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Oncoprotein HBXIP induces PKM2 via transcription factor
E2F1 to promote cell proliferation in ER-positive breast
cancer
Bo-wen Liu1, Tian-jiao Wang1, Lei-lei Li1, Lu Zhang1, Yun-xia Liu2, Jin-yan Feng2, Yue Wu1, Fei-fei Xu1, Quan-sheng Zhang3,
Ming-zhu Bao3, Wei-ying Zhang1 and Li-hong Ye1

We have reported that hepatitis B X-interacting protein (HBXIP, also termed LAMTOR5) can act as an oncogenic transcriptional
co-activator to modulate gene expression, promoting breast cancer development. Pyruvate kinase muscle isozyme M2 (PKM2),
encoded by PKM gene, has emerged as a key oncoprotein in breast cancer. Yet, the regulatory mechanism of PKM2 is still
unexplored. Here, we report that HBXIP can upregulate PKM2 to accelerate proliferation of estrogen receptor positive (ER+) breast
cancer. Immunohistochemistry analysis using breast cancer tissue microarray uncovered a positive association between the
expression of HBXIP and PKM2. We also discovered that PKM2 expression was positively related with HBXIP expression in clinical
breast cancer patients by real-time PCR assay. Interestingly, in ER+ breast cancer cells, HBXIP was capable of upregulating PKM2
expression at mRNA and protein levels in a dose-dependent manner, as well as increasing the activity of PKM promoter.
Mechanistically, HBXIP could stimulate PKM promoter through binding to the −779/−579 promoter region involving co-activation
of E2F transcription factor 1 (E2F1). In function, cell viability, EdU, colony formation, and xenograft tumor growth assays showed
that HBXIP contributed to accelerating cell proliferation through PKM2 in ER+ breast cancer. Collectively, we conclude that HBXIP
induces PKM2 through transcription factor E2F1 to facilitate ER+ breast cancer cell proliferation. We provide new evidence for the
mechanism of transcription regulation of PKM2 in promotion of breast cancer progression.
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INTRODUCTION
Breast cancer is a leading cause of cancer mortality among females
worldwide [1]. Up to 75% of breast cancer patients express estrogen
receptor (ER), which is essential for the growth and proliferation of
breast cancer cell [2]. Hepatitis B X-interacting protein (HBXIP) is
initially identified since its binding with hepatitis B virus X protein
[3]. It has been reported that HBXIP functions as a regulator to
participate in the activation of mTORC1 induced by amino acids [4].
We previously discovered that oncoprotein HBXIP was highly
expressed in breast tumor and took great part in the developmental
processes of breast cancer such as proliferation, migration, and
abnormal glucose metabolism [5–7]. Marusawa’s team reported that
HBXIP was capable of modulating cell division and apoptosis by
interacting with survivin [8]. Recently, we have proven that HBXIP
can promote reprogramming of glucose metabolism via reducing
PDHA and SCO2, facilitating the growth of breast cancer [7].
Nevertheless, the underling mechanism by which HBXIP facilitates
ER-positive (ER+) breast cancer proliferation needs to be
investigated.

Pyruvate kinase is a rate-limiting glycolytic enzyme that catalyzes
the last step of glycolysis [9]. Pyruvate kinase muscle isozyme M1
and M2 (PKM1 and PKM2) are two different splicing forms of an
identical messenger RNA (mRNA) encoded by PKM gene [10]. PKM2
is back in the spotlight on account of its multiple roles in the
promotion of cancer growth and angiogenesis [9, 11]. Numerous
articles have revealed a high expression of PKM2 in breast cancer
[12, 13]. Due to the low activity of PKM2 as a pyruvate kinase, the
intermediate metabolites of glucose accumulate and then flow to an
alternative glycolytic pathway, assisting anabolic synthesis and
cancer cell growth [9]. Moreover, PKM2 can translocate to nucleus
and function as a co-activator to modulate cancer-related gene
expression [14, 15]. In addition, PKM2 acts as a protein kinase that
directly phosphorylates proteins like STAT3, which is possibly one
of the most crucial molecular signatures for accelerating the
progression of cancer [16]. Nevertheless, whether PKM2 participates
in HBXIP-accelerated proliferation of ER+ breast cancer still remains
unclear.
Here, we attempt to go deep into the study of the relation of

