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The Curcumin Analog EF24 Inhibits Proliferation and Invasion of
Triple-Negative Breast Cancer Cells by Targeting the Long
Noncoding RNA HCG11/Sp1 Axis
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ABSTRACT EF24, a curcumin analog, exerts a potent antitumor effect on various can-
cers. However, whether EF24 retards the progression of triple-negative breast cancer
(TNBC) remains unclear. In this study, we explored the role of EF24 in TNBC and clarified
the underlying mechanism. In a mouse model of TNBC xenograft, EF24 administration
reduced the tumor volume, suppressed cell proliferation, promoted cell apoptosis, and
downregulated long noncoding RNA human leukocyte antigen complex group 11
(HCG11) expression. In TNBC cell lines, EF24 administration reduced cell viability,
suppressed cell invasion, and downregulated HCG11 expression. HCG11 overex-
pression reenhanced the proliferation and invasion of TNBC cell lines suppressed
by EF24. The following mechanism research revealed that HCG11 overexpression
elevated Sp1 transcription factor (Sp1) expression by reducing its ubiquitination,
thereby enhanced Sp1-mediated cell survival and invasion in the TNBC cell line.
Finally, the in vivo study showed that HCG11-overexpressed TNBC xenografts exhibited
lower responsiveness in response to EF24 treatment. In conclusion, EF24 treatment
reduced HCG11 expression, resulting in the degradation of Sp1 expression, thereby in-
hibiting the proliferation and invasion of TNBC cells.
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riple-negative breast cancer (TNBC) is a heterogeneous breast cancer subtype char-
acterized by the absence of progesterone receptor, estrogen receptor (ER), and
human epidermal growth factor receptor 2 (1). The lack of ER renders TNBC patients
do not respond to the targeted therapeutics for hormone receptor-positive breast can-
cer subtypes (2). In addition, TNBC usually shows an aggressive pattern of progression
with a higher possibility of metastasis than other subtypes of breast cancer (3). The
paucity of targeted therapy and the relatively aggressive biologic behavior place huge
burdens on the clinical management of TNBC. Therefore, there is an urgent need to Copyright © 2022 American Society for
screen and develop effective therapeutic drugs for the treatment of TNBC. Microbiology. All Rights Reserved.
Curcumin, a natural product derived from Curcuma longa, demonstrates a strong Address correspondence to Xiao-ai Lv,

. Lo . . . . Ixa616@126.com.
antitumor activity in a variety of cancers, including TNBC (4). However, the clinical The authors declare no conflict of interest.

application of curcumin is greatly limited by its low solubility and poor bioavailability Received 14 April 2021
(5). To overcome these challenges, attempts are being made to develop curcumin Returned for modification 21 May 2021
. . . . . . . Accepted 9 November 2021
derivatives and analogs. EF24, an analog of curcumin, displays an increased bioavaila-
- . . . Accepted manuscript posted online
bility compared to curcumin (6). Meanwhile, the potent antitumor effect of EF24 has 15 November 2021
been widely confirmed. For instance, Lin et al. (7) reported that EF24 induced cell death Published 20 January 2022
in osteosarcoma cells by promoting ferroptosis. Yin et al. (8) found that EF24 sup- [This article was published on 20 January 2022
. . . . with Min Ling’s name misspelled as "Ming Lin” in
pressed the metastatic phenotype of cholangiocarcinoma in a mouse model of sponta-

the byline. The byline was updated in the current
neous tumor metastasis by inhibiting the nuclear factor kappa B-dependent pathway. version, posted on 26 January 2022.]

Of note, Adams et al. (9) found that EF24 induced the apoptosis of MDA-MB-231 cells
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(@ human TNBC cell line) by causing a cell cycle arrest at the G,/M phase, suggesting
the potential regulatory effect on the progression of TNBC.

Long noncoding RNAs (IncRNAs), a type of noncoding RNAs (ncRNAs) with more
than 200 nucleotides, are closely associated with the pathophysiological progression
by modulating target gene expression (10). LncRNA human leukocyte antigen complex
group 11 (HCG11) is a 5,688-nucleotide IncRNA encoded on human chromosome 6
(11) and plays a contradictory role in cancers. For instance, the research of Zhang et al.
(12) showed that HCG11 was highly expressed in gastric cancer (GC) tissues and facili-
tated the proliferation of GC cells by targeting catenin beta 1. While the research of
Wang et al. (13) clarified that HCG1 increased the expressions of caspase-3 and cleaved
caspase-3, thereby enhancing the apoptosis of non-small-cell lung cancer cells. In
breast cancer, high expression of HCG11 is related to poor overall survival (11) and the
tumor specimens with high expression of HCG11 are always ER-negative (14).
However, little is known about the specific biological function of HCG11 in TNBC.

In this study, we evaluated the effect of EF24 on the proliferation and migration of
TNBC cells, investigated whether HCG11 was involved in the regulatory effect of EF24,
hoping to provide evidence for the antitumor effect of EF24 on TNBC, and offered a
novel insight into the pathological progression of TNBC.

