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Ovarian cancer has the worst prognosis among major gynecological cancers. Current therapies include platinum, Taxol, angiogenesis inhibitors, and poly[ADP-ribose]polymerase (PARP) inhibitors. However, resistance develops in most ovarian cancer patients. Identification of more pro-tumor factors in ovarian cancer may provide insights into ovarian cancer biology and therapy. In this study, we find ZKSCAN3, a zinc-finger transcription factor, is overexpressed in ovarian cancer. We show that ZKSCAN3 promotes ovarian cancer cell proliferation. Through RNA-Seq and chromatin immunoprecipitation (ChIP)-seq, HSPB1 is identified as a target gene of ZKSCAN3. HSPB1 expression is significantly decreased upon suppressing ZKSCAN3 expression. Suppressing HSPB1 expression also inhibits ovarian cancer cell proliferation. In contrast, expressing exogenous HSPB1 partially rescues the cell proliferation in ZKSCAN3 knockdown cells, which supports HSPB1 as a functional target gene of ZKSCAN3. Collectively, our study uncovers a functional ZKSCAN3-HSPB1 axis that promotes ovarian cancer cell proliferation.
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1 INTRODUCTION
Ovarian cancer is one of the major types of gynecological cancers (Chen et al., 2016; Sung et al., 2021). It has a higher mortality rate than cervical and endometrial cancers despite a lower occurrence rate (Chen et al., 2016; Sung et al., 2021). Currently, there is no practical early screening for ovarian cancer. As a result, most patients are diagnosed at a late stage of the disease (Gourley and Bookman, 2019). In the past, there were only limited options for ovarian cancer pharmaceutical therapy. Platinum, Taxol, and angiogenesis inhibitors have been the mainstay (Gourley and Bookman, 2019). However, resistance exists or develops in most patients. Recent adoption of poly [ADP-ribose] polymerase (PARP) inhibitors and immunotherapy faces challenges of non-response and/or side effects (George et al., 2017; Gourley and Bookman, 2019). Collectively, there is a huge unmet medical need for ovarian cancer patients. Further insights into ovarian cancer biology may lead to new therapeutic strategies. Hotspot mutations in classical oncogenes, such as NRAS, and tumor suppressor genes, such as RB1 and TP53, are observed in some ovarian cancers (Zhang et al., 2016). However, the mutation rates vary and do not explain most of the sporadic diseases. Transcription factors, which represent over 10% of protein-coding genes in the human genome, regulate gene expression to affect cancer progression. In the past, dysregulation of transcription factors such as FOXM1 and MYC has been linked to ovarian cancer initiation and progression (Nameki et al., 2021). Yet, the function of the majority of transcription factors in ovarian cancer remains unknown.
ZKSCAN3 is a transcription factor that contains a zinc-finger DNA-binding domain (Yang et al., 2008a). ZKSCAN3 belongs to the ZKSCAN family, which is characterized by the Krüppel-associated box (KRAB) domain (Sobocinska et al., 2021). The ZKSCAN family can function as oncogenes or tumor suppressor genes (Sobocinska et al., 2021). A knockout study in mice shows that ZKSCAN3 is dispensable for embryonic development. ZKSCAN3-null mice can be born and grow normally (Pan et al., 2017). However, existing evidence suggests ZKSCAN3 may function in cancer. ZKSCAN3 is overexpressed in various cancer types (Cho et al., 2022; Kim et al., 2016; Yang et al., 2008a; Yang et al., 2008b). Potential involvement of ZKSCAN3 was reported in colorectal cancer (Cho et al., 2022; Kim et al., 2016; Yang et al., 2008a; Yang et al., 2008b), liver cancer (Li et al., 2020), multiple myeloma (Yang et al., 2011), prostate cancer (Zhang et al., 2012), bladder cancer (Kawahara et al., 2016), breast cancer (Chi et al., 2018), cervical cancer (Lee et al., 2018), and gastric cancer (Takano et al., 2020). However, the underlying mechanisms remain incompletely characterized and merit further investigation. ZKSCAN3 has both transcription activation and repression activities. On one hand, ZKSCAN3 binds and activates certain pro-tumor genes. In colorectal cancer and liver cancer, ZKSCAN3 promotes the expression of integrin-β4 (Li et al., 2020; Yang et al., 2008b). In multiple myeloma, ZKSCAN3 promotes expression of cyclin-D2 (Yang et al., 2011). On the other hand, ZKSCAN3 may repress gene expression. ZKSCAN3 was reported to inhibit the expression of autophagic genes (Chauhan et al., 2013). The autophagy suppressive role of ZKSCAN3 may be limited to tumor cells as no apparent abnormality in autophagy was seen in ZKSCAN3-null mice (Pan et al., 2017). In summary, past studies have revealed that ZKSCAN3 has a cancer-specific function and regulates the expression of cancer-related genes in a cancer type-specific manner. However, whether and how ZKSCAN3 has a role in ovarian cancer remains unknown.
In this study, we identify that ZKSCAN3 is overexpressed in ovarian cancer by analyzing a large-scale proteomic study of ovarian cancer. We show that knocking down ZKSCAN3 significantly retards ovarian cancer cell proliferation. To decipher the underlying mechanism, we characterize the effect of ZKSCAN3 on gene expression with RNA-Seq and chromatin immunoprecipitation (ChIP)-Seq. We identify HSPB1 as a direct target gene of ZKSCAN3, which encodes heat shock protein 27kD. We find that HSPB1 is required for the regulation of cell proliferation by ZKSCAN3 in ovarian cancer cells. Collectively, this study uncovers a functional ZKSCAN3-HSPB1 axis critical for ovarian cancer cell proliferation.
