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Abstract

Hexokinase 2 (HK2), a critical rate-limiting enzyme in glycolytic pathway catalyzing hexose
phosphorylation, is overexpressed in multiple human cancers, and associates with poor
clinicopathological features. Drugs targeting aerobic glycolysis regulators, including HK2, are in
development. However, physiological significance of HK2 inhibitors and mechanisms of HK2 inhibition in
cancer cells remain largely unclear. Herein, we show that microRNA-let-7b-5p (let-7b-5p) represses HK2
expression by targeting its 3"-untranslated region. By suppressing HK2-mediated aerobic glycolysis, let-7b-
5p restrains breast tumor growth and metastasis both in vitro and in vivo. In patients with breast cancer,
let-7b-5p expression is significantly downregulated, and is negatively correlated with HK2 expression. Our
findings indicate that let-7b-5p/HK2 axis plays a key role in aerobic glycolysis as well as breast tumor
proliferation and metastasis, and targeting this axis is a potential therapeutic strategy for breast cancer.

Introduction

Breast cancer (BC) registers as the most prevalently occurring malignancy worldwide among women [1].
Despite significant progress in therapy, effective drugs approved for BC remains limited [2]. Therefore, it is
crucial to discovery new therapeutic targets and biomarkers for BC. Cancer cells exhibit a strong
metabolic requirement for energy to sustain their survival and growth [3]. Unlike normal cells, even when
oxygen supply is sufficient, cancer cells predominantly depend on glycolysis for energy, which is known
as aerobic glycolysis (Warburg effect) [4, 5]. Aerobic glycolysis, facilitating tumor proliferation with
enhanced glucose consumption and lactate concentration, is widely recognized as a hallmark of cancer
cells, and targeting this process has been, and continues to be, a focus for therapeutic agent
development.

Hexokinase 2 (HK2), which catalyzes the initial rate-limiting and irreversible step of glycolysis reaction,
exerts a key role in altered metabolism in various cancers [6—8]. HK2 has been shown to be upregulated
in a wide range of human cancers, including hepatocellular carcinoma, breast cancer, gallbladder cancer,
colorectal cancer, endometrial carcinoma, osteosarcoma, laryngeal carcinoma, etc., and associates with
the clinicopathological characteristics and prognostic factors of cancer patients [6—13]. Recently, HK2-
targeted therapy has displayed beneficial effects on suppressing cancer cell growth in vitro and
eradicating tumors in animals [7].

MiRNAs (miRNAs) have been reported to influence various biological behaviors in tumors, such as
cellular proliferation, differentiation, apoptosis, cell cycle, and so on [14—17]. MiRNA dysregulation might
play a significant role in cancer pathogenesis and miRNAs are gradually considered to be potential
biomarkers for human cancer diagnosis and treatment [18, 19]. In particular, miRNAs have been shown to
exhibit regulatory effect on glucose metabolism in cancer by inhibiting HK2. For instance, miR-202
inhibits pancreatic cancer cell glycolysis and growth by repressing HK2 expression [20]. MiR-3662
suppresses glucose metabolism, growth and invasion of hepatocellular carcinoma cells (HCC) by
targeting HK2 [21]. MiR-615 functions as a tumor-suppressor in osteosarcoma by inhibiting HK2 [22].
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However, it is unclear whether miRNAs regulate both tumor proliferation and metastasis through
suppression of HK2-mediated aerobic glycolysis.

In the current study, we show that let-7b-5p, a miRNA whose role in modulating cancer glycolysis is
unknown, is lowly expressed in BC tissues, and dampens glycolysis in BC cells, subsequently depressing
cell proliferation and metastasis both in vitro and in vivo. Mechanistically, HK2 is a new target of let-7b-
5p, and let-7b-5p suppresses BC cell glycolysis, proliferation and metastasis by targeting HK2. In addition,
let-7b-5p expression is negatively correlated with HK2 level in patients with BC.

Results

Prediction of microRNAs targeting HK2 with clinical
significance

Since HK2 is a key enzyme of aerobic glycolysis and performs a vital function in breast cancer, we
screened potential miRNAs targeting HK2 using miRDB, TargetScan, and StarBase databases. Thirty
miRNAs potentially targeting HK2 were found, including let-7b-5p, let-7¢c-5p, miR-125a-5p, miR-143-3p,
miR-181c-5p, miR-185-5p, miR-493-5p, and so on (Fig. 1A and Table S1). To determine the function of
these miRNAs, we investigated their clinical significance in BC by ENCORI database
(https://starbase.sysu.edu.cn/), and only found that higher expression of let-7b-5p and miR-181c-5p
correlated with longer overall survival (OS) (Fig. 1B, C). Western blot showed that let-7b-5p, miR-181c-5p,
and positive control miR-143-3p inhibited HK2 expression in HEK293T cells, with let-7b-5p presenting
better inhibition than miR-181c-5p (Fig. 1D). Thus, let-7b-5p was chosen for further study.

