciferase mRNA and activity of c-fms
mRNA 3"UTR reporter plasmid (n=4, Fig. 5D,E;
Supplemental Fig. S5C). This increase is likely due to the
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FIGURE 5. Luciferase reporter assay indicates that miR-324-5p has opposite effects on HMGXB3 and c-fms expression. (A, B) miR-324-5p mimic
decreases and miR-324-5p inhibitor increases luciferase-HMGXB3 mRNA 3’ UTR reporter expression (n=4). (C) miR-324-5p mimic decreases
(black bar) and miR-324-5p inhibitor increases luciferase-HMGXB3 mRNA 3" UTR reporter RNA half-life (red bar) (n = 3). (D, E) miR-324-5p mimic
increases and miR-324-5p inhibitor decreases luciferase-c-fms mRNA 3" UTR reporter expression (n = 4). (F) miR-324-5p mimic increases (black
bar) and miR-324-5p inhibitor decreases luciferase-c-fms mRNA 3’ UTR reporter RNA half-life (red bar) (n=3).
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decrease of the HMGXB3 mRNA with 3’ end extension
(which is antisense to the c-fms mRNA 3’ end in luciferase
construct). Conversely, the steady-state luciferase-c-fms
mRNA 3" UTR and activity were decreased by cotransfec-
tion with miR-324-5p inhibitor. This decrease is also likely
due to the increase of the HMGXB3 mRNA with 3’ end ex-
tension. When the scramble control group in BT20 cells was
compared with the miR-324-5p mimic group, the half-life of
luciferase-c-fms mRNA 3’ UTR increased from 6 h to >24 h
(two-tailed t-test, n=3, P<0.001) (Fig. 5F). These results
underscore the destabilizing influence of miR-324-5p mim-
ic onthe HMGXB3 3’ end extended transcript. At the same
time, the half-life of luciferase-c-fms mRNA 3’ UTR de-
creased from 6 h to 4 h (two-tailed t-test, n=3, P<0.001)
in the miR-324-5p inhibitor treatment group. These results
also underscore the stabilizing influence of miR-324-5p in-
hibitor on the HMGXB3 mRNA with 3’ end extension.

We conclude that miR-324-5p directly targets HMGXB3
mRNA 3’ UTR, not the c-fms mRNA 3’ UTR.

HuR up-regulates c-fms mRNA and down-regulates
HMGXB3 mRNA expression

We previously reported that HuR, an RNA binding
protein, interacts and stabilizes c-fms mRNA, resulting in
an increase of c-fms expression (Woo et al. 2009). To test
whether HuR also directly associates with HMGXB3
mRNA, IP assay was performed in BT20 cells (Fig. 6A).
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Possible association of HMGXB3 mRNA with HuR was de-
termined by isolating RNA from the IP material and analyz-
ing it by quantitative real-time PCR. As shown in Figure 6B,
in cellular lysates, the c-fms mRNA was dramatically en-
riched in HuR IP samples compared to that in control IgG
IP samples. The association of c-fms mRNA with HuR was
5.8-fold higher than that seen in the control IgG IP reaction
(Fig. 6B, n=23). In contrast, the association of HMGXB3
mRNA with HuR was not observed (Fig. 6C, n = 3), indicat-
ing HUR does not directly associate with HMGXB3 mRNA.

Since HuR stabilizes c-fms mRNA (Woo et al. 2009), we
checked whether c-fms mRNA stabilization down-regu-
lates HMGXB3 expression. HuR overexpression down-reg-
ulates HMGXB3 expression (Fig. 6D-F; Supplemental Fig.
S6A-F, n=4). As expected, c-fms expression is up-regulat-
ed by HuR overexpression. In contrast, down-regulation of
HuR by shRNA up-regulates HMGXB3 expression and
down-regulates c-fms expression.

We conclude that HuR stabilizes both c-fms mRNA and
c-fms mRNA with 3’ end extension (which is antisense to
HMGXB3 mRNA 3’ end), and as a result, down-regulates
HMGXB3 mRNA expression.