RESULTS

EF24 attenuated malignant phenotypes of TNBC cells in vivo. The xenograft tumors
of MDA-MB-231/MDA-MB-468 cells in nude mice were established. EF24 administration
obviously reduced tumor volume in the mice xenograft model (Fig. 1A and B). Then,
the proliferation and apoptosis of MDA-MB-231/MDA-MB-468 cells in vivo were eval-
uated using immunohistochemical staining for Ki-67 and terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) assay, respectively. The results showed
that the EF24-treated xenograft tumors exhibited fewer Ki-67 positive cells (Fig. 1C)
and more TUNEL-positive cells (Fig. 1D) compared with vehicle-treated xenograft
tumors. Meanwhile, the immunohistochemical staining for E-cadherin (E-cad; epithelial
marker (15)) and vimentin (a mesenchymal marker (15)) demonstrated that EF24
administration increased E-cad-positive cell numbers while decreased vimentin-posi-
tive cell numbers in xenograft tumors (Fig. 1E). This suggested that EF24 retarded the
epithelial-mesenchymal transition (EMT) of MDA-MB-231/MDA-MB-468 cells in vivo.

EF24 downregulated HCG11 expression, reduced cell viability, and suppressed
cell invasion in TNBC cells in vitro. To determine the downstream regulator of the
EF24 effect in TNBC cells, the expression levels of 8 IncRNAs that have been reported
to be dysregulated in breast cancer or TNBC (IncRNA AFAP1-AS1 (16), MIR210HG (17),
linc00689 (18), HCG11 (14), DLG1-AS1 (19), MNX1-AS1 (20), DLX6-AS1 (21), SNHG22
(22)) were measured in MCF-10A, MDA-MB-231, and EF24-treated MDA-MB-231 cells.
The results showed that the HCG11 level exhibited the greatest changes in response to
EF24 treatment in MDA-MB-231 cells (Fig. 2A). Similarly, EF24 treatment could also
lessen the HCG11 level in xenograft tumors (Fig. 2A). What's more, HCG11 expression
in cancerous tissues of TNBC patients was significantly higher than that in adjacent tis-
sues of TNBC patients (Fig. 2B), suggesting a potential role of HCG11 in the progression
of TNBC. EF24 treatment downregulated HCG11 level in a dose-dependent manner in
both MDA-MB-231 and MDA-MB-468 cells and reached the threshold of HCG11 expres-
sion inhibition at 4 uM (Fig. 2C). Similarly, 4 uM EF24 showed the best suppressive
effect on cell viability in MDA-MB-231 and MDA-MB-468 cells (Fig. 2D). Therefore, 4 uM
EF24 was adopted in the following experiments. Except for reducing HCG11 expression
and cell viability, EF24 treatment also lessened cell invasion in MDA-MB-231 and MDA-
MB-468 cells (Fig. 2E).

HCG11 mediated the inhibitory effect of EF24 on cell proliferation and invasion
in TNBC cells. Since an obvious elevation of HCG11 level was observed in cancerous
tissues of TNBC patients (Fig. 2A), we then explored the role of HCG11 in TNBC. In
response to Lenti-sh-HCG11 infection, the EdU-positive cell numbers were reduced in
MDA-MB-231 cells (Fig. 3A and C), suggesting that HCG11 knockdown repressed the
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FIG 1 EF24 attenuated malignant phenotypes of triple-negative breast cancer (TNBC) cells and decreased HCG11 expression in vivo. BALBC/c nude mice
were divided into MDA-MB-231+control, MDA-MB-231+EF24, MDA-MB-468+control, and MDA-MB-468+EF24 groups (n = 6 for each group). On day O,
1 x 10° MDA-MB-231/MDA-MB-468 were subcutaneously injected into mice. On days 14 to 28, EF24 (3 mg/kg/d) was intraperitoneally injected into mice in
MDA-MB-231+EF24 and MDA-MB-468+EF24 groups. The xenograft tumor volumes were calculated at days 0, 7, 14, 21, and 28 in (A) MDA-MB-231+control
and MDA-MB-231+EF24 groups, and (B) MDA-MB-468-+control and MDA-MB-468+EF24 groups. On day 28, all mice were euthanized and the xenograft tumors
were collected. (C) Representative images of immunohistochemical staining for Ki-67 (scale bars = 5 um). (D) Representative images of TUNEL assay (scale
bars = 50 um). (E) Representative images of immunohistochemical staining for E-cadherin (E-cad) and vimentin (scale bars = 5 um). Shapiro-Wilk test was used to
check whether the data follow a normal distribution and F-test was used to verify if the variances were significantly different. F-test P < 0.05: a heteroskedasticity
t test. F-test P = 0.05: a homoscedastic t test. ***, P < 0.001 versus MDA-MB-231+control; *, P < 0.05; **, P < 0.01 versus MDA-MB-468-control.

proliferation of TNBC cells. Meanwhile, the results of the Transwell assay showed that
HCG11 knockdown decreased cell invasion in MDA-MB-231 cells (Fig. 3B and D).
Considering EF24 treatment reduced HCG11 level and suppressed cell viability and
invasion in TNBC cells (Fig. 2B to D), we hypothesized that the antitumor effect of EF24
was involved in its regulation of HCG11 expression. To verify our suspicion, MDA-MB-
231 cells were transfected with pcDNA-HCG11, followed by incubation of EF24, and
the proliferation and invasion of cells were evaluated. The results showed that HCG11
overexpression effectively reversed the inhibitory effect of EF24 on cell proliferation
and invasion in MDA-MB-231 cells (Fig. 3E to H), indicating that EF24 inhibited prolifer-
ation and invasion of TNBC cells by suppressing HCG11 expression.