HK2 is a target of let-7b-5p

Due to miRNA prediction of HK2, western blot was carried out for further confirmation. In MDA-MB-231
and ZR75-1 cells, let-7b-5p mimic suppressed HK2 expression (Fig. 2A). On the contrary, let-7b-5p inhibitor
led to a dramatic upregulation in HK2 expression (Fig. 2B). To identify how let-7b-5p affects HK2
expression, we examined HK2 mRNA levels, and found that HK2 mRNA levels were downregulated upon
let-7b-5p overexpression, while upon let-7b-5p inhibition they were upregulated (Fig. 2C).

To further explore whether let-7b-5p regulates HK2 expression, dual luciferase reporter assay was
detected by transfection with HK2 3"-UTR wild-type (WT) or mutated (Mut) luciferase reporter and let-7b-
5p in BC cells. Let-7b-5p overexpression diminished HK2 3-UTR WT luciferase activity, but not HK2 3-UTR
Mut luciferase activity (Fig. 2D). The results indicate that let-7b-5p targets HK2 3-UTR to inhibit its
expression in BC cells.

Let-7b-5p depresses proliferation, migration and invasion of
BC cells through targeting HK2
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TCGA dataset showed that let-7b-5p was downregulated in BC [23], suggesting that let-7b-5p may act as
a tumor suppressor in BC. However, the biological role of let-7b-5p in BC is still unknown. Since let-7b-5p
targets HK2 and HK2 promotes BC cell proliferation, migration, and invasion, we tested if let-7b-5p exerts
a role on BC and its function relies on HK2. We found that let-7b-5p overexpression in MDA-MB-231 and
ZR75-1 cells reduced cell proliferation, migration and invasion, while the effects could be reversed by HK2
reexpression (Fig. 3A-D and Fig. STA-D). Moreover, let-7b-5p inhibitor accelerated the proliferation,
migration and invasion of BC cells, and HK2 knockdown abrogated this effect (Fig. 3E-H and Fig. S1E-H).
The results reveal that let-7b-5p represses proliferation, migration and invasion of BC cells by HK2
inhibition.

Let-7b-5p impairs glycolysis by inhibiting HK2 in BC cells

Considering that aerobic glycolysis is important for influencing BC cell progression by HK2, and let-7b-5p
inhibits HK2 expression, we then explored whether let-7b-5p regulates glycolysis via HK2. We examined
the role of let-7b-5p on hexokinase (HK) enzyme activity, glucose uptake, lactate production and ATP
concentration in MDA-MB-231 and ZR75-1 cells (Fig. 4A and Fig. S2A). Let-7b-5p mimic decreased the HK
activity, glucose uptake, lactate level and ATP concentration, and HK2 reexpression rescued these
influence. Furthermore, let-7b-5p mimic decreased extracellular acidification (ECAR) and increased
oxygen consumption (OCR), and HK2 reexpression rescued these effects (Fig. 4B, C and Fig. S2B, C). In
addition, let-7b-5p inhibitor greatly increased glycolytic phenotype, and knockdown of HK2 undermined
these effects (Fig. 4D-F and Fig. S2D-F). Accordingly, these findings indicate that let-7b-5p inhibits
glycolysis by repressing HK2 in BC cells.

Let-7b-5p regulates proliferation, migration and invasion of
BC cells by aerobic glycolysis

Considering let-7b-5p modulates glycolysis as well as proliferation, migration and invasion of BC cells via
HK2, we used glycolysis inhibitor 2-Deoxy-D-glucose (2-DG) to investigate whether let-7b-5p/HK2 axis
influences these phenotypes by glycolysis. In MDA-MB-231 and ZR75-1 cells, the proliferation, migration
and invasion enhancement mediated via let-7b-5p inhibitor was reverted by 2-DG (Fig. 5A-D).

