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Abstract. Novel molecular targets for cervical cancer must be identified. This study examined the 14 

role of SLC5A3, a myo-inositol transporter, in the pathogenesis of cervical cancer. Through 15 

boinformatics analysis, we showed that the SLC5A3 mRNA levels were upregulated in cervical 16 

cancer tissues. The upregulated SLC5A3 mRNA levels were negatively correlated with survival and 17 

progression-free interval. Genes co-expressed with SLC5A3 were enriched in multiple signaling 18 

cascades involved in cancer progression. In primary/established cervical cancer cells, SLC5A3 19 

shRNA/knockout (KO) exerted growth-inhibitory effects and promoted cell death/apoptosis. 20 

Furthermore, SLC5A3 knockdown or KO downregulated myo-inositol levels, induced oxidative 21 

injury, and decreased Akt-mTOR activation in cervical cancer cells. In contrast, supplementation of 22 

myo-inositol or n-acetyl-L-cysteine or transduction of a constitutively active Akt1 construct 23 

mitigated SLC5A3 KO-induced cytotoxicity in cervical cancer cells. Lentiviral SLC5A3 24 

overexpression construct transduction upregulated the cellular myo-inositol level and promoted 25 

Akt-mTOR activation, enhancing cervical cancer cell proliferation and migration. The binding of 26 

TonEBP to the SLC5A3 promoter was upregulated in cervical cancer. In vivo studies showed that 27 

intratumoral injection of SLC5A3 shRNA-expressing virus arrested cervical cancer xenograft growth 28 

in mice. SLC5A3 KO also inhibited pCCa-1 cervical cancer xenograft growth. The 29 

SLC5A3-depleted xenograft tissues exhibited myo-inositol downregulation, Akt-mTOR inactivation, 30 

and oxidative injury. Transduction of sh-TonEBP AAV construct downregulated SLC5A3 expression 31 

and inhibited pCCa-1 cervical cancer xenograft growth. Together, overexpressed SLC5A3 promotes 32 
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growth of cervical cancer cells, representing as a novel therapeutic oncotarget for the devastating 33 

disease. 34 

 35 

1. Introduction  36 

 37 

Globally, cervical cancer is estimated to be associated with more than 320,000 mortalities every 38 

year [1, 2]. The incidence (13.1%) and mortality (6.1%) rates of cervical cancer in women are the 39 

fourth highest among cancers [3, 4].  40 

 41 

Currently, a curative therapeutic strategy is not available for patients with advanced, recurrent, 42 

or metastatic cervical cancer [3-5]. The efficacy of current treatments, including traditional 43 

cisplatin/paclitaxel chemotherapy, bevacizumab targeted therapy [6, 7], and immunotherapy 44 

(immune checkpoint inhibitors) [8], is < 50% in these patients [4, 9]. Thus, there is a need to identify 45 

novel signaling targets and develop corresponding targeted therapies for advanced, recurrent, and 46 

metastatic cervical cancer [6, 10].  47 

 48 

SLC5A3, which encodes a Na
+
/myo-inositol (MI) cotransporter, is located at q22 on 49 

chromosome 21 and contains one promoter and two exons spanning 2157 nucleotides [11, 12]. The 50 

SLC5A3 protein comprises 718 amino acid residues and is expressed in different human tissues [12]. 51 

The expression of SLC5A3 is reported to be upregulated in patients with Down’s syndrome [12-14]. 52 

Andronic et al. demonstrated that hypotonic stress upregulated SLC5A3 expression and MI transport 53 

in HEK293 cells, suggesting that SLC5A3 regulates mammalian cell hypotonic volume [15].  54 

 55 

Some studies have examined the function of SLC5A3 in the pathogenesis of human cancer. For 56 

example, SLC5A3-dependent MI transport, which promotes nutrient dependency, is required for 57 

acute myeloid leukemia (AML) cell proliferation [16]. SLC5A3 silencing decreased MI contents and 58 

arrested AML cell proliferation [16]. This study demonstrated that SLC5A3 overexpression 59 

promoted cervical cancer cell growth. 60 

 61 

2. Materials and methods 62 

 63 

Reagents. CCK-8, puromycin, cell culture medium, serum, MI, N-Acetyl-L-cysteine (NAC) as 64 

well as RNA reagents, fluorescence dyes, antibodies and the caspase inhibitors were provided by Dr. 65 

Cui [17] or purchased from Sigma (St. Louis, Mo).  66 
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  67 

Cells. “pCCa-1”, “pCCa-2”, “pCCa-3” primary cancer cells (derived from three patients), the 68 

primary human cervical epithelial cells (“HCerEpC1”), HeLa immortalized cells and Ect1/E6E7 69 

epithelial cells were from Dr. Cao [18]. Cells were cultivated under the described high glucose 70 

(4.5g/L glucose) medium [19]. The protocols of this study were reviewed by the Ethics Committee of 71 

Minhang Hospital, Fudan University (Shanghai, China).  72 

 73 

Human tissues. The cervical cancer tissues along with the matched adjacent normal cervical 74 

epithelial tissues were from twenty (20) cervical cancer patients (written-informed consent, 75 

administrated at authors’ institution). The immunohistochemistry (IHC) staining in four μm-thick 76 

tissue slides were reported previously [20].  77 

 78 

shRNA or overexpression. The sequences encoding three different shRNAs targeting human 79 

SLC5A3, shSLC5A3 (seq1, targeting: GCACTTACACTTATGATTATT), shSLC5A3 (seq2, targeting: 80 

GACTAATTCTGAAGCATATTT) and shSLC5A3 (seq3, targeting: 81 

ACCCTAACCATTGGCATATAT), or the SLC5A3 cDNA sequence (hSLC5A3[NM_006933.7]), 82 

were individually inserted into GV248 lentiviral construct (Genechem). Each of the construct was 83 

co-transfected to HEK-293 cells along with lentivirus envelope constructs (Genechem). The 84 

generated lentiviral particles were added to cultured cervical cancer cells or epithelial cells at 85 