PKM2 and HBXIP in ER+ breast cancer. Intriguingly, we reveal that
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HBXIP can increase PKM2 expression via transcription factor E2F1,
leading to the cell proliferation acceleration in ER+ breast cancer.
Our findings unearth a novel mechanism by which HBXIP
promotes the proliferation of ER+ breast cancer cells via PKM2.

MATERIALS AND METHODS
Patient samples
Thirty-four pairs of breast cancer and noncancerous tissues were
gained from Tianjin Tumor Hospital (Tianjin, China). The Research
Ethics Committee of Nankai University permitted the research
procedures. The patients signed the written consent to authorize
the usage of tissues for study. The patients’ information is
recorded in Supplementary Table S1.

Immunohistochemistry staining
Immunohistochemistry (IHC) staining assay has been described
previously [17]. Primary antibodies used in immunohistochemistry
(IHC) staining were rabbit anti-PKM2 (Proteintech, USA), rabbit
anti-HBXIP (Santa Cruz Biotechnology, USA), and rabbit anti-Ki67
antibody (Santa Cruz Biotechnology). The breast cancer tissue

microarray (No. 08C14) was purchased from Aomei Biotechnology
(Xi’an, China). The image of whole-tissue array was captured by
the Motic digital slide system BA600 (Motic, Xiamen, China). The
patient information and statistical result of tissue microarray are
recorded in Supplementary Tables S2 and S3, respectively. The
rule to grade the levels of staining of PKM2 and HBXIP was
described previously [18, 19].

Cell lines and cell culture
The ER+ breast cancer cell lines MCF-7-HBXIP (stably transfected
with the HBXIP gene [17]), MCF-7, and T47D were maintained
according to ATCC protocol. Lipofectamine 2000 (Invitrogen, USA)
was used in all transfections following the manufacturer’s protocol.

Plasmids and siRNA
pGL3-Basic, pcDNA3.1 (+), and pcDNA-HBXIP were saved in our
lab. pRL-TK was purchased from Promega in USA. Using genomic
DNA of MCF-7 cells as template, different promoter regions of
human PKM gene were cloned into the pGL3-Basic vector
involving KpnI/HindIII site. The primers used in this study were
shown as follows: pGL-P0, sense—CGGGGTACCAACAACAACTAAA

Fig. 1 PKM2 is positively related to HBXIP in clinical breast cancer patients. a IHC staining of HBXIP and PKM2 in the normal breast tissues (N)
and breast carcinomas (T1, T2) from breast tissue microarray. Scale bar, 100 μm. The association between HBXIP and PKM2 expression was
statistically significant, analyzed by Pearson χ² independence test, χ²= 32.34, P < 0.001. b Heatmap of the expression of HBXIP and PKM2 in
above breast tissue microarray. Numbers 0, 1, or 2 represent the negative, moderate, or intense staining, respectively. c Relative mRNA levels
of HBXIP and PKM2 in 34 clinical breast tumor tissues tested by real-time PCR assay. The correlation between HBXIP and PKM2 at the mRNA
levels was determined by Pearson’s correlation coefficient. Statistically significant differences are indicated: ***P < 0.001; all experiments were
repeated at least three times
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GGGACCAGGAA, anti-sense—CCCAAGCTTGACTGATGGCGTAGCC
TCCTG. pGL-P1, sense—CGGGGTACCAGAAAAGTTCCAACAATACTG
ACTTAAAC, anti-sense—CCCAAGCTTGACTGATGGCGTAGCCTCCT
G. pGL-P2, sense—CGGGGTACCGAAGGCGGCCAGGACCTC, anti-
sense—CCCAAGCTTGACTGATGGCGTAGCCTCCTG. pGL-P3, sense
—CGGGGTACCAGAGCCAAGAAAAGACACCCC, anti-sense—CCCAA
GCTTGACTGATGGCGTAGCCTCCTG. Mutant constructs of pGL-P2:
Sp1-M, sense—GGCAGGGCTACTCCGGGAGAATGCT, anti-sense—
AGCATTCTCCCGGAGTAGCCCTGCC. E2F1-M, sense—TCTCCGA-
GATGACGCCAGAGCAGA, anti-sense—TCTGCTCTGGCGTCATCTCG-
GAGA. The sequences of small interfering RNAs (siRNAs) (RiboBio,
Guangzhou, China) applied in this study were as follows: HBXIP,
CGGAAGCGCAGUGAUGUUUdTdT; E2F1#1, CACUGACUCUGCCACC
AUAGdTdT; E2F1#2, AAGUCACGCUAUGAGACCUCAdTdT; PKM2#1,
CTGTGGACAGTTACCAGTCdTdT; PKM2#2, CCAUAAUCGUCCUCACC
AAdTdT. Control siRNA, UUCUCCGAACGUGUCACGUdTdT.

Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assay was performed as
described formerly [5]. The primers used to examine PKM
promoter were: sense—GAAGGCGGCCAGGACCTCCAAC, anti-
sense—TCGGCCCAGGCCACCCCAGCTG. Primers sets for the nega-
tive control were: sense— AGCGGGATAACCTTGAGGCTGAGG, anti-
sense—CACCTCCGGCGCTGACCGACTCGG.

Reverse-transcription PCR and real-time PCR
Reverse-transcription PCR (RT-PCR) and real-time PCR assays were
conducted as described previously [5]. The primers used here
were shown as follows: GAPDH, sense—AACGGATTTGGTCGT
ATTG, anti-sense—GGAAGATGGTGATGGGATT. HBXIP, sense—
CTTGGAGCAGCACTTGGAAGA, anti-sense—ATGCCATCGTGTTTCTG
GATC. PKM2, sense—CCACTTGCAATTATTTGAGGAA, anti-sense—
GTGAGCAGACCTGCCAGACT.

Fig. 2 The expression of PKM2 can be upregulated by HBXIP in ER+ breast cancer cells. a, b Real-time PCR assay of PKM2 mRNA level in
MCF-7 (a) and MCF-7-HBXIP (b) cells transiently transfected with indicated plasmids or siRNA for 48 h. c, d RT-PCR assay of PKM2 mRNA level in
MCF-7 (c) and MCF-7-HBXIP (d) cells transiently transfected with indicated plasmids or siRNA for 48 h. e, f Immunoblotting assay of PKM2
protein level in MCF-7 (e) and MCF-7-HBXIP (f) cells transiently transfected with indicated plasmids or siRNA for 48 h. Statistically significant
differences are indicated: *P < 0.05, **P < 0.01; all experiments were repeated at least three times
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Immunoblotting assay
Immunoblotting assay was applied by following the procedures
described formerly [17]. Primary antibodies used in this study
were rabbit anti-PKM2 (Proteintech), rabbit anti-E2F1 antibody
(Abcam, UK), rabbit anti-HBXIP (Santa Cruz Biotechnology, USA),
and mouse anti-β-actin (Sigma-Aldrich, USA).

Cell viability assay
Firstly, the indicated plasmids were transfected into MCF-7 or T47D
cells for 24 h. Then, the cells were digested and plated at 1000 cells
per well into 96-well plate with six replications. Subsequently, the
cells were cultured for indicated time course. 10 μL of 3-(4,5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT)
reagent (Sigma) was added into each well and the cells were
incubated for 4 h. Next, after the remove of supernatant, 100 μL of
dimethyl sulfoxide was used to dissolve the purple crystals in
each well. The result was evaluated by multi-well scanning

spectrophotometer (Thermo) at an absorbance (A492 nm-A620
nm, A be Italic, 492 nm and 620 nm be subscript).