HCG11 modulate viability and invasion of TNBC cells by targeting Sp1. Next,
the mechanism by which HCG11 regulating proliferation and invasion of TNBC cells
was investigated. Through a bioinformatics database RAID (http://www.rna-society
.org/raid2/index.html), we found there was a possible combination between HCG11
and Sp1. As reported, SP1 is a transcription factor and facilitates TNBC progression by
modulating the cell cycle and metastasis (23). Therefore, we then explored whether
Sp1 was involved in the modulatory effect of HCG11 on the migration and viability of
TNBC cells. Results showed that interferences of HCG11 suppressed migration and via-
bility of MDA-MB-231 cells, which were then reversed by Sp1 overexpression (Fig. 4A
and B). Meanwhile, interferences of HCG11 lessened Sp1 protein level without affecting
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FIG 2 EF24 downregulated HCG11 expression, reduced cell viability, and suppressed cell invasion in TNBC cells in vitro. (A) Left: qRT-PCR analysis of candidate IncRNA
expressions in MCD-10A, MDA-MB-231, and MDA-MB-231+EF24 (4 um) cells (*, P < 0.05). Right: gRT-PCR analysis of HCG11 expression in xenograft tumors of mice
from MDA-MB-231+control, MDA-MB-231+EF24, MDA-MB-468+ control, and MDA-MB-468-+EF24 groups (n = 6 for each group). (B) gqRT-PCR analysis of HCG11
expression in the cancerous tissues and adjacent tissues of TNBC patients (n = 10). (C and D) MDA-MB-231 and MDA-MB-468 cells were incubated with EF24 (0, 0.5, 1,
2, 4, or 8 um) for 48 h. (C) gRT-PCR analysis of HCG11 expression. (D) Methyl thiazolyl tetrazolium (MTT) assay of cell viability. (E) Transwell assay of cell invasion in
MDA-MB-231 and MDA-MB-468 cells incubated with EF24 (0 or 4 uwm) for 48 h (scale bars = 50 xm). Shapiro-Wilk test was used to check whether the data follow a
normal distribution and F-test was used to verify if the variances were significantly different. F-test P < 0.05: a heteroskedasticity t test (two groups) and Brown-
Forsythe and Welch ANOVA test (more than two groups). F-test P = 0.05: a homoscedastic t test (two groups) and ordinary ANOVA test (more than two groups).
*, P < 005; **, P < 0.01; ***, P < 0.001 versus adjacent tissues or control (MDA-MB-231/MDA-MB-468 cells treated with 0 um EF24); #, P < 0.05; ##, P < 0.01.
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FIG 3 HCG11 mediated the inhibitory effect of EF24 on cell proliferation and invasion in TNBC cells. (A to D) MDA-MB-231 cells were transfected with
lentivirus (Lenti)-sh-HCG11 or its negative control (Lenti-sh-NC). Cell proliferation was measured using 5-ethynyl-2-deoxyuridine (EdU) staining. Cell nuclei
were counterstained with DAPI. Representative images (scale bar = 50 um) were shown in panel A, and quantitative results were shown in panel C. Cell
invasion was measured using Transwell assay. Representative images (scale bar = 50 um) were shown in panel B and quantitative results were shown in
panel D. (E to H) MDA-MB-231 cells were transfected with pcDNA-HCG11 or its negative control (pcDNA), followed by incubation of EF24. (E and G)
Representative images (scale bar = 50 um) (E) quantitative results (G) of EdU staining. (F and H) Representative images (scale bar = 50 um) (F) quantitative
results (H) of Transwell assay. Shapiro-Wilk test was used to check whether the data follow a normal distribution and F-test was used to verify if the
variances were significantly different. F-test P < 0.05: Brown-Forsythe and Welch ANOVA test. F-test P = 0.05: ordinary ANOVA test. (C and D) **, P < 0.01
versus Lenti-sh-NGC; (G and H) **, P < 0.01; ##, P < 0.01.
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FIG 4 HCG11 modulate viability and invasion of TNBC cells by targeting Sp1 transcription factor (Sp1). (A to C) MDA-MB-231 cells were
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its mRNA level in MDA-MB-231 cells (Fig. 4C). The results of the EdU assay showed that
Sp1 overexpression reversed the inhibitory effect of EF24 on cell proliferation in MDA-
MB-231 cells (Fig. 4D). The above data suggested that HCG11 exerted its modulatory
effect on TNBC cells by increasing the Sp1 protein level.