2 RESULTS
2.1 ZKSCAN3 promotes ovarian cancer cell proliferation
We first asked whether ZKSCAN3 is differentially expressed between ovarian cancer samples and normal samples. We analyzed public proteomic data for ovarian cancer patients in the Clinical Proteomic Tumor Analysis Consortium (CPTAC) database. The analysis showed that ZKSCAN3 protein levels were higher in cancer samples at a statistically significant (p = 0.02) level (Figure 1A). Cell proliferation is a key indicator of tumor cell intrinsic effects. We examined whether ZKSCAN3 affected ovarian cancer cell proliferation. We knocked down ZKSCAN3 with lentivirus-expressed shRNA in different ovarian cancer cells, including HEY, A2780, and CaOV3. After selecting against non-transduced cells using antibiotics, we analyzed cell proliferation with two methods. First, we measured the change in the cell number with time. The result showed that ZKSCAN3 knockdown (KD) significantly reduced cell proliferation during the 4-day period (Figure 1B; Supplementary Figure S1A).
[image: A series of scientific images and graphs showing the effects of ZKSCAN3 knockdown (KD) on cancer cell proliferation and tumor growth. (A) Box plot comparing ZKSCAN3 expression in normal tissue vs tumor samples. (B) Bar graph and western blot showing reduced proliferation with ZKSCAN3-KD. (C) Colony formation assay results for ZKSCAN3-KD. (D) Immunofluorescence images and quantification of BrdU-positive cells, indicating decreased proliferation with ZKSCAN3-KD. (E) Bar graph and western blot showing changes in cell proliferation with ZKSCAN3 and actin levels. (F) Colony formation assay with additional conditions. (G) Proliferation and western blot with HA-ZKSCAN3. (H) Colony formation assay with HA-ZKSCAN3. (I) Tumor growth curve of HEY xenografts comparing control and ZKSCAN3-KD. (J) Image of tumors from HEY xenografts with ruler scale, illustrating size differences.]FIGURE 1 | ZKSCAN3 promotes ovarian cancer cell proliferation. (A) The box plot shows the ZKSCAN3 protein levels in 23 normal ovarian samples versus 85 ovarian tumor samples. Data are from CPTAC (CPTAC PDC000110). (B) ZKSCAN3 was knocked down in ovarian cancer cells with lentivirus-expressed shRNA. Cell proliferation of control and ZKSCAN3-KD cells over 4 days was measured with cell counting. (C) ZKSCAN3 was knocked down in ovarian cancer cells with lentivirus-expressed shRNA. Each 3.5-cm dish was seeded with 1,000 cells. Cells were fixed with crystal violet 12 days later. (D) Control or ZKSCAN3-knockdown cells were labeled with BrdU and then immunostained with an anti-BrdU antibody. Scale bars denote 10 μm. (E) ZKSCAN3 was knocked down in ovarian cancer cells with lentivirus-expressed shRNA. An shRNA-resistant ZKSCAN3 cassette was rescue-expressed with lentivirus. Cell proliferation over 4 days was measured with cell counting. (F) ZKSCAN3 was knocked down in ovarian cancer cells with lentivirus-expressed shRNA. An shRNA-resistant ZKSCAN3 cassette was rescue-expressed with lentivirus. Each 1, 3.5-cm dish was seeded with 1,000 cells. Cells were fixed with crystal violet 12 days later. (G) ZKSCAN3 was stably overexpressed in ovarian cancer cells with lentivirus transduction. Cell proliferation over 5 days was measured with cell counting. (H) ZKSCAN3 was stably overexpressed in ovarian cancer cells with lentivirus transduction. Each 3.5-cm dish was seeded with 1,000 cells. Cells were fixed and stained with crystal violet 12 days later. (I) 5 × 106 control or ZKSCAN3-KD cells were inoculated into immunodeficient mice. Shown are the growth curves of the xenograft. (J) Shown are photos of the xenograft collected from mice as described in (H) after mice were sacrificed. Second, we measured how ZKSCAN3 affected the ability of cells to form colonies. The result showed that ZKSCAN3 knockdown significantly inhibited ovarian cancer cell clonogenesis (Figure 1C; Supplementary Figure S1B). As a marker for active proliferation, 5-bromo-2'-deoxyuridine (BrdU) incorporation into cellular DNA was measured. The result showed ZKSCAN3 knockdown decreased BrdU incorporation (Figure 1D; Supplementary Figure S1C). Moreover, we found ZKSCAN3-KD inhibited cell proliferation synergistically with the chemotherapy drug oxaliplatin (Supplementary Figure S1D). In addition, we analyzed whether ZKSCAN3-KD affected cellular motility. Transwell and wound healing assays showed ZKSCAN3-KD reduced cell migration (Supplementary Figures S1E, F).
We next focused on the effect of ZKSCAN3 on cellular proliferation. To further confirm that the inhibitory effect on cell proliferation was specifically caused by ZKSCAN3-KD rather than an off-target effect, we rescue expressed an shRNA-resistant ZKSCAN3 expression cassette in ZKSCAN3-KD cells. Cell counting and colony formation assays showed that cell proliferation was indeed restored (Figures 1E,F; Supplementary Figures S1G, H), which demonstrated that the decreased cell proliferation in ZKSCAN3-KD cells was specifically due to reduced ZKSCAN3 level rather than an unanticipated off-target effect. We next examined whether ZKSCAN3 overexpression might promote cell proliferation. We stably expressed ZKSCAN3 in HEY and A2780 cells with lentivirus transduction followed by antibiotic selection. Cell counting showed that ZKSCAN3 overexpression increased cell proliferation (Figure 1G; Supplementary Figure S1I). Colony formation assays also confirmed ZKSCAN3 overexpression increased cell clonogenesis (Figure 1H; Supplementary Figure S1J).