MOI=11.6 for 48h. Afterwards, puromycin was added for another 96h to select stable cells. For 86 

animal xenograft studies, the two SLC5A3 shRNA (-seq1/3) sequence or the scramble control 87 

shRNA sequence (shC) was inserted into an AAV9 construct (Genechem). The shRNA AAV was 88 

then generated. Silencing or overexpression (hSLC5A3[NM_006933.7]) of TonEBP 89 

(tonicity-responsive enhancer-binding protein) was through exact the same procedure in vitro and in 90 

vivo. Two different shRNAs against TonEBP, shTonEBP-seq1 (targeting: 91 

GCAGCAGATTTCATCAAATAT) and shTonEBP-seq2 (targeting: 92 

GCAGAGTAACTGGACGAAATA), were utilized. Parental cells (“Pare”) were always utilized as 93 

the control cells. 94 

 95 

CRISPR/Cas9. Cells were transfected with lentiviral particles with Cas9-expressing construct 96 

and stable cells were formed following selection. The two different sequences encoding small-guide 97 

(sgRNA) targeting SLC5A3 were each inserted into a lenti-CRISPR/Cas9-KO-puro construct 98 

(Genechem). sg-1 targets ATCCCAATTTACATCCGGTC with AGG PAM sequence. sg-2 targets 99 

TCCCAATTTACATCCGGTCA with GGG PAM sequence. The construct was transfected to 100 
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HEK-293 cells to generate lentiviral particles. The particles were then added to Cas9 stable cells, and 101 

puromycin added to select stable colonies. SLC5A3 KO screening was carried out.  102 

 103 

Immunofluorescence and ChIP assays. In the cell culture plate, the glass slide was first fixed 104 

and washed with PBS for three times. Next, the 0.5% Triton X-100 was added for permeabilization. 105 

Different fluoresce dyes were added to the glass slide and the redundant fluoresce dyes washed off 106 

four times with PBS. Water absorbent paper was utilized to suck up the liquid and the fluoresce 107 

signalings were observed and collected under a fluorescence microscope (Zeiss). TonEBP 108 

chromosome immunoprecipitation (ChIP)’s protocols were described previously [21]. 109 

 110 

Myo-inositol (MI) detection and superoxide dismutase (SOD) activity. In brief, MI contents 111 

were detected through a MI assay kit (ab252896, abcam, Shanghai, China). The SOD activity in 112 

fresh tumor tissues was measured under the SOD ELISA kit (Thermo-Fisher Invitrogen, Shanghai, 113 

China). 114 

 115 

Constitutively-active Akt1. The viral particles with the S473D constitutively-active Akt1 116 

(caAkt1) were from Dr. Xu [22] and added to pCCa-1 primary cancer cells, with stable cells formed 117 

following selection [22].  118 

 119 

Other assays. CCK-8 viability assay, Trypan blue staining of cell death, Caspase-3 activity 120 

detection, “Transwell” assay of cell migration, nuclear EdU staining (quantifying cell proliferation), 121 

nuclear TUNEL staining of cell death, thiobarbituric acid reactive substance (TBAR) assay, 122 

CellROX staining assay of ROS (reactive oxygen species) production and mitochondrial 123 

depolarization (JC-1 staining) were reported in other studies [23]. qRT-PCR and Western blotting 124 

protocols were reported early [17]. mRNA primers for SLC5A3 and SLC5A11 were described early 125 

[24, 25]. Figure S1 included the uncropped blotting images. 126 

 127 

Xenograft study. The female nude mice, weighing 18.4-19.1g, were provided by Changzhou 128 

Cavens Experimental Animal Co (Changzhou, China). pCCa-1 cells in non-serum medium, at 5 × 10 129 

6
 cells per mouse, were subcutaneously (s.c.) injected to the mice. The xenografts were formed 130 

afterwards. Mice were thereafter intratumorally injected with AAV-packed shRNAs (at 1.2 × 10 
9
 131 

PFU, 8.5 μL). The recordings of the xenografts and mice were reported previously [20].  132 

 133 

Statistical difference. All the in vitro cellular experiments were repeated five times (n = 5). The 134 
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statistical methods were described early [23]. P values < 0.05 indicated statistically significant. “N. 135 

S.” stands for non-statistical difference (P > 0.05). 136 

 137 

3. Results 138 

 139 

3.1. SLC5A3 is upregulated in cervical cancer 140 

 141 

The Cancer Genome Atlas (TCGA) database and Genotype-Tissue Expression (GTEx) dataset, 142 

which comprise RNA sequencing data of 10 healthy tissues, three paracancerous tissues, and 306 143 

cervical cancer tissues, were analyzed. The SLC5A3 mRNA expression levels in tumor tissues were 144 

markedly higher than those in paracancerous and healthy tissues (P < 0.05) (Figure 1A). Analysis of 145 

TCGA cervical cancer datasets revealed that patients with cervical cancer exhibiting SLC5A3 146 

upregulation were associated with poor overall survival (P = 0.065) (Figure 1B) and progression-free 147 

interval (PFI) (P = 0.001, Figure 1C). The receiver operating characteristic curve analysis suggested 148 

that SLC5A3 upregulation can predict the 1-5 year survival rates of cervical cancer patients (Figure 149 

1D).  150 

 151 

Immune cell infiltration analysis based on transcriptome and other omics data revealed that 152 

SLC5A3 upregulation was correlated with the infiltration of different immune cells (Figure 1E). The 153 

LinkedOmics functional model was used to examine genes co-expressed with SLC5A3 in TCGA 154 

cervical cancer cohort. The top 50 significant genes positively correlated with SLC5A3 were 155 

retrieved (Figure 1F-G). Kyoto Encyclopedia of Genes and Genomes analyses revealed that genes 156 

co-expressed with SLC5A3 were enriched in multiple pathways involved in cancer progression, 157 

including Hippo, FOXO, JAK-STAT, and extracellular matrix pathways (Figure 1H). Thus, 158 

bioinformatics analysis revealed that SLC5A3 is upregulated in cervical cancer.  159 