Let-7b-5p/HK2 axis regulates in vivo glycolysis,
tumorigenesis and metastasis in BC

To verify the in vivo effect of let-7b-5p/HK2 axis, we established nude mouse xenograft tumor models of
BC. As expected, let-7b-5p inhibitor significantly enhanced the breast tumor growth of MDA-MB-231 cells,
while HK2 knockdown dramatically resisted the growth (Fig. 6A, B). Importantly, let-7b-5p inhibitor-
mediated enhancement of tumor growth was abrogated when HK2 was knocked down, revealing that let-
7b-5p modulates breast tumor growth by HK2. Further tumor lactate analysis verified that let-7b-5p
regulated lactate production via HK2 (Fig. 6C, D). Moreover, let-7b-5p inhibitor promoted lung metastasis
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of breast tumor, whereas HK2 knockdown blocked this effect (Fig. 6E). Furthermore, let-7b-5p inhibitor-
mediated lung metastasis was abrogated when HK2 was knocked down. The metastasis foci were
confirmed via histologic analysis on the lungs (Fig. 6F). These data display that let-7b-5p depresses
breast tumorigenesis and metastasis in vivo via HK2.

Let-7b-5p is negatively correlated with HK2 in patients with
BC

To assess clinical association between let-7b-5p and HK2, let-7b-5p expression was detected in breast
cancer and normal tissues. Intriguingly, let-7b-5p was downregulated in BC samples compared with
normal samples (Fig. 7A, B). The specificity of let-7b-5p probe was verified by miRNA fluorescence in situ
hybridization (FISH) (Fig. S3A). Moreover, HK2 expression was detected by immunocytochemistry (IHC)
and let-7b-5p expression was by miRNA FISH in BC tissues. In agreement with the phenomenon that let-
7b-5p represses HK2 in cultured cells, let-7b-5p level negatively correlated with HK2 level (Fig. 7C, D). We
identified the specificity of HK2 antibody using IHC of BC tissues (Fig. S3B). Accordingly, these data
strongly support that let-7b-5p/HK2 axis plays critical pathological roles in breast cancer.

Discussion

Metabolic reprogramming, especially for aerobic glycolysis (Warburg effect), is an emerging hallmark of
cancer [4, 5]. Targeting metabolic pathway is increasingly recognized as an efficient way to control tumor
growth and enhance anti-cancer therapy. Metabolic enzymes in the pathway have been paid much
attention as targets for anti-cancer treatments. As a result, researchers are trying hard to find new drugs
that target metabolic enzymes by blocking glucose metabolism.

HK2, one of the key metabolic enzymes, catalyzes the irreversible rate-limiting step of glycolysis and
accelerates aerobic glycolysis and cancer progression. High expression of HK2 has been shown
associated with poor clinical prognosis in patients with cancer [24]. Therefore, developing HK2 inhibitors
is significant. Currently, some miRNAs have been reported as inhibitors of HK2. MiR-216b potentiates
breast cancer cell autophagy and apoptosis in vitro by targeting HK2 through mTOR signaling pathway
[25]. Resibufogenin regulates miR-143-3p/HK2 axis to inhibit tumor growth and glycolysis in breast
cancer [26]. MiR-3662 and miR-125a act as suppressors for glucose metabolism by HK2 inhibition, and
suppress cell proliferation, invasion or apoptosis in hepatocellular carcinoma cells in vitro[21, 27].
However, the significance for physiology and pathology of these natural miRNAs molecules is unclear.
Our research found that let-7b-5p is a novel inhibitor of HK2, inhibits HK enzyme activity, glucose uptake,
lactate level and ATP concentration, and leads to conversion from aerobic glycolysis to mitochondrial
respiration via repressing HK2 in BC cells. Let-7b-5p depresses BC proliferation and lung metastasis by
suppression of HK2-mediated aerobic glycolysis. Furthermore, let-7b-5p negatively correlates with HK2 in
BC tissues. Therefore, these data illustrate the let-7b-5p significance for physiology and pathology in
modulating HK2-mediated aerobic glycolysis as well as tumorigenesis and lung metastasis. Upregulation