We further examined whether ZKSCAN3 promoted ovarian cancer growth with a mouse xenograft model. Both control and ZKSCAN3-KD cells were inoculated into immunodeficient mice. The result showed ZKSCAN3-KD significantly decreased tumor growth (Figure 1I). At the end point, tumors from ZKSCAN3-KD cells were significantly smaller than the control (Figure 1J). Collectively, these data show ZKSCAN3 promotes ovarian cancer cell proliferation.
2.2 ZKSCAN3 regulates gene expression in ovarian cancer
We next asked how ZKSCAN3 promoted ovarian cancer cell proliferation. It was reported that ZKSCAN3 subcellular localization is subject to regulation by nutrient status in certain cell types (Chauhan et al., 2013; Li et al., 2016). Therefore, ZKSCAN3 can mainly localize to the cytoplasm under starvation (Chauhan et al., 2013). We characterized ZKSCAN3 localization in HEY ovarian cancer cells. Fractionation showed ZKSCAN3 mainly localized to the cell nucleus (Figure 2A). To make sure of the signal specificity, the Myc-tag antibody was also used for immunofluorescence for stably expressed Myc-tagged ZKSCAN3. The result supported ZKSCAN3 being mainly localized to the cell nucleus under normal culture conditions (Figure 2B).
[image: A panel of scientific images showcasing various experimental results: (A) Western blot showing ZKSCAN3 expression in different cell fractions. (B) Immunofluorescence images with DAPI staining, displaying MYC-tagged ZKSCAN3. (C) RNA-Seq volcano plot illustrating gene expression changes with ZKSCAN3 knockdown. (D) Bar graph comparing the number of downregulated and upregulated genes with statistical significance. (E) Line graph showing ChIP-Seq data around the transcription start site. (F) Sequence logo representing a DNA motif with a significant p-value. (G) Venn diagram showing overlap of ZKSCAN3 bound and expression-regulated genes, with gene counts in grayscale.]FIGURE 2 | ZKSCAN3-regulated cancer-associated pathways: (A) Cells were fractionated into cytoplasm (c), nuclear extract (NE), and nuclear pellet (NP) fractions. Equal amounts of these fractions were analyzed by Western blot (WB). GAPDH and Histone H3 were included as markers for the cytoplasm and nuclei, respectively. (B) Myc-tag ZKSCAN3 was stably expressed in HEY cells with lentivirus transduction followed by antibiotic selection. Cells were subject to immunofluorescence analysis with a Myc-tag antibody. Nuclei were counterstained with DAPI. Scale bars denote 10 μm. (C) The volcano plot summarizes the gene differential expression between control and ZKSCAN3-KD HEY cells. “Up” denotes genes upregulated in “ZKSCAN3-KD” cells, “Down” denotes genes upregulated in “ZKSCAN3-KD” cells, and “ns” denotes genes without significant changes. Genes with fold of change larger than 1.5 and p-adjusted less than 0.05 were considered as “significant.” (D) The bar plot shows the number of downregulated (down) and upregulated (up) genes after ZKSCAN3-KD. (E) Profile plot shows the distribution of the ZKSCAN3 ChIP-seq signal around TSS. (F) The image shows the top enriched motif in ZKSCAN3-bound loci. (G) The Venn diagram summarizes the number of genes significantly changed by ZKSCAN3-KD, genes with ZKSCAN3 enrichment, and genes in both categories.Nuclear localization indicated ZKSCAN3 might function through transcription regulation. To decipher the transcriptional network targeted by ZKSCAN3, we performed RNA-Seq to compare the transcriptomes of ZKSCAN3-KD cells and control cells. At approximately 50% ZKSCAN3 knockdown efficiency, 1,825 genes were significantly regulated (change fold ≥ 1.5 and p-adjust <0.05) by ZKSCAN3-KD, among which 493 were upregulated and 1,332 were downregulated (Figure 2C). The fact that ZKSCAN3-KD caused a significant change in approximately 10% of all protein-coding genes indicated that ZKSCAN3 might have a significant role in ovarian cancer biology. Statistically, significantly more genes are downregulated than upregulated (Figure 2D). To validate the reliability of the RNA-Seq result, we picked three genes, PFKFB4, ALDH1A3, and PREX1, for validation with real-time RT-PCR. The result of RT-qPCR well recapitulated that of RNA sequencing (Supplementary Figure S2).
To identify genes that were directly targeted by ZKSCAN3, we stably expressed HA-tagged ZKSCAN3 in HEY cells and performed ChIP-sequencing with an HA-tag antibody. Consistent with its role as a transcription factor, ZKSCAN3 binds preferentially to the gene transcription initiation region (Figure 2E). Among the ChIP-seq peaks, a GCTAGCCC motif was enriched (Figure 2F). Among genes with ZKSCAN3 enrichment signals, 19 overlapped with those differentially expressed upon ZKSCAN3-KD (Figure 2G). Seventeen of these genes were downregulated in ZKSCAN3-KD cells, and two were upregulated, which indicated ZKSCAN3 played a role in activating gene expression in ovarian cancer cells. In addition, most genes whose expression is regulated by ZKSCAN3 do not seem to be targeted by ZKSCAN3, which indicates these genes are regulated by ZKSCAN3 indirectly. Collectively, these data suggested ZKSCAN3 regulated the expression of cancer-related genes in ovarian cancer cells.