 160 

3.2. SLC5A3 is upregulated in clinical cervical cancer tissues and patient-derived or 161 

established cervical cancer cells  162 

 163 

Next, the clinical specimens of cervical cancer (n = 20) were obtained. The SLC5A3 mRNA 164 

levels in cancer tissues (“T”) were higher than those in healthy epithelial tissues (N”) (Figure 2A). 165 

The protein levels of SLC5A3 were upregulated in the cancer tissue lysates prepared from four 166 

representative clinical specimens (Figure 2B). Western blotting analysis results of all 20 sets of tissue 167 

lysates were combined, which revealed significant SLC5A3 protein upregulation in cancer tissues 168 
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(Figure 2C). SLC5A3 mRNA and protein expression was significantly upregulated in the primary 169 

human cervical cancer cells (pCCa-1/-2/-3 cells, which were obtained from Dr. Cao [18]) and the 170 

immortalized HeLa cells (Figure 2D-F), but were low in the cervical epithelial cells (HCerEpC1 [18] 171 

and Ect1/E6E7 cells) (Figure 2D-F).  172 

 173 

3.3. Silence of SLC5A3 produces anti-cervical cancer cell activity 174 

 175 

SLC5A3 was knocked down using lentiviral particles encoding three different shRNAs targeting 176 

SLC5A3. sh-SLC5A3 (seq1/2/3) constructs were transduced into pCCa-1 primary cells. The infected 177 

cells were further selected using a puromycin-supplemented medium to obtain stable colonies. As 178 

shown in Figure 3A, transduction with sh-SLC5A3 (seq1/2/3) constructs markedly downregulated 179 

the SLC5A3 mRNA levels in pCCa-1 cells but did not affect the SLC5A11 mRNA levels (Figure 3B). 180 

Consistently, transduction with sh-SLC5A3 (seq1/2/3) constructs downregulated the SLC5A3 protein 181 

levels in pCCa-1 cells (Figure 3C) but did not affect the SLC5A11 protein levels (Figure 3C).  182 

 183 

CCK-8 assay showed that SLC5A3 knockdown decreased the viability of pCCa-1 cells (Figure 184 

3D). The number of 5-ethynyl-2′-deoxyuridine (EdU)-positive nuclei was markedly downregulated 185 

in SLC5A3 knockdown pCCa-1 cells, suggesting that SLC5A3 knockdown inhibited cell proliferation 186 

(Figure 3E). Additionally, SLC5A3 knockdown suppressed the in vitro migration of pCCa-1 primary 187 

cells (Figure 3F).  188 

 189 

Transduction with sh-SLC5A3 (seq3) lentiviral particles downregulated the expression of 190 

SLC5A3 mRNA by more than 90% in pCCa-2/pCCa-3 primary cells or HeLa cells (Figure 3G) but 191 

did not affect the expression of SLC5A11 mRNA (Figure 3H). SLC5A3 knockdown markedly 192 

inhibited the proliferation (Figure 3I) and in vitro migration of cancer cells (Figure 3J). Similarly, 193 

transduction with sh-SLC5A3 (seq3) lentiviral particles downregulated the SLC5A3 mRNA levels in 194 

HCerEpC1 and Ect1/E6E7 epithelial cells (Figure 3K). However, SLC5A3 knockdown did not 195 

significantly reduce the viability (Figure 3L) and number of EdU-positive nuclei (Figure 3M) in the 196 

epithelial cells.  197 

 198 

3.4. Apoptosis is induced in SLC5A3 knockdown cervical cancer cells 199 

 200 

Cervical cancer cell growth arrest and proliferation inhibition can activate cell apoptosis [26-28]. 201 

Thus, the effect of SLC5A3 knockdown on cervical cancer cell apoptosis was examined. 202 
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Transduction with sh-SLC5A3 (seq1/2/3) upregulated the CASP3 activity (Figure 4A) and the levels 203 

of cleaved CASP3 and PARP1 in pCCa-1 cells (Figure 4B). The number of TUNEL-positive nuclei 204 

was upregulated in SLC5A3 knockdown pCCa-1 cells (Figure 4C). Furthermore, SLC5A3 205 

knockdown significantly increased the number of trypan blue-positive pCCa-1 cells (Figure 4D), 206 

indicating the upregulation of cell death. Treatment with caspase-apoptosis inhibitors, including 207 

z-DEVD-fmk and z-VAD-fmk, mitigated the SLC5A3 knockdown-induced downregulation of cell 208 

viability (Figure 4E) and upregulation of cell death (Figure 4F) in pCCa-1 cells.  209 

 210 

Transduction with sh-SLC5A3 (seq3) significantly induced apoptosis and increased the number 211 

of TUNEL-positive nuclei in pCCa-2 and pCCa-3 primary cervical cancer cells and HeLa cells 212 

(Figure 4G) but did not promote CASP3 activation (Figure 4H) or induce cell apoptosis (TUNEL 213 

assays, Figure 4I) in HCerEpC1 and Ect1/E6E7 epithelial cells.  214 

 215 

3. 5. SLC5A3 knockout causes remarkable anti-cervical cancer activity 216 

 217 

SLC5A3 was knocked out using CRISPR/ Cas9 system. Two CRISPR/Cas9-SLC5A3 knockout 218 

(KO) constructs, which encoded different single-guide RNAs (sgRNAs) against SLC5A3 219 

[koSLC5A3 (sg1) and koSLC5A3 (sg2)], were individually transfected into Cas9-expressing pCCa-1 220 

cells. After SLC5A3 KO screening, stable SLC5A3 KO pCCa-1 primary cells (“koSLC5A3” cells) 221 

were established. The expression of SLC5A3 was depleted in koSLC5A3 cells (Figure 5A–B) 222 

although SLC5A11 expression was unaltered (Figure 5A–B). The percentage of EdU-positive nuclei 223 

was downregulated in koSLC5A3 pCCa-1 cells (Figure 5C), suggesting the inhibition of cell 224 

proliferation. Furthermore, SLC5A3 KO markedly suppressed pCCa-1 cell migration (Figure 5D). 225 