of let-7b-5p could be a promising approach for BC therapy with HK2 overexpression.
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Recently, let-7b-5p has been identified to have different roles on regulating tumorigenesis and cancer
progression. As a tumor suppressor, let-7b-5p inhibits growth and apoptosis through targeting IGF1R in
multiple myeloma [28]; let-7b-5p suppresses proliferation and motility by negatively modulating
KIAA1377 in squamous cell carcinoma cells [29]. The anti-cancer roles were also confirmed in other
cancers, such as human glioma, hepatocellular carcinoma, and gastric cancer [30—32]. As a tumor-
promoting factor, let-7b-5p is overexpressed in ovarian cancer, and its silence dampens ovarian cancer
cell proliferation [33]. Suppression of let-7b-5p is conducive to an anti-tumorigenic macrophage
phenotype in prostate cancer by SOCS1/STAT pathway [34]. The findings show that let-7b-5p plays a
tissue-specific role in different types of cancer. Previous researches have presented that let-7b-5p was
downregulated in BC [23] and overexpression of let-7b-5p associated with better OS and disease-free
survival (DFS) in all breast cancer cases [35] by TCGA dataset analysis. However, the influence of let-7b-
5p on Warburg effect and its mechanism in regulating breast cancer is still unclear. We showed that let-
7b-5p suppresses not only aerobic glycolysis but also growth and metastasis of breast tumors by
inhibiting HK2-mediated glycolysis. Therefore, our research presents a molecular explanation which links
the anti-cancer effect of let-7b-5p in inhibiting breast tumor progression with its ability to dampen
glycolysis. In addition, let-7b-5p associates glycolysis with breast tumor proliferation and lung metastasis
in vivo.

Overall, our study demonstrates that let-7b-5p dampens BC cell growth and metastasis in vitro and in vivo
through suppressing glycolysis via inhibiting the expression of HK2. Let-7b-5p negatively correlates with
HK2 in patients with breast cancer. These results verify the significance of let-7b-5p/HK2 axis in aerobic
glycolysis as well as breast tumorigenesis and progression. Therefore, let-7b-5p could be valuable for
treating HK2-overexpressing breast cancer patients.

Materials And Methods
Cell culture

MDA-MB-231, ZR75-1 and HEK293T cell lines were obtained from American Type Culture Collection
(ATCC). MDA-MB-231 cell line labeled with firefly luciferase was a gift from Professor Yongfeng Shang.
All cells were cultured in DMEM (Gibco) appended to 10% FBS (Everygreen) and 100 ug/ml penicillin and
streptomycin (Biomed) at 37°C with 5% CO,.

RNA oligonucleotides, plasmids, lentivirus, Regents

Let-7b-5p mimic/inhibitor was purchased from GenePharma. Wild-type and mutated sequence of the HK2
3-UTR were inserted into a pcDNA3-luciferase expression vector, generating HK2 3'-UTR WT and HK2 3'-
UTR MUT, respectively. HK2 expression vector was constructed by inserting PCR-amplified fragments into
pcDNAS3 (Invitrogen). HK2 shRNA stable cell line was established by lentiviral transduction using pSIH-H1-
Puro (System Biosciences) carrying HK2 shRNA. The target sequence of HK2 shRNA was
ATAAGCTACAAATCAAAGA. Stable cells that infected with lentiviruses were screened using puromycin.
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Reagents for miRNAs and plasmids transfection were respectively Lipofectamine RNAIMAX and
Lipofectamine 3000 (Invitrogen). Anti-HK2 antibody was obtained from Cell Signaling Technology and
anti-B-actin antibody was obtained from Santa Cruz Biotechnology.

Quantitative real-time PCR (RT-qPCR)

Total RNA, including mRNA and miRNA, was extracted with TRIzol reagent (Invitrogen). miRcute Plus
miRNA First-Strand cDNA Kit (Tiangen) was used to transcribe miRNA into cDNA. RT-gPCR analysis was
determined with 2 x Tag Pro Universal SYBR qPCR Master Mix (Vazyme) using the BioRad CFX96. The
relative fold expression of the targets was normalized to U6 or B-actin (endogenous control) and

calculated by 2722Ct method. Primer sequences used are listed in Table S2.

Luciferase reporter assay

Cells seeded in 24-well plate were co-transfected with negative control (NC) or let-7b-5p mimic, in
combination with luciferase reporters HK2 3-UTR WT/ Mut and pRL-TK (internal control) using
Lipofectamine 3000. Luciferase activities analysis were performed 48 h later following manufacture’s
instruction (Promega).

Cell proliferation, migration and invasion assays

Cell proliferation was performed using CCK-8 kit and colony formation assay. Cell migration was
examined by scratch test. Cell invasion was assessed by transwell assay with Matrigel Invasion
Chambers. These assays were conducted according to the methods described previously [36].

Glycolytic phenotype assay

Hexokinase Colorimetric Assay Kit, Glucose Uptake Colorimetric Assay kit, ATP Colorimetric Assay kit and
Lactate Assay Kit Il were purchased from Biovision and used to detect HK activity, glucose uptake, ATP
and lactate production, respectively. These assays were detected following manufacturer’s protocols as
described previously [37].

ECAR and OCR assays

ECAR were examined by Seahorse XF Glycolysis Stress Test Kit and OCR were examined by Seahorse XF
Cell Mito Stress Test Kit (Agilent Technologies). Samples were detected via Seahorse XF€ 96 Extracellular
Flux Analyzer (Seahorse Bioscience). The assays were performed referring to manufacturer provided
protocols as described previously [37].