Following, we explored the specific regulatory mechanism of HCG11 upregulating
the Sp1 protein level. The results of RNA pulldown showed that biotinylated HCG11,
rather than biotinylated antisense, was able to pull down abundant Sp1 in MDA-MB-
231 cells (Fig. 4E). In the RIP experiment performed on MDA-MB-231 cells, the mixtures
immunoprecipitated by anti-Sp1 antibody exhibited an obvious enrichment of HCG11
(Fig. 4F). Besides, HCG11 overexpression did not significantly change the Sp1 mRNA
level (Fig. 4G) while significantly retarded by Sp1 protein degradation in the presence
of CHX (a protein synthesis inhibitor) (Fig. 4H and I). When blocking the proteasome
degradation pathway using MG132, the promoting effect of HCG11 overexpression on
the Sp1 protein level disappeared (Fig. 4J), indicating that HCG11 mediated Sp1 pro-
tein degradation through the ubiquitin-proteasome system. Be consistent with this in-
dication, the following coimmunoprecipitation (Co-IP) assay showed that HCG11 over-
expression decreased the ubiquitination of Sp1 (Fig. 4L). To sum up, HCG11 directly
combined with Sp1 and increased Sp1 protein level by decreasing its ubiquitination,
and HCG11 knockdown suppressed invasion and viability of TNBC cells through sup-
pressing Sp1 protein level.

Sp1 mediated the regulatory effect of HCG11 on cell proliferation and invasion
in EF24-treated TNBC. The role of the EF24/HCG11/Sp1 axis on TNBC cell proliferation
and migration was assessed in the other TNBC cell line (BT-549). EF24 treatment sup-
pressed proliferation and invasion capacities of BT-549 cells. In response to HCG11 overex-
pression, the EdU-positive cells and invasion ratio were increased in BT-549 cells, while the
promoting effects of HCG11 overexpression on the proliferation and invasion capacities of
EF-24-treated BT-549 cells were removed by Sp1 knockdown (Fig. 5A and B).

HCG11 overexpression eliminated the antitumor effect of EF24 on TNBC in
vivo. In the end, we evaluated whether HCG11 mediated the antitumor effect of EF24
on TNBC in vivo. Nude mice underwent a subcutaneous injection of MDA-MB-231, LV-
NC-infected MDA-MB-231, or LV-HCG11-infected MDA-MB-231, and then treated with
EF24 or vehicle. The results showed that compared with xenograft tumors of mice
treated with LV-NC-infected MDA-MB-231+EF24 (EF24+LV-NC group), xenograft
tumors of mice treated with LV-HCG11-infected MDA-MB-231+EF24 (EF24+LV-HCG11
group) exhibited a bigger tumor volume (Fig. 6A), increased Ki-67-positive cell num-
bers (Fig. 6B), decreased TUNEL-positive cell numbers (Fig. 6C), reduced E-cad-positive
cell numbers (Fig. 6D), elevated vimentin-positive cell numbers (Fig. 6D), and upregu-
lated HCG11 level (Fig. 6E). These data suggested that HCG11 overexpression abro-
gated the inhibitory effect of EF24 on the proliferation and EMT of TNBC cells and the
promoting effect of EF24 on the apoptosis of TNBC cells. In addition, the Sp1 protein
level in the xenograft tumors of mice treated with MDA-MB-231+EF24 (EF24 group)
was lessened compared to xenograft tumors of mice treated with MDA-MB-231 (con-
trol group) (Fig. 6F). However, the Sp1 protein level in the xenograft tumors of mice

FIG 4 Legend (Continued)

measured using Transwell assay (scale bars = 50 um). (B) Cell viability was measured using an MTT assay. (C) The protein and mRNA levels
of Sp1 were measured using Western blot and gRT-PCR, respectively. B-Actin was served as the internal control. (D) Cell proliferation was
measured by EdU staining in MDA-MB-231 cells treated with EF24, EF24+pcDNA, or EF24+pcDNA-Sp1. (E) Western blot analysis of Sp1
level in the complexes pulled down by biotinylated HCG11/antisense probe in MDA-MB-231 cells. (F) qRT-PCR analysis of HCG11 level in the
immunoprecipitates of anti-Sp1/lgG antibody in MDA-MB-231 cells. (G) gqRT-PCR analysis of Sp1 level in MDA-MB-231 cells transfected with
pcDNA or pcDNA-HCG11. (H and 1) MDA-MB-231 cells were transfected with pcDNA or pcDNA-HCG11, followed by incubating with 10 wg/
ml cyclohexane (CHX) for 0, 1, 3, and 6 h. Representative bands were shown in panel H, and quantitative results were shown in panel I. (J)
Western blot analysis of Sp1 in MDA-MB-231 cells treated with pcDNA, pcDNA+MG132 (10 uM, 2 h), pcDNA-HCG11, and pcDNA-HCG11+
MG132 (10 uM, 2 h). (K) Coimmunoprecipitation (Co-IP) analysis was performed to evaluate the combination between HA-ubiquitin (Ub)
and Flag-Sp1 in 293T cells treated with MG132+HA-Ub+Flag-Sp1+pcDNA/pcDNA-HCG11. Shapiro-Wilk test was used to check whether the
data follow a normal distribution and F-test was used to verify if the variances were significantly different. F-test P < 0.05: a
heteroskedasticity t test (two groups) and Brown-Forsythe and Welch ANOVA test (more than two groups). F-test P = 0.05: a homoscedastic
t test (two groups) and ordinary ANOVA test (more than two groups). (A, B, C) ***, P < 0.001; ##, P < 0.01; ns, no significance; (D) **,
P < 0.01 versus EF24+pcDNA; (F) ***, P < 0.001 versus IgG; (G) ns, no significance; and (1) **, P < 0.01; ***, P < 0.001 versus pcDNA.
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FIG 5 Sp1 mediated the regulatory effect of HCG11 on cell proliferation and invasion in EF24-treated TNBC
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HCG11+si-NC, EF24+LV-HCG11+si-Sp1. Cell (A) proliferation and (B) invasion were measured by EdU staining
and Transwell assay. Shapiro-Wilk test was used to check whether the data follow a normal distribution and F-
test was used to verify if the variances were significantly different. F-test P < 0.05: Brown-Forsythe and Welch
ANOVA test. F-test P = 0.05: ordinary ANOVA test.*, P < 0.05; **, P < 0.01.