Luciferase reporter gene assay
For the assay of luciferase, the indicated plasmids were transiently
transfected into the MCF-7, T47D, or MCF-7-HBXIP cells grown in 24-
wells. The plasmid of pRL-TK that encodes Renilla luciferase was used
to normalize the activity of firefly luciferase. Luciferase activities were
measured after transfection for 24 h. By following the procedures
described by manufacturer, the activity of luciferase was examined
through a luciferase reporter assay system (Promega) on a
luminometer (TD-20/20; Turner Designs, Sunnyvale, CA, USA).

Colony formation assay
Corresponding plasmids were transfected into MCF-7 or T47D cells
for 48 h, and then the cells were trypsinized and cultured in six-
well plate (500 cells per well). The medium was replaced twice a

Fig. 3 HBXIP stimulates PKM promoter through binding to the −779/−579 region. a, b Luciferase reporter gene assay of PKM promoter
activity in MCF-7 (a) and MCF-7-HBXIP cells (b). The cells were transiently transfected with indicated plasmids or siRNA, respectively. Luciferase
activities were measured after transfection for 24 h. c Activities of corresponding fragments of PKM promoter were examined by luciferase
reporter gene assay in MCF-7 cells, respectively. The cells were transiently transfected with pcDNA or pcDNA-HBXIP along with indicated
fragments of PKM promoter. d ChIP assay was performed to evaluate the interaction of HBXIP with the promoter region (−779/−579) of PKM in
MCF-7 cells. The right panel was the quantitative data of enrichment in PKM promoter analyzed by real-time PCR and normalized against the
input. An upstream region of PKM gene promoter (−1458/−1345) was used as a negative control. Statistically significant differences are
indicated: *P < 0.05, **P < 0.01, ***P < 0.001; All experiments were repeated at least three times
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week. After growth for 14 days, cells were managed as described
formerly [18]. The efficiency of colony formation was evaluated as
follows: colony number/cell population number × 100%.

EdU assay
The EdU kit was bought from RiboBio of China. After transient
transfection as indicated, the cells were added with 30 (μM)
5-ethynyl-2′-deoxyuridine (EdU) and maintained for 4 h. Next, 4%
(w/v) formaldehyde was used to fix cells for 20 min. The rest
procedures were carried out by following the manufacturer’s
description. The result was measured by fluorescence microscope
(Axio Imager Z1, ZEISS, Germany).

Xenograft tumor growth assay
Five- to six-week-old female BALB/c athymic nude mice
(Experiment Animal Center of Peking, China) were housed and
treated according to guidelines established by the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals. MCF-7 cells pre-treated with pcDNA3.1 plasmid (or
pcDNA-HBXIP plasmid, control siRNA (si-Control), PKM2 siRNA
(si-PKM2#2)) were collected and suspended at 5 × 107 cells in 200
μL of phosphate-buffered saline. Then, the corresponding cells
were injected into the fourth mammary fat pad (mfp) of mice
(each group, n= 5). β-estradiol (sigma) dissolved in olive oil (5 mg/

mL, 0.1 mL) was administered by gavage twice a week. Tumor size
was measured in two dimensions with calipers twice a week, up to
5 weeks after injection. Blind measurements were carried out to
avoid unconscious biases. Tumor volume (v) was calculated
according to the formula: (length × width2) × 0.5. All experiments
were approved by the animal care committee of Nankai
University.

Statistical analysis
By using a two-tailed Student’s t test, the mean values (±SD) were
compared to evaluate statistical significance. The significance was
defined as P < 0.05(*), P < 0.01(**), P < 0.001(***). Student’s t test
and correlation analysis were performed using Prism 6 (GraphPad,
San Diego, CA, USA).