Tumorigenesis and metastasis in nude mice

Animal experiments were approved by Institutional Animal Care Committee of Beijing Institute of
Biotechnology. For tumorigenesis analysis, ten million MDA-MB-231 cells stably carrying control or HK2
shRNA treated with 1 pmol antagomiR-let-7b-5p (anti-let-7b-5p) or antagomiR-NC (scramble) for 3 days
were subcutaneously inoculated into female BALB/c nude mice (6 to 8 weeks old) which were randomly
selected 7 into each group without blinding. Tumor size was detected by vernier caliper every 5 days and
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tumor volume was calculated as the formula: (lengthx width?)/2. After 45 days, the mice were sacrificed
and dissected tumors were imaged and then frozen in liquid nitrogen for further study.

For metastasis experiment, one million these treated MDA-MB-231 cells were injected into female BALB/c
nude mouse (n = 5/group) by lateral tail vein [38]. 30 days later, these mice images were captured by
IVIS200 imaging system (Xenogen Corporation) and metastatic foci of lung tissues was analyzed by H&E
staining.

Clinical samples, miRNA FISH and IHC

Samples of 144 human breast cancer and 114 normal tissues obtained from the PLA General Hospital,
with the informed consent of patients and approval of the Institutional Review Committees of the Chinese
PLA General Hospital. The expression level of let-7b-5p was determined following miRNA FISH
instructions (Exonbio). Let-7b-5p probe (FITC labeled) sequence was AACCACACAACCTACTACCTCA.
Scramble probe (negative control) sequence was GTGTAACACGTCTATACGCCCA. The level of HK2
expression was determined by IHC and cyanine 3 system (K1051, APExBIO). Anti-HK2 antibody (Cell
Signaling Technology) was used as the primary antibody. IHC of specimens was analyzed as previously
described [39]. The fluorescence intensity was examined using a microscope (BX53F; Olym-pus, Tokyo,
Japan). The let-7b-5p or HK2 score was calculated by multiplying staining intensity (1, low; 2, medium; 3,
strong) by stained cells percentage (0-100%).

Statistical analysis

Statistical analyses were processed with GraphPad Prism 7 software. Comparisons among multiple
groups were analyzed by One-way ANOVA. Means between two groups were compared by Student’s #test.
Correlation analysis between HK2 and let-7b-5p expression was represented using Spearman rank
correlation. P<0.05 was considered statistically significant. All experiments in vitro were performed in
triplicates.

Declarations

DATA AVAILABILITY

All data generated or analyzed presented in this study are included in the article and its supplementary
files.

ACKNOWLEDGEMENTS

This work was supported by National Natural Science Foundation (81902838, 81930078 and 81872246)
and Beijing Natural Science Foundation (7204284).

AUTHOR CONTRIBUTIONS

Page 8/20



Q.Y. and L.L. conceived the projects and designed research; L.L. and X.Z. performed experiments and
analyzed data, aided by Y.L, X.R., S.W.,, and T.X.; J.L. collected the clinical samples; L.L. and Q.Y. wrote the
manuscript.

COMPETING INTERESTS

The authors declare no competing interests.

References

1. Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global cancer statistics 2018:
GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA
Cancer J Clin. 2018; 68: 394-424.

2. Collignon J, Lousberg L, Schroeder H, Jerusalem G. Triple-negative breast cancer: treatment
challenges and solutions. Breast Cancer (Dove Med Press). 2016;8:93-107.

3. Warburg 0. On the origin of cancer cells. Science. 1956;123:309-14.

4. Hsu PP, Sabatini DM. Cancer cell metabolism: Warburg and beyond. Cell. 2008;134.703-7.

5. Heiden MGV, Cantley LC, Thompson CB. Understanding the Warburg effect: The metabolic
requirements of cell proliferation. Science. 2009;324:1029-33.

6. Zhong JT, Zhou SH. Warburg effect, hexokinase-ll, and radioresistance of laryngeal carcinoma.
Oncotarget. 2017;8:14133-46.

7. Lis P, Dylag M, Niedzwiecka K, Ko YH, Pedersen PL, Goffeau A, et al. The HK2 dependent "Warburg
effect" and mitochondrial oxidative phosphorylation in cancer: Targets for effective therapy with 3-
Bromopyruvate. Molecules. 2016;21:1730.