The expression levels of cleaved CASP3, PARP1, and CASP9 (apoptotic marker proteins) were 226 

upregulated in koSLC5A3 pCCa-1 cells (Figure 5E). Consistently, the percentage of 227 

TUNEL-positive nuclei was upregulated in koSLC5A3 pCCa-1 cells (Figure 5F). Thus, SLC5A3 KO 228 

exerted anti-cervical cancer effects. 229 

 230 

3.6. SLC5A3 knockdown/KO promotes MI depletion and oxidative injury in cervical cancer 231 

cells 232 

 233 

SLC5A3 is involved in transporting MI [16, 29, 30]. The cellular MI contents were 234 

downregulated in sh-SLC5A3 (seq1)-transduced pCCa-1 cells (Figure 6A). Consistently, 235 

transduction with the koSLC5A3 (sg1) construct (Figure 5) downregulated the cellular MI contents 236 
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(Figure 6A). SLC5A3 exerts anti-oxidant effects and downregulates reactive oxygen species (ROS) 237 

production in neuronal cells [31]. In this study, SLC5A3 knockdown or KO upregulated oxidative 238 

stress in cervical cancer cells. The CellROX dye intensity was upregulated in pCCa-1 cervical cancer 239 

cells transduced with sh-SLC5A3 (seq1) or koSLC5A3 (sg1) (Figure 6B). The thiobarbituric acid 240 

reactive substance (TBAR) values were upregulated in SLC5A3 knockdown or KO pCCa-1 cells, 241 

suggesting the upregulation of lipid peroxidation (Figure 6C). JC-1 monomer formation further 242 

supported the depolarization of mitochondria in SLC5A3-depleted pCCa-1 cells (Figure 6D). 243 

Transduction with shC and Cas9C (“shC+Cas9C”) did not affect MI contents (Figure 6A) and ROS 244 

production/oxidative injury (Figure 6B–D) in pCCa-1 cells.  245 

 246 

To investigate the contribution of MI downregulation and oxidative injury to the anti-cervical 247 

cancer effects of SLC5A3 depletion, cells were exogenously treated with MI or the anti-oxidant 248 

N-acetyl cysteine (NAC). Treatment with MI (2.5 mM) or NAC (400 μM) significantly mitigated the 249 

SLC5A3 knockdown/KO-induced downregulation of pCCa-1 cell viability (Figure 6E) and 250 

upregulation of pCCa-1 cell death and apoptosis (Figure 6F–G). However, treatment with MI or 251 

NAC alone did not decrease pCCa-1 cell viability and induce death/apoptosis (Figure 6E–G). These 252 

results indicate that SLC5A3 depletion promotes cervical cancer cell death by downregulating MI 253 

and ROS production.  254 

 255 

3.7. SLC5A3 knockdown/KO inhibits Akt-mTOR activation 256 

 257 

Inositol second messengers can actively regulate multiple signaling cascades involved in cancer 258 

progression. In particular, inositols are reported to activate the Akt cascade [32]. Akt-mTOR cascade 259 

hyperactivation is important for cervical cancer growth [33, 34]. Transduction with sh-SLC5A3 260 

(seq1/2/3) markedly downregulated the phosphorylation of Akt1 (Ser-473) and S6K (mTOR marker 261 

protein) (Figure 7A), resulting in Akt-mTOR cascade suppression. Similarly, transduction with 262 

koSLC5A3 (sg1) markedly downregulated the phosphorylation of Akt1 and S6K (Figure 7B). To 263 

activate the Akt-mTOR cascade, an S473D constitutively active Akt1 ( “caAkt1”) construct was 264 

stably transduced into koSLC5A3 (sg1)-transduced pCCa-1 cells, which upregulated the 265 

phosphorylation of Akt1 and S6K (Figure 7C). Transduction with caAkt1 suppressed the SLC5A3 266 

KO-induced downregulation of pCCa-1 cell viability (Figure 7D) and upregulation of cell death 267 

(Figure 7E) and apoptosis (Figure 7F). 268 

 269 

3.8. Ectopic SLC5A3 overexpression exerts pro-cervical cancer effects  270 
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 271 

Next, a lentiviral SLC5A3 overexpression construct (encoding SLC5A3 cDNA) was stably 272 

transduced into pCCa-1 cells (“SLC5A3-OE” cells). The SLC5A3 mRNA levels were upregulated by 273 

5–6 fold in SLC5A3-OE cells (Figure 8A) but the SLC5A11 mRNA levels were unaltered (Figure 274 

8A). Consistently, the SLC5A3 protein levels were upregulated in SLC5A3-OE cells (Figure 8B) but 275 

the SLC5A11 protein levels were unaffected (Figure 8B). The cellular MI contents were upregulated 276 

in SLC5A3-OE cells (Figure 8C). Additionally, SLC5A3 overexpression upregulated Akt-mTOR 277 

cascade activation and promoted the phosphorylation of Akt1 and S6K in pCCa-1 cells (Figure 8D). 278 

Furthermore, ectopic SLC5A3 overexpression increased EdU incorporation, suggesting that SLC5A3 279 

overexpression promoted pCCa-1 cell proliferation (Figure 8E). The in vitro migration of 280 

SLC5A3-OE cells was also strengthened (Figure 8F). These findings indicate that ectopic SLC5A3 281 

overexpression enhanced cervical cancer cell proliferation and migration.  282 

 283 

3.9. TonEBP-SLC5A3 promoter binding is upregulated in cervical cancer 284 

 285 

The upregulated SLC5A3 mRNA and protein levels in cervical cancer contribute to cancer cell 286 

growth. Next, the potential mechanism of SLC5A3 upregulation was examined by focusing on the 287 

transcriptional mechanism. Johnson et al. demonstrated that TonEBP (NFAT5) is an important 288 

transcription factor of SLC5A3 and that TonEBP expression was correlated with SLC5A3 expression 289 