RESULTS
PKM2 is positively related to HBXIP in clinical breast cancer
patients
We have revealed that abundant oncoprotein HBXIP contributes
to accelerated-breast cancer progression [19, 20]. Recently, a
crucial function of PKM2 in cancer growth and development has
been established [10]. Accordingly, we intended to explore the
potential correlation between PKM2 and HBXIP in the

Fig. 4 Transcriptional factor E2F1 is responsible for HBXIP-stimulated PKM promoter. a Nucleotide mutation diagram of binding sites of Sp1
and E2F1 in pGL-P2. b, c Luciferase reporter gene assay of PKM promoter activities in MCF-7 (b) and T47D cells (c). The cells were transiently
transfected with pcDNA or pcDNA-HBXIP along with pGL-P2 (WT) or those constructs with mutated binding sites of Sp1 (Sp1-M) and E2F1
(E2F1-M). d, e The activity of PKM promoter (d) and the protein level of PKM2 (e) were separately examined by luciferase reporter gene assay
and immunoblotting assay in MCF-7 cells. The cells were transiently transfected with indicated plasmids or siRNAs. Statistically significant
differences are indicated: **P < 0.01, ***P < 0.001; all experiments were repeated at least three times. NS, not significant
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occurrence and progression of breast cancer. Firstly, we
performed IHC staining to determine the expression of PKM2
and HBXIP in human tissue microarray that contained 49 primary
breast carcinomas, 13 normal tissues, and 38 metastatic lymph
nodes in breast cancer. We found that both HBXIP and PKM2
were weakly stained in normal breast samples and strongly
stained in breast carcinoma tissues (Fig. 1a). Moreover, we
observed a positive rate of PKM2 (95.5%, 42/44) in HBXIP-
positive breast carcinoma specimens, indicating that PKM2 is
closely related to HBXIP in breast carcinoma patients (Pearson χ²
independence test, χ²= 32.34, P < 0.001, Fig. 1a and b; Supple-
mentary Figure S1; Supplementary Tables S2 and S3). Mean-
while, we conducted real-time PCR assay in 34 fresh breast
cancer samples (30 ER+ samples and 4 ER− samples) to
evaluate PKM2 and HBXIP expression (Supplementary Table S1).
The data revealed an obvious positive association of the mRNA
levels among HBXIP and PKM2 (Fig. 1c). Thus, we get a
conclusion that the PKM2 expression is positively correlated to
the HBXIP expression in clinical breast cancer patients.

The expression of PKM2 can be upregulated by HBXIP in ER+
breast cancer cells
Studies have demonstrated that HBXIP functions as a
transcriptional co-activator to promote breast cancer by
regulating the expression of different cancer-related proteins
[21, 22]. Here, we intended to investigate whether PKM2 could
be modulated by HBXIP in ER+ breast cancer cells. To
determine HBXIP-induced effect on PKM2, we performed
real-time PCR and RT-PCR assays and observed an effective
elevation of mRNA level of PKM2 after HBXIP was increasingly
overexpressed in MCF-7 cells (Fig. 2a, c). Oppositely, HBXIP
knockdown by siRNA significantly downregulated PKM2 mRNA
level in MCF-7-HBXIP cells (Fig. 2b, d). Furthermore, the similar
effect of HBXIP on the protein level of PKM2 was validated by
immunoblotting assay (Fig. 2e, f). Therefore, these findings
indicate that the expression of PKM2 can be induced by HBXIP
in ER+ breast cancer cells.

Fig. 5 HBXIP-elevated PKM2 contributes to accelerated cell proliferation in ER+ breast cancer. a, b Cell viability assay in MCF-7 (a) and T47D
(B) cells transiently transfected with indicated plasmids or siRNAs. c, d EdU assay in MCF-7 cells transiently transfected with indicated plasmids
or siRNAs. Scale bar, 50 μm. e Interference efficiency of PKM2 siRNAs validated by immunoblotting assay in MCF-7 cells. Statistically significant
differences are indicated: **P < 0.01, ***P < 0.001; all experiments were repeated at least three times
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HBXIP stimulates PKM promoter through binding to the −779/
−579 region
To clarify the essence that HBXIP modulates PKM2, we constructed
and subsequently transfected the human PKM promoter vector
(−1468/−98) into the MCF-7 and MCF-7-HBXIP cells. Notably,
HBXIP was capable of enhancing the activity of PKM promoter in a
dose-dependent manner, demonstrated by luciferase reporter
gene assay (Fig. 3a, b). Then, we further cloned a series of
fragments of PKM promoter shown in Fig. 3c. The ectopic
expression of HBXIP in MCF-7 cells effectively enhanced the
activities of PKM promoter fragments except pGL-P3, suggesting
that the region (−779/−579) in PKM promoter is the core
sequence regulated by HBXIP (Fig. 3c). Furthermore, ChIP assay
further revealed that the −779/−579 region of PKM promoter was
detectable in the anti-HBXIP-immunoprecipitated candidates
(Fig. 3d). Thus, our data support that HBXIP stimulates PKM
promoter through binding to the −779/−579 region.