The expression pattern is opposite between c-fms
and HMGXB3 proteins in breast cancer

UALCAN data set (http://ualcan.path.uab.edu/) (Chandra-
shekar et al. 2017), a comprehensive web resource for
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FIGURE 6. HuR targets c-fms mRNA, not HMGXB3 mRNA. (A) HuR IP of BT20 cell lysates. Two-fold excess IgG was used for nonspecific binding.
(B) HuR IP enriches c-fms mRNA and c-fms mRNA with the 3’ end extension (n = 3), (C) not HMGXB3 mRNA and HMGXB3 mRNA with the 3’ end
extension (n = 3). (D) HuR overexpression decreases and shHuR increases HMGXB3 mRNA (n =4). (E) HuR overexpression increases and shHuR
decreases c-fms mRNA (n = 4). (F) Western analysis shows that HuR overexpression decreases and shHuR increases HMGXB3 protein. In contrast,

HuR overexpression increases and shHuR decreases c-fms protein.
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analyzing cancer OMICS data, was utilized to identify the
protein levels of c-fms and HMGXB3 between breast can-
cer tissues and normal tissues. The UALCAN data analyses
indicate that the expression pattern between c-fms and
HMGXB3 proteins is opposite, that is, the c-fms protein
level is lower, and the HMGXB3 protein level is higher in
general in breast cancer tissues than normal breast tissue
(Fig. 7A,B). HMGXB3 is up-regulated and c-fms is down-
regulated in samples with infiltrating ductal carcinoma
(Fig. 7C,D). Luminal, her2/neu, or triple negative breast
cancers (TNBC) all showed high expression of HMGXB3
and low expression of c-fms compared with normal breast
cancer tissue (Fig. 7E,F). This analysis indicates that the ex-
pression pattern is opposite between the two proteins in
vivo and supports our in vitro findings.

DISCUSSION

Transcription of the convergent gene pair generates
mRNA 3" end polymorphism by RNAPII collision or read-
through transcription (Fig. 8; Proudfoot 1989; Dye and
Proudfoot 1999; Gullerova and Proudfoot 2008; Richard
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and Manley 2009; Pelechano et al. 2013; de Klerk and 't
Hoen 2015; Kainov et al. 2016). The sense-antisense
RNA pair generated by convergent transcription can mod-
ulate the expression of MRNA on a posttranscriptional lev-
el (PTGS) (Borsani et al. 2005; Kim and Nam 2006; Carthew
and Sontheimer 2009; Pelechano and Steinmetz 2013) as
well as transcriptional level (TGS) by establishing a local
epigenetic imprint (Buhler and Moazed 2007; Gullerova
and Proudfoot 2012). NAT generated by convergent tran-
scription also masks sense mRNA and hinders protein-
RNA interaction resulting in translation inhibition and
RNA decay (Lapidot and Pilpel 2006; Zhang et al. 2006;
Pelechano and Steinmetz 2013). The c-fms and HMGXB3
convergent gene pair generates mRNA 3’ end polymor-
phism (Figs. 1, 2) resulting in sense-antisense RNA pairing,
which regulates their own expression (Figs. 3-6).

Even though both c-fms and HMGXB3 mRNAs have
conserved poly(A) signal sequences which reside right up-
stream of the normal termination site, that is, AUUAAA
(3963-3968) for c-fms mRNA and AAUAAA (5240-5245)
for HMGXB3 mRNA (Fig. 8), a small portion of transcripts
extends further downstream generating mRNAs with the
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FIGURE 7. The protein expression of c-fms and HMGXB3 in breast cancer (UVALCAN). (A) The expression of c-fms protein in breast cancer tissues
is lower than that in normal tissues. (B) In contrast, the expression of HMGXB3 protein in breast cancer tissues is higher than that in normal tissues.
(C,D) Similar trends are shown in histologic subtypes, and (E,F) breast cancer subclasses. Z-values on the y-axis represent standard deviations from
the median across samples for the given cancer type. Log, spectral count ratio values from CPTAC were first normalized within each sample pro-
file, then normalized across samples. P-value less than 0.05 indicates significant differences between samples. (IDC) Infiltrating ductal carcinoma,

(TNBC) triple negative breast cancer.
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FIGURE 8. Termination of convergent transcription elongation. (A) Transcription elongation complexes collide in the convergent gene pairs and
terminate transcription. (B) Differential rate of transcription elongation between the convergent gene pairs results in the 3’ end polymorphism. (C)
Transcriptional bypass also generates the 3’ end polymorphism. mRNA is depicted with the poly(A,) tail. Poly(A) signal sequences are shown in

HMGXB3 mRNA (5240-5245) and c-fms mRNA (3963-3968).

3’ end extensions, which serve as natural antisense RNAs
(Figs. 1, 2). Furthermore, these c-fms and HMGXB3
mRNAs with the 3’ end extensions are still polyadenylated
at the 3’ end (Fig. 2A). We do not find any specific se-
quence or structure for termination of extended transcrip-
tion. We propose that RNAPI| collision in convergent gene
pair may randomly stop the transcription generating
mRNA 3" end polymorphism. The mechanism(s) are un-
known at this time. There is a limit to RT-PCR mapping
for determination of the exact transcription termination
sites and the presented mapping (Fig. 2A) is the most rep-
resentative. In the future, mMRNA 3’ end transcriptome NGS
needs to be done for accurate mapping and finding the
population of variable ends of transcripts.