[35]. TonEBP (NFAT5) was the second top differentially expressed gene (DEG) that was positively 290 

correlated with SLC5A3 expression in TCGA cervical cancer cohort (Figure 1F–G). The pCCa-1 291 

primary cells were transduced with lentiviral particles encoding TonEBP shRNAs (sh-TonEBP-seq1 292 

and sh-TonEBP-seq2). Stable TonEBP knockdown cells were obtained after selection. Transduction 293 

with TonEBP shRNAs markedly downregulated the expression of TonEBP (Figure 9A–B) and 294 

SLC5A3 (Figure 9A–B) in pCCa-1 cells.  295 

 296 

TonEBP cDNA sequence-encoding lentiviral particles were transduced into pCCa-1 cells to 297 

obtain stable TonEBP-overexpressing cells (“ TonEBP-OE” cells). The TonEBP Mrna and protein 298 

levels, as well as the SLC5A3 mRNA and protein levels, were upregulated in TonEBP-OE pCCa-1 299 

cells (Figure 9C–D). These results indicate that TonEBP is a key transcription factor of SLC5A3 in 300 

cervical cancer cells.  301 

 302 

The results of ChIP assay (Figure 9E) revealed that the binding of TonEBP to the proposed 303 

SLC5A3 promoter [35] was significantly upregulated in the cervical cancer tissues of four patients 304 
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but was relatively low in matched adjacent non-cancerous cervical epithelial tissues (Figure 9E). The 305 

binding of TonEBP to the SLC5A3 promoter was strong in pCCa-1/pCCa-2/pCCa-3 primary cells 306 

and immortalized HeLa cells (Figure 9F) but weak in HCerEpC1 and Ect1/E6E7 cells (Figure 9F). 307 

Therefore TonEBP-SLC5A3 promoter DNA binding increasing in cervical cancer is key for SLC5A3 308 

upregulation. 309 

 310 

3.10. SLC5A3 knockdown arrests the growth of cervical cancer xenografts  311 

 312 

Nude mice were subcutaneously injected with pCCa-1 primary cells, resulting in the formation 313 

of xenograft tumors after three weeks (day 0). The SLC5A3 shRNA-encoding adeno-associated virus 314 

(AAV) constructs [AAV-sh-SLC5A3 (seq1) and AAV-sh-SLC5A3 (seq3)] were intratumorally 315 

injected into mice. Mice in the control group were intratumorally injected with shC-encoding AAV 316 

(“AAV-shC”) construct. The AAV constructs were injected once every two days five times. As 317 

shown in Figure 10A, the weekly xenograft growth curve revealed that AAV-sh-SLC5A3 injection 318 

impaired pCCa-1 xenograft growth. The volume of AAV-sh-SLC5A3 (seq1/3)-injected tumors was 319 

lower than that of the AAV-shC-injected tumors (Figure 10A). Moreover, AAV-sh-SLC5A3 320 

injection suppressed daily pCCa-1 xenograft growth (estimated in mm
3
 per day) (Figure 10B). All 321 

pCCa-1 xenografts were carefully isolated on day 42. The weight of AAV-sh-SLC5A3-injected 322 

pCCa-1 xenografts significantly decreased (Figure 10C). The mean bodyweight was not significantly 323 

different between the three groups (Figure 10D). 324 

 325 

Next, the signaling cascades in the AAV-sh-SLC5A3-injected tumors were analyzed. On days 326 

10 and 20, one pCCa-1 xenograft was isolated from each group. The SLC5A3 mRNA (Figure 10E) 327 

and protein (Figure 10F) levels were markedly downregulated in AAV-sh-SLC5A3 (seq1/3)-injected 328 

tumors but the SLC5A11 mRNA levels were unchanged (Figure 10G). Additionally, the MI contents 329 

(Figure 10H) and the phosphorylation of Akt1 and S6K (Figure 10I) were downregulated in 330 

AAV-sh-SLC5A3 (seq1/3)-injected pCCa-1 xenograft tissues. IHC analysis further confirmed the 331 

suppression of Akt1 phosphorylation in AAV-sh-SLC5A3 (seq1/3)-injected pCCa-1 xenografts 332 

(Figure 10J).  333 

 334 

The superoxide dismutase (SOD) activity was significantly downregulated (Figure 10K) in 335 

AAV-sh-SLC5A3 (seq1/3)-injected pCCa-1 xenograft tissues, indicating the induction of oxidative 336 

injury. The levels of the cleaved apoptosis marker proteins were upregulated in AAV-sh-SLC5A3 337 

(seq1/3)-injected pCCa-1 xenograft tissues (Figure 10L). Thus, SLC5A3 knockdown downregulated 338 
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MI contents, suppressed Akt-mTOR cascade activation, promoted oxidative injury, and induced 339 

apoptosis in pCCa-1 xenografts. 340 

 341 

3. 11. SLC5A3 KO hinders pCCa-1 cervical cancer xenograft growth 342 

 343 

Next he primary pCCa-1 cells with the CRISPR/Cas9-SLC5A3-knockout (KO) construct 344 

(“koSLC5A3”, with sg1, see Figure 5) or Cas9C (see Figure 5) were s.c. injected to nude mice.  345 

Sixty days later, the pCCa-1 xenografts were isolated. The sizes and weights of koSLC5A3 346 

(sg1)-injected pCCa-1 xenografts were markedly downregulated (Figure 11A–B) when compared 347 

with those of Cas9C pCCa-1 xenografts. The bodyweight was not significantly different between the 348 

groups (Figure 11C). Tumor lysates were prepared from koSLC5A3 (sg1)-injected and 349 

Cas9C-injected pCCa-1 xenografts. The SLC5A3 expression levels were downregulated in the 350 

lysates of koSLC5A3 (sg1)-injected xenograft tissues (Figure 11D–E) but the SLC5A11 protein 351 

levels were unaffected (Figure 11E). Additionally, the MI contents (Figure 11F) and the 352 

phosphorylation of Akt1 and S6K (Figure 11G) were downregulated in koSLC5A3 (sg1)-injected 353 

pCCa-1 xenograft tissues. Furthermore, the TBAR values were upregulated in koSLC5A3 354 