treated with EF24+LV-HCG11-infected MDA-MB-231 (EF24+ LV-HCG11 group) was up-
regulated compared to xenograft tumors of mice treated with EF24+LV-NC -infected
MDA-MB-231(EF24+ LV-NC group) (Fig. 6F). These data suggested that HCG11 overex-
pression reversed the antitumor effect of EF24 through increasing Sp1 expression.

DISCUSSION

Drugs derived from plants have been widely used as an adjunctive treatment strat-
egy against cancer due to their potent bioactivity, lower toxicity, and limited adverse
effects (24). In this study, we showed that EF24, an analog of curcumin, reduced
HCG11 expression, resulting in the downregulation of Sp1 expression, thereby inhibi-
ting the proliferation and invasion of TNBC cells. Our study may open up new avenues
for the exploration of TNBC treatment.

EF24 is one of the top candidate curcumin analogs, and its ICs, value was 10 times
lower than that of curcumin in the solid tumor cells, such as cervical and breast cancer
cells (25). Recently, researchers found that EF24 exerts its antitumor effect by targeting
ncRNAs. Zhang et al. (26) found that EF24 increased microRNA 33b (miR-33b) level and
concomitantly reduced high mobility group AT-hook 2 expression, thereby suppress-
ing EMT of melanoma cell lines at a noncytotoxic concentration. The research of Yang
et al. (27) showed that the EF24 administration effectively repressed the growth of
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FIG 6 HCG11 overexpression eliminated the antitumor effect of EF24 on TNBC in vivo. BALBC/c nude mice were divided into control, EF24, EF24+LV-
HCG11, and EF24+the negative control of LV-HCG11 (LV-NC) groups (n = 6 for each group). On day 0, 1 x 10° control/LV-HCG11-infected/LV-NC-infected
MDA-MB-231 cells were subcutaneously injected into mice. On days 14 to 28, mice in EF24, EF24+LV-NC, and EF24+LV-HCG11 groups were treated with
EF24 (3 mg/kg/d) and mice in the control group were treated with the same volume of vehicle. (A) Left: representative images of xenograft tumor in each

group on day 28. Right: the xenograft tumor volumes were calculated at days 0, 7, 14, 21,

and 28 in each group. (B) Representative images of

immunohistochemical staining for Ki-67 performed on xenograft tumors (scale bar = 5 um). (C) Representative images of TUNEL assay performed on
xenograft tumors (scale bars = 50 um). (D) Representative images of immunohistochemical staining for E-cadherin and vimentin performed on xenograft
tumors (scale bars = 5 um). (E) qRT-PCR analysis of HCG11 expression in xenograft tumors. (F) Western blot analysis of Sp1 protein level performed in
xenograft tumors. Shapiro-Wilk test was used to check whether the data follow a normal distribution and F-test was used to verify if the variances were
significantly different. F-test P < 0.05: Brown-Forsythe and Welch ANOVA test. F-test P = 0.05: ordinary ANOVA test.**, P < 0.01; ***, P < 0.001; ###,

P < 0.001.

prostate cancer xenografts by decreasing miR-21 expression. However, no study has
reported whether the antitumor effect of EF24 is involved in InRNAs till now. In the
present study, HCG11 possessed a low expression in EF24-treated TNBC xenografts
and EF24-treated TNBC cell lines (Fig. 2). The subsequent in vitro study demonstrated
that HCG11 overexpression reenhanced the cell proliferation and invasion suppressed
by EF24 in TNBC cell lines (Fig. 3). Meanwhile, the in vivo study showed that HCG11-
overexpressed TNBC xenografts exhibited lower responsiveness in response to EF24
treatment compared to control TNBC xenografts, manifesting as larger tumor xeno-
grafts size, upregulated cell proliferation, reduced cell apoptosis, and enhanced EMT
(Fig. 6). Thus, our study provided evidence for the association of IncRNAs with the bio-
activity of EF24 for the first time.