Transcriptional factor E2F1 is responsible for HBXIP-stimulated
PKM promoter
To take a step further, we analyzed the core region by the online
bioinformatics tool JASPAR database (http://jaspar.binf.ku.dk/cgi-
bin/jaspar_db.pl). We observed that transcription factors Sp1 and
E2F1 had putative binding sites in this region. Then, we
mutated the corresponding binding sites of Sp1 (termed Sp1-M)
and E2F1 (termed E2F1-M) in pGL-P2 (Fig. 4a). In MCF-7 and T47D
cells, the mutant of binding site of E2F1, rather than Sp1,

efficiently blocked HBXIP-mediated increase of pGL-P2 activity,
implying that the transcription factor E2F1 participates in HBXIP-
induced stimulation of PKM promoter (Fig. 4b, c). To further
confirm the role of E2F1 in HBXIP-mediated elevation of PKM2, we
introduced two different siRNAs of E2F1 into MCF-7 cells and
conducted luciferase reporter gene and immunoblotting assays.
Notably, knockdown of E2F1 by siRNAs remarkably abolished
HBXIP-induced increase of PKM promoter activity and PKM2
protein level (Fig. 4d, e). Thus, we draw a conclusion that
transcriptional factor E2F1 is responsible for HBXIP-stimulated PKM
promoter.

HBXIP-elevated PKM2 contributes to accelerated cell proliferation
in ER+ breast cancer
Accumulating evidence shows that PKM2 actively participates in
the facilitation of breast cancer proliferation [9, 23]. Thus, we
wondered whether HBXIP accelerated ER+ breast cancer progres-
sion through PKM2. Cell viability assay in MCF-7 and T47D cells
showed that silence of PKM2 by two different siRNAs efficiently
blocked HBXIP-enhanced cell proliferation in ER+ breast cancer
(Fig. 5a, b). Observation in EdU assay was consistent with the
above result (Fig. 5c, d). Immunoblotting assay revealed a higher
interference efficiency of siPKM2#2 compared with siPKM2#1
(Fig. 5e). Moreover, we conducted colony formation assay in MCF-
7 and T47D cells. As expected, the colony formation efficiency
obviously increased upon the overexpression of HBXIP (Fig. 6).

Fig. 6 HBXIP-elevated PKM2 contributes to accelerated cell proliferation in ER+ breast cancer. a, b Colony photograph (a) and colony forming
efficiency (b) in MCF-7 cells after transiently transfected with the indicated plasmids or siRNA. c, d Colony photograph (c) and colony forming
efficiency (d) in T47D cells after transiently transfected with the indicated plasmids or siRNA. Statistically significant differences are indicated:
*P < 0.05, **P < 0.01; all experiments were repeated at least three times
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However, the addition of siPKM2#2 dose-dependently abolished
HBXIP-provoked increase of colony formation efficiency (Fig. 6).
To further validate the effect of PKM2 on HBXIP-mediated

proliferation, we performed mfp xenograft tumor growth assay in
nude mice. The data showed that elevation of HBXIP significantly
enchanced the volume and weight of tumors (Fig. 7a–c). However,
silence of PKM2 effectively abrogated HBXIP-mediated tumor
growth (Fig. 7a–c). In addition, IHC staining was conducted to
evaluate the expression of Ki67, a proliferation marker, in tumors.
HBXIP overexpression promoted Ki67 expression while silence of
PKM2 could abolish HBXIP-induced enhancement of Ki67 (Fig. 7d,
e). Taken together, our data reveal that HBXIP enhances cell
proliferation via PKM2 in ER+ breast cancer.