Knock-in of a strong poly(A) signal (SV40-PA) reduces
bidirectional MRNA 3" end extension, thereby reducing
sense-antisense RNA pairing, and up-regulating both c-
fms and HMGXB3 mRNA and protein expression (Fig. 3).
The orientation of poly(A) signal sequence may also con-
tribute to the efficiency of transcription termination. The
SV40-PA is introduced in the 5'-to-3’ orientation to the
end of HMGXB3 mRNA (Fig. 3), which results in dramatic
down-regulation of HMGXB3 mRNA with the 3" end exten-
sion (which is antisense RNA against c-fms mRNA) (Fig. 3B)
resulting in a profound increase of c-fms mRNA (Fig. 3E)
and protein (Fig. 3F). The extension of 3’ UTRs from both
c-fms and HMGXB3 can cause a partial overlap in 3’ UTR
regions, generating sense-antisense RNA pair resulting in
either PTGS or TGS. The length of the overlapping region
may be inversely correlated to the level of expression; that
is, an increase of HMGXB3 mRNA (Fig. 3E) and protein

(Fig. 3F) is not comparable with the dramatic increase of
c-fms expression. Transcription termination of c-fms and
HMGXB3 mRNAs may also occur at different time points
or simultaneously in the cell.

The miR-324-5p and HuR studies indicate that the major
effect of sense-antisense RNA pairs on reduction of mRNA
and protein expression is largely on the basis of mRNA
instability (Figs. 4-6). miR-324-5p and HuR effects are indi-
rect on either c-fms or HMIGXB3 mRNA expression, re-
spectively. miR-324-5p down-regulates HMGXB3 mRNA
and, as a result, increases c-fms mRNA (Fig. 4). In contrast,
HuR up-regulates c-fms mRNA and, as a result, down-reg-
ulates HMGXB3 mRNA (Fig. 6).

Overexpression of c-fms mRNA and protein in breast
cancer epithelium, including activated phosphorylated c-
fms protein, has been observed both in vitro and in vivo
(Kacinski et al. 1991; Sapi et al. 1995; Flick et al. 1997).
Breast cancer tissues, analyzed in the CPTAC/TCGA pro-
jects (http://ualcan.path.uab.edu/) (Chandrashekar et al.
2017), comprise malignant breast epithelium and its sur-
rounding stroma. In addition, the “normal” breast tissue
is frequently collected adjacent to the tumor. This tissue
too, contains both epithelium and stroma. The stroma con-
tains many elements, including c-fms expressing tumor as-
sociated macrophages, which are active players in the
breast tumor microenvironment (Lin et al. 2001). It has
been shown that the “normal” tissue adjacent to the breast
tumor can be an active tumor microenvironment which can
portend more impact on prognosis than the breast epithe-
lium itself (Huang et al. 2016). Lastly, detection of activated
phosphorylated, c-fms protein, requires strict tissue
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collection processes. All these factors help explain the
finding that c-fms protein expression detected in this
way was down-regulated in breast cancer tissues com-
pared to “normal” tissues. What is clear from this analysis,
however, is that under the same conditions, HMGXB3
protein levels in breast cancer tissues were increased
compared to the “normals” (Fig. 7). This analysis of in
vivo breast tissues, showing that c-fms and HMGXB3 ex-
pression patterns are opposite, is in line with our in vitro
findings regarding the existence and implications of
c-fms and HMGXB3 convergent gene transcription in
breast cancer cells.

In conclusion, we are the first to report that c-fms and
HMGXB3 mRNA 3’ end polymorphism is derived from
the extended transcription termination, with the intergenic
region between c-fms and HMGXB3 genes of 162 bp.
These c-fms and HMGXB3 mRNAs with the 3’ end exten-
sions, have poly(A)” tails, and represent 1-4% of total
c-fms and HMGXB3 mRNAs.

The closely juxtaposed c-fms and HMGXB3 gene pair
generates extended 3’ end transcripts, which form sense-
antisense RNA pairs regulating each other’s expression.