Né-methyladenosine (m6A) is the most common RNA modification in eukaryotic
cells and has the ability to modulate RNA (including IncRNAs) splicing, stability, transla-
tion, and so on (28). As reported, the m6A level is closely related to the development
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of various cancers (29). The research of Shi et al. (30) showed that methyltransferase-
like 3 (METTL3), a methyltransferase of m6A, was downregulated in TNBC tissues and
the low expression of METTL3 increased collagen type Ill alpha 1 chain expression by
decreasing the abundance of m6A, resulting in increased migration ability in TNBC
cells, indicating that the progression of TNBC is associated with the downregulation of
m6A level. Of note, it has been reported that curcumin could modulate downstream
genes’ expressions through m6A modification. The research of Lu et al. (31) showed
that curcumin inhibited stearoyl-coenzyme A desaturase 1 expression by increasing
the m6A level in the liver of piglets. Therefore, we speculated that, as the analog of cur-
cumin, EF24 might also have the ability to modulate the disordered m6A level, thereby
downregulating the HCG11 level in TNBC cells. In the following research, we will vali-
date this speculation to elucidate the specific mechanism by which EF24 downregu-
lates HCG11 expression.

With the in-depth study of HCG11 in various cancers, researchers find that the role
of HCG11 in cancer seems to be contradictory. In vestibular schwannoma cells, HCG11
was downregulated and HCG11 overexpression facilitated cell apoptosis via targeting
the miR-620/ETS transcription factor ELK4 axis (32). Nevertheless, HCG11 possessed a
high expression in ovarian cancer tissues and HCG11 knockdown reduced cell viability
of ovarian cancer cells via regulating the miR-144-3p/PBX homeobox 3 axis (33). In our
study, a nearly 3.5-fold elevation in HCG11 expression was observed in TNBC cancerous
tissues compared to the adjacent tissues (Fig. 2). HCG11 silencing obviously reduced
cell proliferative and invasive properties in the TNBC cell lines (Fig. 3). Meanwhile,
HCG11 expression removed the suppressive effect of EF24 on cell proliferation and
invasion in the TNBC cell line (Fig. 3). These data suggested the promoting effect of
HCG11 on the progression of TNBC. So, what leads to the contradictory role of HCG11
in different cancers? As reported, IncRNAs can modulate target gene expression at epi-
genetic, transcriptional, and posttranscriptional levels, thereby participating in multiple
biological processes (34). Therefore, the different roles of HCG11 in different types of
cancers may be due to its specific target genes. To further explore the mechanism by
which HCG11 modulates the proliferative and invasive properties of TNBC cells, we
then determined the downstream gene of HCG11 in TNBC cells.

Through bioinformatics database prediction and experimental verification (RNA
pulldown and RIP assays), we verified that HCG11 could directly bind to Sp1 in TNBC
cells. SP1 is a member of the Sp transcription factor family and is responsible for the
transcriptions of a huge number of genes that play important roles in the onset and
development of various cancers (35). In patients with nasopharyngeal or gastric cancer,
the high expression of Sp1 is considered to be an independent poor prognostic factor
(36, 37). A gene-selective Sp1 inhibitor (mithramycin A) suppresses the growth of TNBC
xenografts in vivo through decreasing Sp1-enhanced matrix metalloproteinase 2 tran-
scription (38). Meanwhile, mithramycin A inhibits TNBC cell survival by suppressing the
transcription of Krippel-like factor 5 induced by Sp1 (23), suggesting the suppression
of Sp1 is a potential intervention strategy for slowing down the progression of TNBC.
In our study, we found that HCG11 reduced the Sp1 ubiquitination, thereby increasing
the Sp1 protein level in TNBCs. The ubiquitin-proteasome system is a principal protein
degradation pathway, which consists of two main steps: the ubiquitination of protein
and the degradation of ubiquitinated protein by 26S proteasome (39). Like most pro-
teins in the eukaryotic cells, the expression level of SP1 is also regulated by the ubiqui-
tin-proteasome system. Cui et al. (40) reported that NEDD4 like E3 ubiquitin-protein
ligase promoted the SP1 degradation by ubiquitinating SP1 at the K685 site. Dong
et al. (41) reported that ubiquitin-specific peptidase 39, a deubiquitinating enzyme, sta-
bilized SP1 through the deubiquitylation pathway. The results of our study, for the first
time, suggested that the ubiquitination of Sp1 can be regulated by IncRNA. Consistent
with our study, several studies confirmed the ability of IncRNAs to modulate the ubig-
uitination of downstream genes at the post-translation level (42, 43). For example, the
research of Zhu et al. (44) showed that IncRNA GAS5 enhanced itchy E3 ubiquitin-
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protein ligase-mediated thioredoxin-interacting protein ubiquitination, thereby reduc-
ing its expression. In the follow-up research work, we will further explore whether
HCG11 suppressed SP1 ubiquitination by weakening the combination between ubiqui-
tin-protein ligase and Sp1 or enhancing the combination between deubiquitinating
enzyme and Sp1.

To sum up, the present study confirms the therapeutic effect of EF24 on TNBC and
clarifies its specific mechanism. Meanwhile, the results of our study emphasize the
potential of HCG11 as a novel intervention target for TNBC treatment.