2.3 ZKSCAN3 promoted HSPB1 expression
Among genes that had ZKSCAN3 enrichment and were significantly regulated by ZKSCAN3, HSPB1 was of particular interest. HSPB1 encodes heat shock protein 27kD (HSP27), which was reported to affect various aspects of cancer progression (Arrigo, 2017). In the ChIP-seq experiment, the HSPB1 genomic locus contains significant enrichment of ZKSCAN3 (Figure 3A). Cross-referencing with the ENCODE result shows that the ZKSCAN3 peak overlaps with a DNase I hypersensitive region, a marker for active regulatory DNA elements (Figure 3A). RNA-seq revealed a significant decrease in HSPB1 mRNA level after ZKSCAN3 knockdown of approximately 50% (Figure 3B), which was confirmed by RT-qPCR after ZKSCAN3 knockdown with two independent shRNAs (Figure 3C). Furthermore, we confirmed ZKSCAN3 enrichment at HSPB1 with ChIP followed by qPCR in both HEY and A2780 ovarian cancer cell lines (Figure 3D; Supplementary Figure S3A). The signal specificity was validated by its being significantly higher than that in immunoglobulin G (IgG) immunoprecipitate (Figure 3D; Supplementary Figure S3A). To further confirm the signal specificity, we compared the ChIP signals in ZKSCAN3-KD versus control cells. The result showed that the ZKSCAN3 signal at HSPB1 was decreased in ZKSCAN3-KD cells (Figure 3E).
[image: Diagram featuring multiple panels of scientific data related to HSPB1 and ZKSCAN3. Panel A displays genomic tracks for ChIP and DNase signals on chromosome 7. Panel B shows expression profiles in control and KD conditions. Panel C consists of bar graphs depicting relative mRNA levels for HSPB1 and ZKSCAN3. Panel D presents a bar graph and gel image for HSPB1 promoter enrichment. Panel E shows a bar graph for HSPB1 promoter activity. Panels F and G present Western blots for protein levels. Panel H contains a scatter plot illustrating the correlation between ZKSCAN3 and HSPB1 expression, highlighting significant p-values in each panel.]FIGURE 3 | HSPB1 expression is regulated by ZKSCAN3. (A) Shown is a snapshot of the UCSC genome browser that illustrates the ChIP-seq signals from Input and ZKSCAN3-ChIP at the HSPB1 locus. DNase signal was from ENCODE. (B) Shown is a snapshot of Integrative Genomics Viewer, which illustrates the RNA-Seq signals at the HSPB1 locus. (C) The HSPB1 mRNA levels in the control and ZKSCAN3-KD cells were analyzed with real-time RT-PCR. ZKSCAN3 mRNA was included to show knockdown efficiency. mRNA levels presented were normalized to ACTB (β-actin). (D) Cells were analyzed with ChIP. Immunoprecipitation was done with the ZKSCAN3 antibody with IgG as the control. The left panel shows the result of real-time PCR, and the right panel shows the agarose gel image for conventional PCR products. (E) Control or ZKSCAN3-KD cells were analyzed with ChIP followed by real-time PCR. Immunoprecipitation was done with the ZKSCAN3 antibody. IgG was included as a control. (F) ZKSCAN3 was knocked down with lentivirus-expressed shRNA. The whole-cell lysate (WCL) was then analyzed by Western blot (WB). (G) ZKSCAN3 was stably expressed in HEY ovarian cancer cells with lentivirus transduction followed by antibiotic selection. The whole-cell lysate (WCL) was then analyzed by Western blot (WB). (H) Shown is linear regression for protein levels of ZKSCAN3 and HSPB1 in 85 ovarian cancer patients from the CPTAC (PDC000110).We next examined whether the HSPB1 protein level was also regulated by ZKSCAN3. Western blot showed ZKSCAN3-KD indeed decreased the HSPB1 protein level in three different ovarian cancer cell lines (Figure 3F; Supplementary Figure S3B), which was consistent with the change in mRNA level. Then, we examined the HSPB1 level in ZKSCAN3-overexpression cells. The result showed ZKSCAN3 overexpression increased HSPB1 protein level (Figure 3G; Supplementary Figure S3C). To examine whether the relationship between ZKSCAN3 and HSPB1 was also present in ovarian cancer patient samples, we analyzed the CPTAC ovarian cancer cohort, which revealed a statistically significant positive correlation between HSPB1 protein level and ZKSCAN3 protein level (p < 0.01) (Figure 3H). Collectively, these data show HSBP1 is a target gene of ZKSCAN3 and is upregulated by ZKSCAN3.
2.4 HSPB1 contributes to ZKSCAN3-mediated promotion of cell proliferation
We then analyzed the potential contribution to ovarian cancer cell proliferation. Survival analysis showed that a higher HSPB1 protein level correlated with poorer survival (Figure 4A). Subcellular fractionation and immunostaining showed that both endogenous and exogenous HSPB1 are mainly localized to the cell cytoplasm (Figures 4B–D). Both cell counting and colony formation assays showed that HSPB1 knockdown significantly inhibited proliferation in ovarian cancer cells (Figures 4E,F; Supplementary Figures S1A, B). A BrdU incorporation assay also showed that HSPB1 knockdown decreased cell proliferation (Figure 4G; Supplementary Figure S4C). Consistently, proliferation assays showed HSPB1 overexpression increased cell proliferation (Figures 4H,I; Supplementary Figures S1D, E).