We find that miR-324-5p, via targeting HMGXB3 3’ UTR
mRNA, up-regulates c-fms expression; while HuR, via in-
teraction and stabilization of c-fms mRNA, down-regulates
HMGXB3 expression. These sense-antisense RNA pairs re-
sult in reduction of mMRNA and protein expression largely
on the basis of mMRNA instability. Lastly, knock-in of a
strong poly(A) signal abolishes bidirectional mRNA 3’
end extension, thereby reducing sense-antisense RNA
pairing, up-regulating both c-fms and HMGXB3 mRNA
and protein expression.

For future studies, it will be important to explore how c-
fms and HMGXB3 sense-antisense RNA pair is processed
to siRNA to induce gene silencing. In TGS, the RNA bind-
ing protein vigilin, which binds pyrimidine-rich sequence
in c-fms mRNA 3" UTR (Woo et al. 2011), may play a role
as it has been reported to induce heterochromatin forma-
tion (Zhou et al. 2008).

MATERIALS AND METHODS

Cell culture

BT20 breast cancer cells were cultured in MEM supplemented
with 10% fetal bovine serum.

Northern analysis

Total cellular RNA was extracted using TRIzol (Invitrogen). Ten mi-
crograms total RNA was fractionated in 1% agarose-formalde-
hyde gel and blotted to Hybond-N nylon membrane
(Amersham). 32P-UTP labeled c-fms and HMGXB3 strand-specific
antisense  RNA probes were generated as described in
Supplemental Figure S1. Briefly, either c-fms (Woo et al. 2009)
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or HMGXB3 (in this work) DNA was PCR amplified and the 3’
end was tagged with T7 RNA polymerase promoter. In vitro tran-
scription was performed with **P-UTP and T7 RNA polymerase to
synthesize the 3?P-labeled strand-specific antisense RNA probe.
After in vitro transcription, DNase | was treated to remove DNA
template. Northern hybridization was done in 0.75 M NaCl, 10x
Denhardt’s (0.2% w/v Ficoll, 0.2% w/v Polyvinylpyrrolidone,
0.2% BSA), 50% formamide, and 3?P-labeled antisense RNA
probe (2 x 107 cpm/mL) at 42°C, overnight. The membrane was
washed in 2x SSC (0.3 M NaCl, 30 mM sodium citrate) and
0.1% SDS at room temperature, and 0.1x SSC and 0.1% SDS at
65°C, 60 min. The membrane was exposed on a storage phos-
phor screen (GE Healthcare) up to 96 h before image capture
by Typhoon FLA7000 Biomolecular Imager (GE).
A list of primers is presented in Supplemental Table S1.

mRNA 3’ end mapping

Poly(A)"-RNA from BT20 cells was purified using 5'-biotin-linked
oligo-dT,s and Dynabeads MyOne Streptavidin C1 (Invitrogen).
A total of 10 ng poly(A)"-RNA was reverse transcribed with RT
primers by M-MuLV Reverse Transcriptase (NEB) and PCR ampli-
fied by Pfu Polymerase (Promega) as described in detail in
Supplemental Figure S2. PCR products were purified by
Monarch PCR & DNA Cleanup Kit (NEB) and sequenced to con-
firm 3’ end extension.

A list of RT and PCR primers is presented in Supplemental
Table S1.

Quantification of mMRNA with 3’ end extension

RNA quantification is described in detail in Supplemental Figure
S2.

Briefly, 10 ng poly(A)"-RNA was reverse transcribed in a reac-
tion tube with three sequence-specific RT primers; that is, RT
primer 1 or 4 from c-fms or HMGXB3 mRNA coding region, RT
primer 2 or 5 from c-fms or HMGXB3 mRNA 3’ end extension,
and RT primer 3 from GAPDH mRNA. RT transcripts were real-
time PCR amplified with sybrgreen for quantification as described
in Supplemental Figure S2.

A list of primers is presented in Supplemental Table S1.

SV40-PA knock-in by CRISPR/Cas9

To construct the plasmid used in the SV40-PA knock-in (Kl),
DNA sequences for the left homology arm and right homology
arm of targeted c-fms and HMGXB3 genes were cloned into
the pDonor-D01 (GeneCopoeia). sgRNA-pCas-Guide-EF1a-GFP
was generated (Origene).

The following two sgRNAs were used for knock-in that targeted
the 5" and 3'regions in IR.

sgRNA 1—AATTCCGTGCACATCGTATG
sgRNA 2—GGAATTTGCAGGTACTCATG

To obtain the c-fms-SV40-PA-HMGXB3-KI BT20 cell lines, 3 x
10° cells per well were seeded in a six-well plate with MEM sup-
plemented with 10% fetal bovine serum at 37°C, 5% CO,. The fol-
lowing day, transfection was carried out with Fugene (Promega).
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One day later, puromycin (1 pg/mL) was added to the cells to in-
crease the Kl efficiency. Within ~2 wk, positive single colonies
were picked up and transferred into 24-well plates. Briefly, geno-
mic DNA was isolated. A total of 100 ng genomic DNA was used
as a template for a PCR, and the PCR products were analyzed by
Sanger sequencing (Supplemental Fig. S3A).