MATERIALS AND METHODS

Cell culture and transfection. Human TNBC cell lines MDA-MB-231 and MDA-MB-468 (Procell Life
Science & Technology, Wuhan, China) were maintained in Leibovitz's L-15 medium supplemented with
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin solution. Human TNBC BT-549 cell lines
(Procell Life Science & Technology) were maintained in RPMI 1640 medium supplemented with 10% FBS
and 1% penicillin-streptomycin solution.

si-HCG11, si-SP1, pcDNA-Sp1, and the negative controls (si-NC and pcDNA) were synthesized by
Ribobio Biotechnology (Guangzhou, China). According to the desired experimental protocol, si-HCG11/
si-NC/pcDNA-Sp1/pcDNA  were transfected into cells utilizing Lipofectamine 3000 (Thermo Fisher
Scientific, Waltham, MA, USA) under the manufacturer’s protocol. The lentivirus (Lenti)-sh-HCG11, lentivi-
rus (LV)-HCG11, and the negative control (Lenti-sh-NC and LV-NC) were synthesized by YunZhou
Biotechnology (Guangzhou, China). For infection, Lenti-sh-HCG11/Lenti-sh-NC/LV-HCG11/LV-NC were
infected into well-grown MDA-MB-231 or BT-549 cells (multiplicity of infection = 10) using Polybrene
(6 ng/ml) (Mito Biotechnology, Shanghai, China).

Mouse xenograft model. Female BALBC/c nude mice were purchased from Cyagen Biosciences
(Guangzhou, China). On day 0, mice were randomly allocated to MDA-MB-231 and MDA-MB-468 groups
(n = 12 for each group) and received a subcutaneous injection of MDA-MB-231 or MDA-MB-468 cells
(1 x 10°, resuspended in 100 ul PBS). On days 14 to 28, six mice in each group were received an intra-
peritoneal injection of EF24 (3 mg/kg, dissolved in a PBS solution containing 6% castor oil) once a day,
and the other mice in each group were injected intraperitoneally with the same volume of vehicle
(served as the control group). The tumor volumes were calculated (0.5 x length x width?) at days 0, 7,
14, 21, and 28. After the last measurement of tumor volume, mice in MDA-MB-231+control (n = 6),
MDA-MB-231+EF24 (n = 6), MDA-MB-468+control (n = 6), and MDA-MB-468+EF24 (n = 6) were eutha-
nized and the xenograft tumors were collected.

To evaluate whether HCG11 mediated the effect of EF24 on TNBC in vivo, the LV-HCG11 and its neg-
ative control (LV-NC) were infected into MDA-MB-231 cells using Polybrene (Mito Biotechnology).
BALBC/c nude mice were divided into control, EF24, EF24+LV-NC, and EF24+LV-HCG11 groups (n = 6
for each group). On day 0, 1 x 10° control/LV-NC-infected/LV-HCG11-infected MDA-MB-231 cells were
subcutaneously injected into mice. On days 14 to 28, mice were treated with EF24 or vehicle as men-
tioned above. The tumor volumes were calculated at days 0, 7, 14, 21, and 28. After the last measure-
ment of tumor volume, all mice were euthanized and the xenograft tumors were collected. All animal
experiments were approved by the Ethics Committee of The First Affiliated Hospital of Zhejiang Chinese
Medical University.

Immunohistochemical staining. The expressions of Ki-67, E-cadherin (E-cad), and vimentin were
evaluated using immunohistochemical staining. Xenograft tumor tissues were prepared into 4 um thick
sections, followed by dewaxing and rehydrating. The sections were treated with 3% H,O, for 10 min, so-
dium citrate buffer solution (pH = 6.0) for 20 min, and 5% bovine serum albumin for 30 min.
Subsequently, sections were incubated with the primary antibody against Li-67 (1:250; Biobryt,
Cambridge, UK), E-cad (1:100; Biorbyt), and vimentin (1:50; Biorbyt) overnight at 4°C. On the next day,
sections were incubated with anti-rabbit IgG antibody (1:100; Boster Biological Technology, Wuhan,
China) for 30 min and SABC (Boster Biological Technology) for 30 min. After being counterstained with
hematoxylin for 4 min, the sections were photographed under a microscope (Leica, Wetzlar, Germany).

Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay. TUNEL assay was
conducted using a TUNEL Apoptosis Detection Kit (Beyotime Biotechnology. Shanghai, China). For paraf-
fin sections of xenograft tumor tissues, sections were dewaxed, rehydrated, and incubated with protein-
ase K for 20 min. After washing with PBS, the sections were incubated with TUNEL detection solution for
60 min in the dark. Then, cell nuclei were stained with DAPI. The sections were photographed under a
microscope (Leica).