[image: A composite image with multiple panels depicting scientific data related to HSPB1 protein and cell proliferation in HEY cells. Panel A shows a Kaplan-Meier survival curve comparing high versus low HSPB1 protein levels. Panel B presents a Western blot analysis of HSPB1, GAPDH, and H3. Panel C shows immunofluorescence images of HSPB1 and DAPI staining in control and HSPB1 knockdown (KD) cells. Panel D displays MYC and DAPI staining in the presence and absence of HSPB1. Panel E depicts a bar graph of relative cell proliferation along with a Western blot. Panel F shows colony formation assays of HSPB1-KD cells. Panel G includes BrdU assays with bar graphs of BrdU-positive cells. Panel H presents additional proliferation data with Western blot results. Panel I shows colony formation assays with HSPB1 overexpression. Panel J includes proliferation data with ZKSCAN3 knockdown and HSPB1 overexpression, along with Western blots. Panel K displays colony formation assays with combined HSPB1 overexpression and ZKSCAN3 knockdown.]FIGURE 4 | HSPB1 contributes to ZKSCAN3-mediated promotion of cell proliferation. (A) Survival analysis for 84 patients in the CPTAC ovarian cancer cohort. Patients were divided into “HSPB1 high” and “HSPB1 low” groups based on HSPB1 protein levels as determined by mass spectrometry. Median HSPB1 level was used as a threshold. (B) Cells were fractionated into cytoplasm (c), nuclear extract (NE), and nuclear pellet (NP) fractions. Equal amounts of these fractions were analyzed with WB. GAPDH and histone H3 were included as markers for cytoplasm and nuclei, respectively. (C) Control and HSPB1-KD cells were subject to immunofluorescence analysis with the HSPB1 antibody. Nuclei were counterstained with DAPI. Scale bars denote 10 μm. (D) Myc-tag HSPB1 was stably expressed in HEY cells with lentivirus transduction followed by antibiotic selection. Cells were then subject to immunofluorescence analysis with Myc-tag antibody. Nuclei were counterstained with DAPI. Scale bars denote 10 μm. (E) HSPB1 was knocked down in ovarian cancer cells with lentivirus-expressed shRNA. Cell proliferation over 4 days was measured with cell counting. (F) HSPB1 was knocked down in ovarian cancer cells with lentivirus-expressed shRNA. Each 3.5-cm dish was seeded with 1,000 cells. Cells were fixed with crystal violet 12 days later. (G) Control or HSPB1-knockdown cells were labeled with BrdU and then subject to immunostaining with anti-BrdU antibody. The left panel shows representative images, while the right panel shows the statistical results for four independent images. Scale bars denote 10 μm. (H) HSPB1 was overexpressed in ovarian cancer cells. Cell proliferation over 5 days was measured with cell counting. (I) HSPB1 was overexpressed in ovarian cancer cells. Each 3.5-cm dish was seeded with 1,000 cells. Cells were fixed with crystal violet 12 days later. (J) HSPB1 was expressed with lentivirus transduction in ZKSCAN3-KD cells. Cell proliferation over 4 days was then measured with cell counting. (K) HSPB1 was rescue expressed with lentivirus in ZKSCAN3-KD cells. Each 3.5-cm dish was seeded with 1,000 cells. Cells were fixed with crystal violet 12 days later. After showing that HSPB1 promoted cell proliferation, we next asked whether the regulation of HSPB1 contributed to proliferation promotion by ZKSCAN3. In ZKSCAN3-KD cells, we expressed exogenous HSPB1 to bring the HSPB1 level comparable to that of the control cells. The result showed that proliferation of ZKSCAN3-KD cells was indeed partially restored (Figures 4J,K; Supplementary Figures S1F, G). In summary, these data establish HSPB1 as an effector of ZKSCAN3 that promotes ovarian cancer cell proliferation.
3 DISCUSSION
3.1 ZKSCAN3 promotes ovarian cancer proliferation
It was unclear whether ZKSCAN3 plays a role in ovarian cancer. Analysis of patient sample proteomic quantitation data indicates that the ZKSCAN3 protein is overexpressed in ovarian cancer. Following functional studies in cell lines and mouse models, ZKSCAN3 was identified as having a significant impact on cell proliferation. Yet, ZKSCAN3 knockout does not change the overall survival in mice (Pan et al., 2017). Therefore, it is reasonable to postulate that ZKSCAN3 and its downstream pathway could be potential targets for an ovarian cancer therapeutic target.
3.2 ZKSCAN3 increases HSPB1 expression
In this study, we identify HSPB1 as a target gene of ZKSCAN3 with an unbiased functional genomics study. ZKSCAN3 not only upregulates HSPB1 expression but also binds close to its genomic locus. Our RNA-Seq and ChIP-seq experiments show, among those genes regulated by ZKSCAN3-KD and meanwhile bound by ZKSCAN3, most genes are downregulated, which supports a gene activation role of ZKSCAN3. Previous studies show ZKSCAN3 has both transcription activation and repression activities. However, the underlying mechanism for activation or repression remains enigmatic. Past studies on other bipartite proteins indicated that their output on transcription may be dependent on the epigenetic machinery they actually interact with (Sobocinska et al., 2021). Whether and how epigenetic machinery contributes to ZKSCAN3-mediated transcription regulation merits future investigation.