8. Jiao L, Zhang HL, Li DD, Yang KL, Tang J, Li X, et al. Regulation of glycolytic metabolism by
autophagy in liver cancer involves selective autophagic degradation of HK2 (hexokinase 2).
Autophagy. 2018;14:671—-84.

9. Cao LL, Wang M, Dong YJ, Xu B, Chen J, Ding Y, et al. Circular RNA circRNF20 promotes breast
cancer tumorigenesis and Warburg effect through miR-487a/HIF-1 alpha/HK2. Cell Death Dis.
2020;11:145.

10. ShiT,MaY, Caol, Zhan S, Xu Y, Fu F, et al. B7-H3 promotes aerobic glycolysis and chemoresistance
in colorectal cancer cells by regulating HK2. Cell Death Dis. 2019;10:308.

11. Zhang GY, Ma AJ, Jin YQ, Pan GY, Wang C. LncRNA SNHG16 induced by TFAP2A modulates
glycolysis and proliferation of endometrial carcinoma through miR-490-3p/HK2 axis. Am J Transl|
Res. 2020;12:2321.

12. Sun LM, Wang P, Zhang ZQ, Zhang K, Xu Z, Li SY, et al. MicroRNA-615 functions as a tumor
suppressor in osteosarcoma through the suppression of HK2. Oncol Lett. 2020;20:226.

13. Chen JA, Yu Y, Li H, Hu QY, Chen XL, He YT, et al. Long non-coding RNA PVT1 promotes tumor
progression by regulating the miR-143/HK2 axis in gallbladder cancer. Mol Cancer. 2019;18(1):33.

Page 9/20



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Chen JQ, Papp G, Szodoray B, Zeher M. The role of microRNAs in the pathogenesis of autoimmune
diseases. Autoimmun Rev. 2016;15:1171-80.

Homami A, Ghazi F. MicroRNAs as biomarkers associated with bladder cancer. Med J Islam Repub
Iran. 2016;30:475.

Guancial EA, Bellmunt J, Yeh S, Rosenberg JE, Berman DM. The evolving understanding of microRNA
in bladder cancer. Urol Oncol. 2014;32:41.

Braicu C, Cojocneanu-Petric R, Chira S, Truta A, Floares A, Petrut B, et al. Clinical and pathological
implications of miRNA in bladder cancer. Int J Nanomedicine. 2015;10:791-800.

Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev Cancer. 2006;6:857-66.

Gaur A, Jewell DA, Liang Y, Ridzon D, Moore JH, Chen CF, et al. Characterization of microRNA

expression levels and their biological correlates in human cancer cell lines. Cancer Res.
2007,67:2456-68.

Wang SJ, Li XD, Wu LP, Guo P, Feng LX, Li B. MicroRNA-202 suppresses glycolysis of pancreatic
cancer by targeting hexokinase 2. J Cancer. 2021;12(4):1144-1153.

Ye J, Xiao X, Han Y, Fan D, Zhu Y, Yang L. miR-3662 suppresses cell growth, invasion and glucose
metabolism by targeting HK2 in hepatocellular carcinoma cells. Neoplasma. 2020;67:773-81.
Sun LM, Wang P, Zhang ZQ, Zhang K, Xu Z, Li SY, et al. MicroRNA-615 functions as a tumor
suppressor in osteosarcoma through the suppression of HK2. Oncol Lett. 2020;20(5):226.

Ju ZL, Bhardwaj A, Embury MD, Singh H, Gunaratne PH, Bedrosian |, et al. Integrative analyses of
multilevel omics reveal preneoplastic breast to possess a molecular landscape that is globally
shared with invasive basal-like breast cancer. Cancers (Basel). 2020;12:722.

Garcia SN, Guedes RC, Marques MM. Unlocking the potential of HK2 in cancer metabolism and
therapeutics. Curr Med Chem. 2019;26:7285-322.

Liu T, Ye B Ye Y, Han B. MicroRNA-216b targets HK2 to potentiate autophagy and apoptosis of breast
cancer cells via the mTOR signaling pathway. Int J Biol Sci. 2021;17:2970-83.

Guo Y, Liang F, Zhao FL, Zhao J. Resibufogenin suppresses tumor growth and Warburg effect
through regulating miR-143-3p/HK2 axis in breast cancer. Mol Cell Biochem. 2020;466:103-15.

Jin FF, Wang YB, Zhu YN, Li S, Liu Y, Chen C, et al. The miR-125a/HK2 axis regulates cancer cell
energy metabolism reprogramming in hepatocellular carcinoma. Scientific reports. 2017;7:3089.