(sg1)-injected pCCa-1 xenograft tissues (Figure 11H), indicating upregulation of lipid peroxidation. 355 

The SOD activity was downregulated in koSLC5A3 (sg1)-injected xenograft tissues, indicating 356 

upregulation of oxidative injury (Figure 11I). The levels of the cleaved apoptosis marker proteins 357 

were upregulated in koSLC5A3 (sg1)-injected xenograft tissues, suggesting apoptosis activation 358 

(Figure 11J). Thus, SLC5A3 KO significantly impaired pCCa-1 cervical cancer xenograft growth. 359 

 360 

3.12. TonEBP silencing inhibits pCCa-1 cervical cancer xenograft growth 361 

 362 

We further hypothesized that silencing of the transcription factor TonEBP should downregulate 363 

SLC5A3 expression and inhibit cervical cancer cell in vivo growth. Therefore, TonEBP shRNA AAV 364 

(“AAV-shTonEBP-seq1”) were intratumorally injected to mice bearing pCCa-1 tumors. The control 365 

group mice received AAV-shC (see Figure 10). AAV-shTonEBP-seq1 hindered pCCa-1 xenograft 366 

growth in vivo (Figure 12A). The daily pCCa-1 xenograft growth was significantly decreased after 367 

AAV-shTonEBP-seq1 injection (Figure 12B). Analyzing the isolated pCCa-1 xenografts at Day-42 368 

found that AAV-shTonEBP-seq1-treated pCCa-1 xenografts were lighter than AAV-shC xenografts 369 

(Figure 12C), with no difference in animal weights detected (Figure 12D).  370 

 371 



12 
 

At Day-20, one pCCa-1 xenograft per group was isolated. TonEBP and SLC5A3 mRNA levels 372 

were both decreased in AAV-shTonEBP-seq1-treated pCCa-1 xenograft tissues (Figure 12E). 373 

TonEBP and SLC5A3 protein expression was decreased as well (Figure 12F). As a consequence, MI 374 

contents (Figure 12G) and Akt-S6K phosphorylation (Figure 12H) were reduced in TonEBP-silenced 375 

pCCa-1 xenograft tissues. These results together supported that silencing the transcription factor 376 

TonEBP downregulated SLC5A3 and inhibited pCCa-1 cervical cancer xenograft growth.  377 

 378 

4. Discussion 379 

 380 

Human papillomavirus (HPV) vaccines, cervical cancer screening, and advances in diagnosis 381 

and adjuvant treatments have contributed to the decreased incidence of cervical cancer, especially in 382 

developed countries [3, 36, 37]. Currently, cervical cancer does not feature among the top 10 383 

malignant tumors in the United States. However, in China and other developing countries, cervical 384 

cancer is the second most common tumor among women and is associated with high cancer-related 385 

mortality rates each year [3, 36, 37].  386 

 387 

We hypothesized that SLC5A3 is an important oncogenic gene for cervical cancer. 388 

Bioinformatics analysis revealed that SLC5A3 is upregulated in cervical cancer tissues. The 389 

upregulated SLC5A3 expression was correlated with both poor survival and poor PFI. SLC5A3 390 

upregulation was confirmed in clinical cancer tissues and different cervical cancer cells. SLC5A3 391 

knockdown or KO suppressed cervical cancer cell viability, proliferation, and migration and induced 392 

cell death and apoptosis. In contrast, SLC5A3 overexpression promoted cancer cell proliferation and 393 

migration. Transduction with sh-SLC5A3 AAV constructs suppressed pCCa-1xenograft growth in 394 

nude mice. Similarly, SLC5A3 KO also inhibited pCCa-1 cervical cancer xenograft growth.  395 

 396 

MI is used to treat reproductive and metabolic disorders [38]. Previous studies have 397 

demonstrated that MI decreases body mass index and increases insulin sensitivity in female patients 398 

with polycystic ovary syndrome [39]. Additionally, MI regulates steroidogenesis and modulates 399 

androgen and estrogen contents [39]. Lin et al. demonstrated that SLC5A3 is a key metabolic factor 400 

for AML using an in vivo CRISPR screening platform [40]. SLC5A3 is critical for AML cell 401 

proliferation. CRISPR-mediated SLC5A3 KO markedly suppressed AML orthotopic xenograft 402 

growth in vivo and induced apoptosis [40]. SLC5A3-induced MI import promotes AML cell 403 

proliferation [40]. Wei et al. demonstrated that MI promotes nutrient dependency in AML and that 404 

MI imported via SLC5A3 maintained AML cell proliferation [16]. This study demonstrated that 405 



13 
 

cellular MI contents were upregulated in SLC5A3 knockdown/KO cervical cancer cells but were 406 

upregulated in SLC5A3-overexpressing cells. MI was also downregulated in sh-SLC5A3 407 

AAV-injected or koSLC5A3 (sg1)-injected cervical cancer xenograft tissues. MI supplementation 408 

alleviated SLC5A3 KO-induced apoptosis and cell death in cervical cancer cells. Thus, 409 

SLC5A3-dependent MI import is critical for cervical cancer cell growth.  410 

 411 

Akt-mTOR cascade hyperactivation is a driving factor for cervical cancer growth and 412 

progression [33, 34, 41]. Various pharmacological inhibitors or monoclonal antibodies against the 413 