3.3 HSPB1 is a mediator of ZKSCAN3 function
HSPB1 is a low-molecular-weight heat shock response protein. Its expression can be induced by heat shock through the activity of master heat shock responsive transcription factor HSF1 (Carra et al., 2017). Consistently, it contributes to proper protein folding under heat stress. Importantly, it carries out multiple other functions related to cancer pathophysiology. Inhibiting HSPB1 leads to decreased cell proliferation and/or cell death (Park et al., 2018; Peng et al., 2023; Sun et al., 2015; Wang et al., 2016). HSPB1 also affects ovarian cancer response to therapy and serves as an independent prognostic factor (Geisler et al., 2004). Despite its pleiotropic functions in cancer biology, little was known about its expression regulation except that it is regulated by heat shock (Carra et al., 2017). In this study, we identify that HSPB1 transcription is regulated by another transcription factor, ZKSCAN3. This mechanism does not require heat shock and contributes to the basal level of HSPB1 expression. In addition, we find that the regulation of HSPB1 contributes to ZKSCAN3 function in ovarian cancer. Restoring HSPB1 expression significantly restores the cell proliferation defect in ZKSCAN3-KD cells. Findings in this study collectively suggest a functional ZKSCAN3-HSPB1 axis in ovarian cancer.
4 METHODS
4.1 Western blot
Whole cell lysates were generated using 1× SDS lysis buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol) unless specified otherwise. Lysates underwent sonication followed by heat denaturation (99 °C, 5 min) and clarification via centrifugation (12,000 × g, 10 min). Protein quantification was performed using the BCA assay (Beyotime, P0012), with 20–50 μg protein loaded per SDS-PAGE well. Sample volumes were normalized by adding 1× SDS loading buffer (base lysis buffer +0.002% bromophenol blue). Immunoprecipitated proteins were resuspended in 1× SDS loading buffer, while in vitro reaction products were mixed with 5× SDS loading buffer (312.5 mM Tris-HCl, pH 6.8, 10% SDS, 30% glycerol, 25% β-mercaptoethanol, 0.01% bromophenol blue) to achieve a 2% final SDS concentration. Electrophoresis was conducted using a Bio-Rad Mini-PROTEAN Tetra system, followed by PVDF membrane transfer (Millipore IPVH00010) with a Bio-Rad Trans-Blot module. Membranes were blocked with 5% non-fat milk in TBST (10 mM Tris, pH 7.4, 200 mM NaCl, 0.05% Tween-20) prior to overnight incubation with primary antibodies at 4 °C. After thorough washing, membranes were probed with HRP-conjugated secondary antibodies (3 h, RT) and visualized through enhanced chemiluminescence using a Bio-Rad ChemiDoc system. Antibodies used are as follows: ZKSCAN3 (Santa Cruz #sc-515285); HSPB1 (Proteintech #PTG_18284-1-AP); GAPDH (ABclonal #AC033); β-ACTIN (ABclonal #AC026); HA-tag (Cell Signaling Technology #3724); Histone H3 (Abcam #ab1791); secondaries (Jackson ImmunoResearch 111-035-003 and 115-035-003).
4.2 Cell culture
Caov3 (CL-0055) cells were from Wuhan Pricella Biotechnology Co., Ltd. (Wuhan, China). HEK-293T cells (human embryonic kidney cells) were sourced from Dr. Shuguo Sun’s laboratory at Huazhong University of Science and Technology. A2780, HEY, and Caov3 cells were cultured in DMEM (Gibco #12800082) containing 10% FBS (PAN #ST30-3302). HEK-293T cells were maintained in DMEM (Gibco #12800082) containing 10% FBS (PAN #ST30-3302). All cultures were incubated at 37 °C under 5% CO2.
4.3 Cell proliferation
HEY and A2780 cells were plated at 5 × 105 cells per 35-mm culture dish and maintained under experimental conditions with bi-daily subculturing. Cellular proliferation was quantified using an automated cell counting system. Where indicated, cells were treated with 0.2 μM oxaliplatin (MCE HY-17371) for 3 days.
4.4 Cellular fractionation
Nuclear-cytoplasmic separation was based on established protocols (Song et al., 2021). PBS-washed cells were harvested and resuspended in hypotonic buffer (5× pellet volume: 10 mM HEPES, pH 7.9, 10 mM KCl, 0.5 mM DTT, 0.5 mM PMSF, 1.5 mM MgCl2), then incubated on ice for 15 min. NP-40 was added to a 0.2% final concentration, followed by 10 s vortex mixing. Cytoplasmic–nuclear separation was achieved by centrifugation (5,000 × g, 30 sec), with the supernatant retained as the cytoplasmic fraction. For nuclear extraction, pellets were resuspended in 1.5× volume of low-salt buffer (20 mM HEPES, pH 7.9, 150 mM NaCl, 0.5 mM DTT/PMSF, 1.5 mM MgCl2) and combined with 1.5× volume high-salt buffer (20 mM HEPES, pH 7.9, 650 mM NaCl, 0.5 mM DTT/PMSF, 1.5 mM MgCl2). After a 30-min rotation (4 °C) and centrifugation (15,000 × g, 15 min, 4 °C), the supernatant constituted the nuclear extract. Residual nuclear debris was sonicated in SDS lysis buffer and constituted the nuclear pellet.