Xu H, Liu C, Zhang Y, Guo X, Liu Z, Luo Z, et al. Let-7b-5p regulates proliferation and apoptosis in
multiple myeloma by targeting IGF1R. Acta Biochim Biophys Sin (Shanghai). 2014;46:965-72.

Zheng ST, Liu Q, Ma R, Tan DD, Shen TX, Zhang X, et al. Let-7b-5p inhibits proliferation and motility in
squamous cell carcinoma cells through negative modulation of KIAA1377. Cell Biol Int.
2019;43:634-41.

Xi X, ChuY, LiuN,Wang Q, Yin Z, Lu Y, et al. Joint bioinformatics analysis of underlying potential
functions of hsa-let-7b-5p and core genes in human glioma. J Transl Med. 2019;17:129.

Page 10/20



31.Li S, Peng F,Ning Y, Jiang P, Peng J, Ding X, et al. SNHG16 as the miRNA let-7b-5p sponge facilitates
the G2/M and epithelial-mesenchymal transition by regulating CDC25B and HMGAZ2 expression in
hepatocellular carcinoma. J Cell Biochem. 2020;121:2543-2558.

32. Han X, Zhang HB, Li XD, Wang ZA. Long non-coding RNA X-inactive-specific transcript contributes to
cisplatin resistance in gastric cancer by sponging miR-let-7b. Anticancer Drugs. 2020;31:1018-25.

33. Huang X, Dong H, Liu Y, Yu F, Yang S, Chen Z, et al. Silencing of let-7b-5p inhibits ovarian cancer cell
proliferation and stemness characteristics by Asp-Glu-Ala-Asp-box helicase 19A. Bioengineered.
2021;12:7666-77.

34.Rong JP, Xu L, Hu YY, Liu F, Yu YR, Guo HY, et al. Inhibition of let-7b-5p contributes to an anti-
tumorigenic macrophage phenotype through the SOCS1/STAT pathway in prostate cancer. Cancer
Cell Int. 2020;20:470.

35. Oztemur Islakoglu Y, Noyan S, Aydos A, Gur Dedeoglu B. Meta-microRNA biomarker signatures to
classify breast cancer subtypes. OMICS. 2018;22:709-16.

36. Li L, Kang L, Zhao W, Feng Y, Liu W, Wang T, et al. miR-30a-5p suppresses breast tumor growth and
metastasis through inhibition of LDHA-mediated Warburg effect. Cancer Lett. 2017;400:89-98.

37.LiL,LiangY,KangL,LiuY,Gao S, Chen S, et al. Transcriptional regulation of the Warburg effect in
cancer by SIX1. Cancer Cell. 2018;33:368-85.

38.Shi Y, Zhang Y, Ran F, Liu J, Lin J, Hao X, et al. Let-7a-5p inhibits triple-negative breast tumor growth
and metastasis through GLUT12-mediated Warburg effect. Cancer Lett. 2020;495:53-65.

39. LiH,Chen Z, Zhang Y, Yuan P, Liu J, Ding L, et al. MiR-4310 regulates hepatocellular carcinoma
growth and metastasis through lipid synthesis. Cancer Lett. 2021;519:161-71.

Figures

Page 11/20



group

— ngn
— low

+ (Ngh1)
+ (low,1)

Percent survival

0 100 200 300

Time (months)

group D

— i
= R aR
[ — low & Q;V(' {.’;’
= igh, Q}' hd
5 o) ¢ & & &
€
8 o B — 12
&

— —— w—  P-actin
000 _
0 100 200 300

Time (months)

Figure 1

Prediction of microRNAs targeting HK2 with clinical significance. A Venn diagram of microRNAs
predicted to target HK2 by StarBase, miRDB and TargetScan Databases. B, C Overall survival curves for
let-7b-5p and miR-181c¢-5p in 541 BC patients was plotted based on ENCORI database
(https://starbase.sysu.edu.cn/). D Western blot detected HK2 expression after transfection of candidate
miRNA mimics or negative control (NC) in HEK293T cells (n=3). miR-143-3p acted as a positive control.
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Figure 2

Let-7b-5p targets HK2. A, B Western blot for HK2 protein expression in indicates BC cells after transfection
with let-7b-5p mimic or NC (A), or let-7b-5p inhibitor or scramble (B) (n = 3, mean + SD). Histograms under
western blot show let-7b-5p expression by RT-gPCR (n = 3, mean + SD). C RT-gPCR assay of HK2 mRNA
expression level in indicated BC cells after transfection with let-7b-5p mimic/inhibitor (n = 3, mean + SD).
D Dual-luciferase reporter assay of the indicated BC cells after transfection with wild-type or mutated HK2
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reporter plus let-7b-5p mimic (n = 3, mean + SD). The top panel shows the putative binding sites between