Akt-mTOR cascade-related factors exerted therapeutic effects on cervical cancer [33, 34, 41]. This 414 

study proposed that SLC5A3 is essential for Akt-mTOR signaling activation. SLC5A3 415 

knockdown/KO significantly decreased the phosphorylation of Akt1 and S6K in primary cervical 416 

cancer cells. The Akt-mTOR cascade was inhibited in sh-SLC5A3 AAV-injected cervical cancer 417 

xenograft tissues and SLC5A3 KO xenograft tissues. In contrast, SLC5A3 overexpression 418 

upregulated the phosphorylation of Akt1 and S6K. The reactivation of Akt-mTOR by caAkt1 419 

suppressed SLC5A3 KO-induced cervical cancer cell death. Thus, SLC5A3 mediates cervical cancer 420 

cell growth, at least partially, by promoting Akt-mTOR activation. 421 

 422 

SLC5A3, which is widely expressed in different human tissues, is important for cellular 423 

osmoregulation [11]. Previous studies have reported that SLC5A3 regulates inflammatory cell 424 

infiltration during the progression of sporadic inclusion body myositis [29]. Zhou et al. revealed the 425 

potential anti-oxidant activity of SLC5A3 and demonstrated that SLC5A3 knockdown augmented 426 

oxidative stress in human neuroblastoma cells [31]. Long non-coding RNA NORAD upregulated 427 

SLC5A3 expression by sponging microRNA-204-5p and consequently alleviates oxidative injury 428 

and suppressed cell death in neuroblastoma cells [31]. The ROS and oxidative stress levels were 429 

upregulated in SLC5A3 knockdown cervical cancer cells and SLC5A3 knockdown/KO xenograft 430 

tissues. The anti-oxidant NAC suppressed SLC5A3 KO-induced cytotoxicity against cervical cancer 431 

cells. Thus, SLC5A3 depletion exerts anti-cervical cancer effects by inducing oxidative stress.  432 

 433 

This study demonstrated that TonEBP is the key transcription factor for SLC5A3 in cervical 434 

cancer. TonEBP was the second top DEG that was positively correlated with SLC5A3 in TCGA 435 

cohort. The SLC5A3 mRNA and protein expression levels were downregulated upon TonEBP 436 

knockdown but were upregulated upon ectopic TonEBP overexpression in cervical cancer cells. The 437 

binding of TonEBP to the SLC5A3 promoter was upregulated in various cervical cancer tissues/cells 438 

and may contribute to SLC5A3 upregulation. TonEBP knockdown suppressed SLC5A3 expression 439 
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and inhibited pCCa-1 tumor growth in vivo. Thus, TonEBP upregulates SLC5A3 expression and 440 

promotes cervical cancer cell growth.  441 

 442 

5. Conclusion 443 

 444 

The upregulated SLC5A3 promotes cervical cancer cell growth.  445 

 446 
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 552 

Figure legends 553 

 554 

Figure 1. SLC5A3 is upregulated in cervical cancer. TCGA cervical cancer cohort combining 555 

Genotype-Tissue Expression (GTEx) program revealed SLC5A3 mRNA transcripts in cervical cancer 556 

tissues (“Tumor”, n = 306) and ten (10) normal tissues plus three (3) parecancer normal tissues (total 557 

13, “Normal”) (A).The overall survival (B) and progress free interval (C) in SLC5A3-low and 558 

SLC5A3-high cervical cancer patients from TCGA cervical cancer cohort. ROC curve showed the 559 

potential value of SLC5A3 overexpression in predicting cervical cancer patients’ survival (1-5 years) 560 

(D). The multiple omics and immune infiltration analysis of the association between the SLC5A3 561 
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expression and immune cells infiltration (E). The heat map (F) and volcano map (G) of DEGs with 562 

SLC5A3 in TCGA cervical cancer cohort were presented; KEGG of top 15 enriched pathways of 563 

SLC5A3-associated DEGs were presented (H). 564 

 565 

Figure 2. SLC5A3 is upregulated in clinical cervical cancer tissues and patient-derived or 566 

established cervical cancer cells. SLC5A3 expression in the described tissues of twenty (20) 567 

cervical cancer patients (n = 20) was tested (A-C). SLC5A3 expression in the described cells was 568 

also tested (D-F). *P < 0.05 versus “N” tissues/“HCerEpiC1” cells.  569 

 570 

Figure 3. Silence of SLC5A3 produces anti-cervical cancer cell activity. pCCa-1 primary cells 571 

expressing the applied lentiviral SLC5A3 shRNA [shSLC5A3 (seq1/2/3)] or the control shRNA (shC) 572 

were established, with listed mRNAs and proteins tested (A-C). The above pCCa-1 cells were 573 

cultivated , cell viability (D), proliferation (E) and migration (F) were examined by the described 574 

methods. pCCa-2 and pCCa-3 primary cancer cells, HeLa cells, HCerEpC1 cells or Ect1/E6E7 575 

epithelial cells were infected with lentiviral SLC5A3 shRNA (seq3) or shC, and stable cells formed. 576 

Listed mRNAs were shown (G, H and K). EdU nuclear incorporation (I and M), cell migration (J) 577 

and viability (L) were examined, and results quantified. * P < 0.05 vs. “shC” cells.  578 

 579 

Figure 4. Apoptosis is induced in SLC5A3 knockdown cervical cancer cells. The pCCa-1/2/3 580 

primary cells (A-D and G), HeLa cells (G), HCerEpC1 cells or Ect1/E6E7 epithelial cells (H and I), 581 

with the described SLC5A3 shRNA or the control shRNA (shC), were maintained in complete 582 

medium for designated time, caspase-PARP activation was examined (A, B, H); Cell apoptosis was 583 

examined by TUNEL nuclear staining (C, G and I) assays, with results quantified. Cell death was 584 

measured by the Trypan blue assay (D). The shC- or shSLC5A3 (seq3)-expressing pCCa-1 cells 585 

were co-treated with 40 μM of z-VAD-fmk (40 μM) or z-DEVD-fmk for 96h, cell viability and cell 586 

death were measured and quantified by CCK-8 (E) and Trypan blue staining (F) assays. * P < 0.05 587 

vs. “shC” cells. 
#
 P < 0.05 vs. “Veh” treatment (E and F).  588 

 589 

Figure 5. SLC5A3 knockout causes remarkable anti-cervical cancer activity. pCCa-1 cells, 590 

stably expressing the CRISPR/Cas9-SLC5A3-knockout (KO) construct encoded two different 591 

sgRNAs: koSLC5A3 (sg1) or koSLC5A3 (sg2), as well as the Cas9 control construct (“Cas9C”), 592 

were cultured, and listed mRNAs /proteins examined (A and B). The exact same number of above 593 

viable pCCa-1 cells were cultured for designated hours, and EdU nuclear incorporation (C), 594 

migration (D), caspase-3 activity (E) and TUNEL nuclear incorporation (F) were examined. * P < 595 