4.5 Colony formation
Cells were harvested via trypsinization and resuspended in fresh medium. A standardized inoculum of 1 × 103 cells per 35-mm dish was plated and cultured for 12 days with medium replacement every 3 days. Post-incubation, monolayers were rinsed twice with PBS and fixed in methanol (5 min). Colonies were stained with 0.5% methanol-based crystal violet (10 min), followed by five distilled water washes to remove unbound dye. Air-dried dishes were digitally archived using an Epson Perfection V550 scanner.
4.6 Nude mice experiment
All procedures complied with institutional animal care guidelines approved by the Ethics Committee of Tongji Medical College, Huazhong University of Science and Technology. Mice were acclimatized for ≥7 days in ventilated cages under controlled conditions (21 °C ± 1 °C, 12-h light/dark cycle) with ad libitum access to food/water. For xenograft studies, 6–7-week-old female NU/NU mice (Charles River) received subcutaneous flank injections of 5 × 106 cells suspended in 100 μL PBS-Matrigel (1:1; BD Biosciences #354248). Tumor dimensions were monitored biweekly/triweekly using calipers, with volume calculated as 0.5 × length × width2.
4.7 Immunofluorescence
Cells were fixed with 4% paraformaldehyde (15 min, RT) and permeabilized using 0.5% Triton X-100 in PBS (4 °C). After blocking with 1% BSA, samples were incubated with primary antibodies against Myc tag (Proteintech 16286-1-AP) or HSPB1 (Proteintech #18284-1-AP). Following three washes with PBST (0.2% Tween-20), Alexa fluor-conjugated secondary antibodies (Jackson ImmunoResearch #711-545-152) were applied for 1 h. Nuclei were counterstained with DAPI (5 min, RT), and coverslips were mounted using antifade medium (Abcam AB104135). Imaging was performed on a Zeiss Axiovert A1 microscope (63× oil immersion lens) equipped with a Retiga R6 camera. Image analysis utilized Fiji/ImageJ (NIH).
4.8 BrdU staining
Cells were first treated with 10 μM BrdU (Targetmol #T6794) for 2 h and then fixed with 4% paraformaldehyde. After fixation, cells were permeabilized with 0.5% Triton-X100. Subsequently, cells were first incubated with 1 M HCl for 30 min to denature the DNA, followed by incubation with 0.1 M sodium borate buffer and then blocking with 1% BSA. Cells were then stained using a procedure similar to that described in the “Immunofluorescence” section. The BrdU antibody used for BrdU detection was from Proteintech (#66241-1-Ig).
4.9 Transwell assay
A total of 1 × 105 cells were seeded into the top chamber of a Transwell insert with 8.0-μm pores (Corning #3422) filled with serum-free medium, while the bottom chamber was filled with normal medium. Cells were allowed to migrate through the membrane for 24 h. Subsequently, non-migrated cells in the top chamber were removed with a cotton swab, and the cells on the bottom of the membrane were fixed and stained with crystal violet. Images were taken under an OLYMPUS IX73 fluorescent microscope.
4.10 Wound healing assay
Cells were seeded into 3.5-cm dishes. Scratch wounds were created using an end-cut 200-μL pipette tip. Subsequently, images were taken at different time points under an OLYMPUS IX73 fluorescent microscope.
4.11 Chromatin immunoprecipitation
Chromatin immunoprecipitation assays were conducted as described previously (Song et al., 2021). Cells were crosslinked with 2.5 mM disuccinimidyl glutarate (Aladdin #D304655) for 45 min and 1% formaldehyde (Sigma #F8775) under gentle agitation for another 10 min, followed by quenching with 0.125 M glycine. After ice-cold PBS washes, cells were harvested by mechanical scraping and resuspended in hypotonic buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl2, 10 mM KCl, 0.5% NP-40, 0.5 mM DTT) for 10 min on ice. Chromatin was fragmented using a BioRuptor sonicator (Diagenode) in lysis buffer (50 mM Tris-Cl, pH 8.0, 5 mM EDTA, 0.2% SDS). Clarified lysates (15,000 × g, 10 min, 4 °C) were combined 1:1 with dilution buffer (300 mM NaCl, 2% Triton X-100) and incubated overnight with antibodies against HA (Santa Cruz #sc-7392) at 1 μg per 200-μL lysate. Immunocomplexes were captured using Protein G magnetic beads (CST 9006). After stringent washing, bound complexes were eluted in buffer (0.1 M NaHCO3, 1% SDS) at 65 °C with agitation (15 min). Reverse crosslinking occurred overnight at 65 °C, followed by DNA purification with a Quick PCR purification kit (Invitrogen, K310001). Quantitative PCR analysis was performed using primers for HSPB1, as detailed in Supplementary Table S1.
4.12 Total RNA extraction and reverse transcription
Cellular RNA was isolated using TRIzol reagent (Invitrogen #15596018) following standard protocols. RNA concentration was measured using a NanoDrop spectrophotometer (Thermo Scientific). For DNA removal, 1 μg RNA samples were treated with DNase I (Thermo Scientific #EN0521) according to manufacturer specifications. First-strand cDNA synthesis was performed using the Improm-II Reverse Transcription System (Toyobo #FSQ-101). Briefly, 1 μg DNase-treated RNA was combined with 0.5-μg random primer mix, heat-denatured at 65 °C (5 min), and then immediately cooled on ice. The reaction mixture was prepared by adding dNTPs, reverse transcriptase, and RNase inhibitor, followed by incubation at 37 °C for 15 min. Reactions were terminated through heat inactivation at 98 °C for 5 min.