For MDA-MB-231 and MDA-MB-468 cells, cells were seeded on 6-well plates and subjected to the
desired experimental protocol. Then, cells were fixed using 4% paraformaldehyde, treated with 0.3%
Triton X-100 (in PBS) for 5 min, and incubated with 50 wl TUNEL detection solution for 60 min in the
dark. Then, cell nuclei were stained with DAPI. The stained cells were photographed under a microscope
(Leica).

qRT-PCR. Tissue RNA purification kit and total RNA purification kit (all from Norgen Biotek, Thorold,
Canada) were employed to extract total RNA samples from xenograft tumors/cancerous tissues of TNBC
patients and MDA-MB-231/MDA-MB-468 cells, respectively. Samples of cDNA were synthesized from
purified RNA samples using RevertAid H Minus Transcriptase (Thermo Fisher Scientific). qRT-PCR analysis

January 2022 Volume 42 Issue 1 e00163-21

Molecular and Cellular Biology

mcb.asm.org

1


https://mcb.asm.org

Duan et al.

was performed using PowerUp SYBR Green (Thermo Fisher Scientific). The expressions of HCG11 and Sp1
transcription factor (Sp1) were measured by the 224 method. GAPDH was used for loading control.

Clinical samples. Ten pairs of cancerous tissues and adjacent tissues from 10 patients were obtained
from The First Affiliated Hospital of Zhejiang Chinese Medical University. All of them were newly diag-
nosed and had not undergone any medication. This study was approved by the Ethics Committee of
The First Affiliated Hospital of Zhejiang Chinese Medical University. The HCG11 expression in cancerous
tissues and adjacent tissues was determined using qRT-PCR.

Cell proliferation, viability, and invasion. Cell proliferation was examined using BeyoClick EdU-488
assay kit (Beyotime Biotechnology). MDA-MB-231 cells were seeded on 6-well plates and subjected to
the desired experimental protocol. Then, cells were incubated with 10 uM EdU working solution (in
Leibovitz's L-15 medium) for 2 h, 4% paraformaldehyde for 10 min, 0.3% Triton X-100 (in PBS) for
10 min, and 500 wl reaction mixture for 30 min. Cell nuclei were stained with DAPI. The stained cells
were photographed under a microscope (Leica).

The viability of MDA-MB-231 and MDA-MB-468 cells was examined using MTT assay kit (Beyotime
Biotechnology) as described previously (45).

The invasion of MDA-MB-231, MDA-MB-468, and BT-549 cells was examined using Tranwell assay.
Briefly, 2 x 10* cells subjected to the desired experimental protocol were harvested and transferred into
the upper chamber precoated with Matrigel matrix (Corning, Corning, NY, USA) in a 24-well plate. Cells
in the upper chamber were cultured in Leibovitz's L-15 medium. The lower chamber was added with
700 wl Leibovitz's L-15/1640 medium containing 10% FBS. After 48 h normal culture, crystal violet was
used to stain the cells that invaded the reverse side of the membrane. In the end, cells were observed
under a microscope (Leica).

RNA pulldown assay. Ribobio Biotechnology provided the biotin-labeled HCG11 probe and the bio-
tin-labeled antisense probe used in this study. Cell lysates of MDA-MB-231 cells were prepared using the
NP40 lysis buffer (Serviebio Biotechnology. Wuhan, China) and then reacted with HCG11/antisense
probe-conjugated streptavidin magnetic beads (Thermo Fisher) at 4°C overnight. On the next day, the
proteins attached to the probe-bead complex were extracted and subjected to Western blot analysis.

RNA binding protein immunoprecipitation (RIP) assay. Before assay, anti-Sp1 (Abcam), and anti-
human IgG antibodies (Abcam) were conjugated with protein A/G magnetic beads (Thermo Fisher).
Then, cell lysates of MDA-MB-231 cells were incubated with antibody-bead complexes at 4°C overnight. On
the next day, the RNA attached to the antibody-bead complex was extracted and subjected to qRT-PCR.

Co-IP assay. The ubiquitination of Sp1 was evaluated using the Co-IP assay. Briefly, MDA-MB-231
cells were transfected with hemagglutinin (HA)-ubiquitin (Ub), Flag-Sp1, and pcDNA-HCG11/pcDNA.
Forty-eight hours later, cells were treated with 10 uM MG132 for 2 h and then lysed using NP40 lysis
buffer. Cell lysates were reacted with anti-Flag antibody (Abcam)-conjugated protein A/G magnetic
beads at 4°C overnight. On the next day, the proteins attached to the antibody-bead complex were
extracted and subjected to Western blot analysis.

Western blot. Protein samples obtained from MDA-MB-231 cells and xenograft tumors were sepa-
rated by 10% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes. Nonfat powdered
milk (5%; Bio Channel Biotechnology Co., Ltd., Nanjing, China) was used to block the membranes. Then,
the membranes were incubated with an anti-Sp1 antibody (1:500; Santa Cruz Biotechnology, Santa Cruz,
CA, USA) 4°C overnight and goat anti-mouse IgG-horseradish peroxidase (1:1,000; Santa Cruz
Biotechnology) for 2 h at room temperature. Membranes were visualized using a ChemiDoc XRS+
System (Bio-Rad, Hercules, CA, USA).

Statistical analysis. Data were expressed as the means = standard deviations . All statistical analy-
ses were conducted using SPSS Statistics 20.0 (IBM, Armonk, NY, USA). A value of P < 0.05 was consid-
ered statistically significant.
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