DISCUSSION
ER+ breast cancer is a common subtype of breast cancer,
threatening the health of women around the world [2]. Therefore,
it is urgent to clarify the development mechanism of ER+ breast
cancer. In recent years, our findings have established a crucial role
of HBXIP on the occurrence and progression of breast cancer.
HBXIP provokes breast cancer proliferation by modulating the
expression of multiple genes [6, 24, 25]. Evidence demonstrated
that HBXIP could induce glucose metabolism reprogramming to
accelerate cell proliferation [7]. PKM2, as a pyruvate kinase, has
achieved the most attention due to its impact on cellular glucose

metabolism in facilitation of cancer progression [26]. Furthermore,
the non-canonical nuclear function of PKM2 also contributes to
the promotion of cancers [12]. The abundant expression of
PKM2 in cancers is unveiled by numerous reports [16, 26].
However, the regulation of PKM2 expression in ER+ breast cancer
is yet to be revealed. Thus, we speculate that HBXIP might
modulate PKM2 expression in ER+ breast cancer, involving cancer
cell growth.
To survey the potential association of PKM2 and HBXIP, we

performed IHC staining using human tissue microarray and
discovered a positive correlation between PKM2 and HBXIP.
Meanwhile, we determined the mRNA levels of them in clinical
samples including 30 ER+ and 4 ER− breast cancer tissues. The
data also manifested a positive association between HBXIP and
PKM2. This finding suggests that PKM2 may participate in HBXIP-
associated ER+ breast cancer development. Next, we attempted
to enucleate the regulation of PKM2 by HBXIP in ER+ breast
cancer. Not unexpectedly, HBXIP enhanced PKM2 expression at
the levels of mRNA and protein. Furthermore, HBXIP could
stimulate the promoter activity of PKM, which might involve the
co-activation function of HBXIP in breast cancer. Tracking the
details of HBXIP-mediated upregulation of PKM2, we cloned
different fragments of PKM promoter and found that the region
(−779/−579) in PKM promoter was the main region for HBXIP co-
activation. We have demonstrated that HBXIP can co-activate
transcription factor E2F1 to modulate the expressions of different

Fig. 7 HBXIP-elevated PKM2 contributes to accelerated cell proliferation in ER+ breast cancer. a, b Imaging (a) and growth curve (b) of the
xenograft tumors derived from MCF-7 cells with indicated treatment (each group, n= 5). c Weight of the xenograft tumors derived from MCF-
7 cells. d, e Statistics of Ki67 positive cells (d) and Ki67 staining by IHC assay (e) of the xenograft tumors derived from MCF-7 cells. The blank
control group was treated with PBS instead of Ki67 antibody. Scale bar, 50 μm. Statistically significant differences are indicated: **P < 0.01, ***P
< 0.001; all experiments were repeated at least three times
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genes [22, 24]. Dai et al. [27] has revealed that there is a close
connection between the higher expression of E2F1 and the poorer
prognosis in breast cancer patient. Here, we reported for the first
time that E2F1 was capable of stimulating the transcription of PKM
gene. Moreover, E2F1 was in charge of HBXIP-activated PKM2. As
to the function, our data proved that PKM2 was responsible for
HBXIP-mediated cell proliferation in ER+ breast cancer in vitro and
in vivo. Hence, we get the conclusion that HBXIP facilitates cellular
proliferation in ER+ breast cancer through PKM2.
To summarize, we uncover that HBXIP drives cell proliferation

via elevating PKM2 in ER+ breast cancer, concerning co-activating
transcription factor E2F1. Our findings unearth a significant
mechanism and afford a molecular basis for curing HBXIP or
PKM2-associated breast cancer.
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