HK2 and let-7b-5p. *p < 0.01 versus corresponding control.
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Figure 3

Let-7b-5p dampens BC cell growth, migration and invasion via repression of HK2 expression. A Growth
curve was analyzed by CCK-8 Kit after MDA-MB-231 cells were transfected with NC, let-7b-5p mimic or let-
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7b-5p mimic plus HK2 plasmid (n = 3, mean * SD). Western blot and RT-qPCR showed HK2 and let-7b-5p
expression respectively. B Colony formation analysis of MDA-MB-231 cells after the transfection as in (A).
Histograms display the colony number (n = 3, mean + SD). C, D Scratch test (C) and transwell assay (D)
of MDA-MB-231 cells after the transfection as in (A). Histograms display relative cell migration or
invasion (n = 3, mean * SD). E, F Control or HK2 shRNA MDA-MB-231 cells with the transfection of let-7b-
5p inhibitor or scramble were analyzed as in (A) and (B) (n = 3, mean + SD). G, H Scratch test (G) and
transwell assay (H) of control or HK2 shRNA MDA-MB-231 cells with the transfection asin (E, F) (n = 3,

mean + SD). Scale bar, 100 pm. *p < 0.05, “p < 0.01 versus corresponding control.
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Figure 4

Let-7b-5p impairs glycolysis by suppression of HK2 expression in BC cells. A HK activity, glucose uptake,
lactate production and ATP concentration assays of MDA-MB-231 cells after transfection with NC, let-7b-
5p mimic or let-7b-5p mimic plus HK2 plasmid (n = 3, mean = SD). Western blot and RT-qPCR analysis
reveal HK2 and let-7b-5p expression, respectively (n = 3, mean + SD). B, C ECAR (B) and OCR (C) were
assayed after MDA-MB-231 cells were transfected as in (A) (n = 4, mean + SD). D Control or HK2 shRNA
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MDA-MB-231 cells with transfection of let-7b-5p inhibitor or scramble were detected as in (A) (n = 3, mean
+ SD). E, F ECAR (E) and OCR (F) detection of control or HK2 shRNA MDA-MB-231 cells after transfection

asin (D) (n = 4, mean + SD). “p< 0.01 versus corresponding control.
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Let-7b-5p relies on glycolysis to regulate BC cell proliferation and migration. A Growth curve of the
indicated BC cells were assayed by CCK8-kit after the transfection of let-7b-5p inhibitor or scramble and
treatment of 2.5 mM 2-DG (n = 3, mean + SD). RT-qPCR analyzed let-7b-5p expression (n = 3, mean + SD).
B Colony formation assay of the indicated cells after transfection as in (A). Histograms display the
colony number (n = 3, mean + SD). C, D Scratch test (C) and transwell assay (D) of the indicated cells
after the transfection as in (A). Histograms display relative cell migration or invasion (n = 3, mean + SD).

"p<0.01 versus corresponding control.
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Figure 6

Let-7b-5p/HK2 axis modulates glycolysis, tumor proliferation and metastasis in mice. A, B Control or HK2
shRNA MDA-MB-231 cells were treated with anti-let-7b-5p (antagomiR-let-7b-5p) or scramble (antagomiR-
NC) and injected into nude mice. Tumor size was detected at indicated times, and proliferation curve was
drew (n = 7, mean + SD). C Lactic acid concentration of representative tumors from (A) was assayed (n =
3, mean + SD). D Western blot of HK2 expression in representative tumors from (A). E Representative
bioluminescence images were collected from lung metastasis models by injecting indicated MDA-MB-231
cells into tail vein of nude mice (n = 5). The bioluminescence signal is presented by an overlaid false-
color image with the signal intensity indicated by the scale. F Representative photographs of lungs from
E and H&E staining of lung tissue sections. Scatter diagram showed number of metastatic nodules.
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Correlation analysis between let-7b-5p and HK2 in patients with breast cancer. A Immunofluorescence
staining of let-7b-5p in 114 normal samples and 144 BC samples. Scale bar, 100 um. B Let-7b-5p
expression was analyzed between 114 normal and 144 BC tissues by Mann-Whitney U test. C
Representative immunofluorescence imaging o of 144 BC patients. HK2 expression were detected by IHC
and let-7b-5p expression were detected by miRNA FISH. Scale bar, 100 pm. D Correlation analysis of let-
7b-5p and HK2 expression in 144 BC patients.
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