RNA half-life

To determine c-fms and HMGXB3 mRNA half-life in BT20 breast
cancer cells, actinomycin-D (Act-D) chase experiments were per-
formed with 5 pg/mL of Act D (Sigma) added to inhibit new tran-
scription. Cells were harvested at 0, 2, 4, 8, and 24 h after Act D
treatment, and total cellular RNA was extracted using TRIzol
(Invitrogen). gRT-PCR was performed.

c-fms and HMGXB3 mRNA half-lives were calculated after
gRT-PCR, normalized to GAPDH mRNA, values were plotted,
and the time period required for a given transcript to decrease to
one-half of the initial abundance was calculated. GAPDH mRNA is
not affected by miR-324-5p and has a long half-life (>18 h) (Woo
et al. 2009). Three independent experiments were performed.

Gain-of-function and loss-of-function assays
of miR-324-5p

Either hsa-miR-324-5p Mimic (Sigma HMI0479) or hsa-miR-324-
5p Inhibitor (Sigma HSTUD0479) was transfected using
MISSION siRNA Transfection Reagent (Sigma S1452) for 2 d.
For negative control, MISSION miRNA, Negative Control
(Sigma HMCO0002) was transfected.

Luciferase reporter assay

Firefly luciferase Mut E in pcDNA3.1(-) was obtained from Robert
J. Gillies (University of Arizona) (Baggett et al. 2004). Firefly
luciferase Mut E fused with c-fms mRNA full length 3’ UTR
(+3212 ~ +3988) without 3’ end extension or HMGXB3 mRNA
full length 3" UTR (+4323 ~ +5258) without 3’ end extension was
constructed as described in Supplemental Figure S5.

For luciferase analysis, BT20 cells were transiently cotrans-
fected using Fugene HD (Roche) with firefly luciferase-c-fms or
HMGXB3 mRNA 3’ UTR plasmid and Renilla luciferase control
plasmid (Promega). Dual luciferase-activity assays were per-
formed 48 h after transfection according to the manufacturer's di-
rections (Promega). Firefly luciferase activity was normalized by
Renilla luciferase. Firefly and Renilla luciferase mRNAs, and
GAPDH mRNA were measured by gRT-PCR. Firefly luciferase
mRNA was normalized by Renilla luciferase mRNA, and followed
by GAPDH mRNA.

RNA capture by immunoprecipitation

The BT20 cell was treated by formaldehyde for RNA-protein
crosslink. Immunoprecipitation (IP) of the endogenous mRNP
complex was done by the protocol described previously (Woo
and Chambers 2019). For HuR IP, 5 pg mouse monoclonal anti-
human HuR antibody (Santa Cruz, sc-5261) was used. A reaction
containing 10 pug normal mouse IgG (Sigma) served as a negative

control. For immunoblot, cytoplasmic protein was isolated using
NE-PER nuclear and cytoplasmic extraction reagents (Thermo
Fisher Scientific). Immunoblot was done with HuR antibody
(Santa Cruz, sc-365816). For RNA isolation, IP material is digested
by proteinase K for 30 min at 55°C, following phenol:CHCI; ex-
traction, and ethanol precipitation.

HuR overexpression and silencing in BT20 cells

HuR-pcDNA3.1 (Woo et al. 2009) was transfected for overexpres-
sion. For silencing, HuR shRNA (Origene, TI352933) was transfect-
ed using Fugene HD (Roche).

UALCAN analysis

UALCAN website (http://ualcan.path.uab.edu) is a compre-
hensive web resource for analyzing cancer OMICS data
(Chandrashekar et al. 2017). We utilized this website to explore
the protein expression of c-fms (i.e., CSF-1R) and HMGXB3 in
breast cancer tissues, previously characterized by CPTAC in nor-
mal and malignant breast tissues from sources including the
TCGA project.

Statistical analysis

Data are depicted as mean = SD from at least three independent
experiments. Exact n values are provided in the figure legends.
The unpaired two-way t-test, nonlinear regression analysis, and
one-way ANOVA were performed using SigmaStat (Jandel
Scientific Corp.). P<0.05 was considered statistically significant.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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