4.13 Real-time quantitative PCR
qPCR amplification was conducted using commercially available SYBR Green master mixes (Toyobo ThunderBird QPK-201) in Bio-Rad-compatible 96-well plates (HSP9655/MSB1001) on a CFX Connect thermocycler. Primer sequences for quantitative PCR are detailed in Supplementary Table S1.
4.14 Lentivirus-mediated knockdown
shRNA systems were generated using pLKO vectors (Moffat et al., 2006). Oligonucleotides were hybridized and cloned into AgeI/EcoRI-digested pLKO-puro (constitutive) backbones. Sequence accuracy was confirmed via Sanger sequencing. Lentiviral particles were produced by co-delivering shRNA constructs with psPAX2 and pMD2. G packaging plasmids into HEK293T cells. Viral supernatants were harvested at 48 h, filtered (0.45 μm), and applied to target cells. For adherent cultures, viral suspensions were supplemented with 8 μg/mL polybrene (Sigma H9268) and directly added to the media. Transduced cells were expanded 24 h post-infection, followed by puromycin selection (1 μg/mL, InvivoGen ANT-PR-1) initiated 48 h after transduction.
4.15 Lentivirus-mediated gene overexpression or rescue-expression
The cDNA insert was ligated into the blasticidin-resistant pLenti-EF1a backbone using conventional restriction-based cloning (NEB restriction enzymes; Promega UC6711 T4 DNA ligase), with sequence fidelity confirmed by Sanger sequencing. Lentiviral particles were generated through co-transfection of HEK-293T cells with the transfer vector, psPAX2, and pMD2. G packaging plasmids. Viral supernatants were harvested 48 h post-transfection, filtered (0.45 μm, Millipore SLHP033RB), and applied to target cells. Resistance to shRNA was achieved by the synonymous mutation in the coding region. For adherent cell lines, viral suspensions were directly introduced to culture media containing 8 μg/mL polybrene (Sigma H9268). Transduced populations were selected using 10 μg/mL blasticidin (InvivoGen ANT-BL-1) for 3–7 days prior to functional assays.
4.16 ChIP-seq and analysis
Chromatin immunoprecipitation was conducted as outlined in the “Chromatin immunoprecipitation” section. HA-ZKSCAN3-expressing HEY cells were subjected to ChIP using anti-HA antibody (Santa Cruz #sc-7392). Library preparation and sequencing were outsourced to BGI (Shenzhen, China), employing the MGIEasy DNA Library Prep Kit (MGI, Shenzhen, China), following dA-tailing, adapter ligation, and size selection. PCR-amplified libraries underwent quality control prior to 150-bp paired-end sequencing on a BGI G400 system. Raw reads were first filtered with Trim-Galore and then aligned with bowtie2 (53) to the human hg38 genome assembly. Alignments with MAPQ >2 were kept, and genomic coverage in bigwig format (bin = 25 bp) was generated with deepTools BamCoverage (54). Reads coverage at HSPB1 was viewed with the UCSC genome browser or Integrative Genomics Viewer. Read coverage around a transcription start site (TSS) was calculated by deepTools ComputeMatrix (bin = 25 bp) and plotted with deepTools plotHeatmap.
4.17 RNA-Sseq and analysis
HEY cells were infected with pLKO-based lentiviruses encoding ZKSCAN3-targeting or non-targeting shRNAs, followed by 3-day puromycin selection. Total RNA was isolated using TRIzol (Invitrogen #15596018) per protocol guidelines. RNA sequencing was conducted by BGI Genomics (Shenzhen, China), involving mRNA enrichment via Oligo (dT) beads, fragmentation, and double-stranded cDNA synthesis with random priming. Libraries were prepared through dA-tailing, adapter ligation, and PCR amplification, followed by quality assessment on an Agilent 2100 Bioanalyzer. DNA nanoballs generated via Phi29 polymerase amplification underwent 150-bp paired-end sequencing on the MGISEQ-2000RS platform. Raw reads were quality-trimmed (Trim-Galore) and aligned to the GENCODE v39-annotated hg38 genome using STAR. Low-quality alignments (MAPQ <10) and PCR duplicates (RmDup-filtered) were excluded. Coverage tracks were generated via deepTools bamCoverage, while featureCounts quantified gene-level reads. Differential expression analysis utilized DESeq2 with default parameters.
4.18 Statistical analysis
For cell proliferation, the number of cells was measured with four biological replicates, and p-values were calculated with one-way ANOVA with correction for multiple comparisons. In xenograft studies, tumor growth curves displayed group-wise SD (n = 6 mice/group). Statistical comparisons employed two-way ANOVA, with GraphPad Prism v8.0 calculating significance thresholds (p < 0.05 considered statistically significant). Fisher’s exact test was performed with the “fisher.test” in R 4.3.3. Quantitative PCR data were analyzed and graphically represented using Excel (Microsoft) and GraphPad Prism v8.0, with error bars indicating standard deviation (SD) of triplicates. To analyze the linear correlation between HSPB1 and ZKSCAN3, protein expression data for ovarian cancer samples were downloaded from CPTAC. The correlation coefficients and p-values were calculated with R 4.3.3. For survival analysis, patients in the CPTAC PDC000114 cohort were divided into two groups based on their HSPB1 protein level in the ovarian cancer samples, with the median level as the threshold. Then, survival analysis was done with the “Surv” package in R 4.3.3.
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