18 
 

0.05 vs. “Cas9C” cells.  596 

 597 

Figure 6. SLC5A3 knockdown/KO promotes MI depletion and oxidative injury in cervical 598 

cancer cells. pCCa-1 cells with described genetic treatments were cultured; Myo-inositol (MI) 599 

contents were examined (A). Cellular ROS contents were tested through quantifying the CellROX 600 

red fluorescence (B); TBAR intensity was measured (C); Mitochondrial depolarization was 601 

examined by quantifying the JC-1 green monomers (D). The above cells were also co-treated with 602 

MI (2.5 mM), NAC (400 μM) or the vehicle (“Veh”) control for 96h, cell viability (CCK-8,E), death 603 

(F) and apoptosis (TUNEL assays, G) were tested. * P < 0.05 vs. “Pare”/“shC” cells. 
#
 P < 0.05 vs. 604 

“Veh” treatment (E-G).  605 

 606 

Figure 7. SLC5A3 silencing/KO inhibits Akt-mTOR activation. pCCa-1 cells with the applied 607 

lentiviral SLC5A3 shRNA [shSLC5A3 (seq1/2/3)], control shC, the 608 

CRISPR/Cas9-SLC5A3-knockout (KO) construct encoded two different sgRNAs: koSLC5A3 (sg1) 609 

and koSLC5A3 (sg2), or Cas9C were cultured, listed proteins were shown (A and B). The 610 

koSLC5A3 (sg1) pCCa-1 cells were further stably transduced with the S473D caAkt1 or vector 611 

(“Vec”), listed proteins were examined (C); After culture of 96h, cell viability (D), death (E) and cell 612 

apoptosis (TUNEL assays, F) were examined. * P < 0.05 vs. “Pare”/“Cas9C” cells. 
#
 P < 0.05 vs. 613 

“Vec” cells (C-F). 614 

 615 

Figure 8. Ectopic SLC5A3 overexpression exerts pro-cervical cancer effects. 616 

SLC5A3-overexpressing pCCa-1 cells (“SLC5A3-OE”) or empty vector (“Vector”) were established, 617 

the listed mRNAs and proteins were measured (A, B and D); Myo-inositol (MI) contents were 618 

measured (C). The exact same number of the pCCa-1 cells were cultured for designated hours, EdU 619 

incorporation (E) and migration (F) were examined. * P < 0.05 vs. “Vector” cells.  620 

 621 

Figure 9. TonEBP-SLC5A3 promoter binding is upregulated in cervical cancer. pCCa-1 cells 622 

with the applied lentiviral TonEBP shRNA (shTonEBP-seq1/shTonEBP-seq2, with two different 623 

sequences), shC, TonEBP-overexpressing construct (“TonEBP-OE”) or control vector ( “Vec”) were 624 

formed, with listed mRNAs/proteins examined (A-D). ChIP assay results revealed the relative level 625 

of the SLC5A3 promoter DNA-bound to TonEBP in listed tissues (E) and cells (F). * P < 0.05 vs. 626 

“shC”/“Vec”/“N”/“HCerEpiC1”.  627 

 628 

Figure 10. SLC5A3 knockdown arrests the growth of cervical cancer xenografts. The nude mice 629 
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bearing pCCa-1 xenografts were intratumorally injected with SLC5A3 shRNA-expressing AAV 630 

[“AAV-shSLC5A3 (seq1)/AAV-shSLC5A3 (seq3)”] or the shC-expressing AAV (“AAV-shC”), 631 

every 48h for 10 days; Weekly pCCa-1 xenograft volumes (A) and animal weights (D) were 632 

measured; Daily pCCa-1 xenograft growth was estimated (B). All pCCa-1 xenografts were isolated 633 

at Day-42 and tumor weights recorded (C). In the described pCCa-1 xenograft tissues, expression of 634 

listed mRNAs/proteins (E-G, I and L), myo-inositol (MI) contents (H) and SOD activity (K) were 635 

measured; The pCCa-1 xenograft tissue slides were subject to IHC staining of p-Akt (J). *P < 0.05 636 

versus “AAV-shC” group.  637 

 638 

Figure 11. SLC5A3 KO suppresses cervical cancer xenograft growth. The koSLC5A3 pCCa-1 639 

cells (with sg1) orCas9C control were s.c. injected to the nude mice, after 60 days pCCa-1 xenograft 640 

volumes (A) and weights (B) as well as animal body weights (C) were recorded. In the fresh pCCa-1 641 

xenograft tissues listed mRNAs/proteins were measured (D, E, G and J); Myo-inositol (MI) contents 642 

(F), TBAR intensity (H) and SOD activity (I) were tested. *P < 0.05 versus “Cas9C” group.  643 

 644 

Figure 12. TonEBP silencing inhibits pCCa-1 cervical cancer xenograft growth. The nude mice 645 

bearing pCCa-1 xenografts were intratumorally injected with TonEBP shRNA-expressing AAV 646 

(“AAV-shTonEBP-seq1”) or AAV-shC, every 48h for 10 days; Weekly pCCa-1 xenograft volumes 647 

(A) and body weights of the mice (D) were recorded; Daily pCCa-1 xenograft growth was estimated 648 

(B). All pCCa-1 xenografts were isolated at Day-42 and xenograft weights were recorded (C). At 649 

Day-20, one pCCa-1 xenograft per group was isolated; Listed mRNAs/proteins (E, F and H) and 650 

myo-inositol (MI) contents (G) were tested. *P < 0.05 versus “AAV-shC” group.  651 


