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ABSTRACT 24 

Glioblastoma represent universally lethal cancers, containing stem cell-like 25 

glioblastoma stem cells (GSCs). While neural stem cells (NSCs) are usually quiescent, 26 

single-cell studies suggest that proliferating glioblastoma cells reside in the GSC 27 

population. Interrogating in silico glioma databases for epigenetic regulators that 28 

correlate with cell cycle regulation, we identified the chromatin remodeler, HELLS, as 29 

a potential target in glioblastoma. GSCs preferentially expressed HELLS compared to 30 

their differentiated tumor progeny and non-malignant brain cells. Targeting HELLS 31 

disrupted GSC proliferation, survival, and self-renewal with induction of replication 32 

stress and DNA damage. Investigating potential molecular mechanisms downstream 33 

of HELLS revealed that HELLS interacted with the core oncogenic transcription factors, 34 

E2F3 and MYC, to regulate gene expression critical to GSC proliferation and 35 

maintenance. Supporting the interaction, HELLS expression strongly correlated with 36 

targets of E2F3 and MYC transcriptional activity in glioblastoma patients. Potential 37 

clinical significance of HELLS was reinforced by improved survival of tumor-bearing 38 

mice upon targeting HELLS and poor prognosis of glioma patients with elevated 39 

HELLS expression. Collectively, targeting HELLS may permit the functional disruption 40 

of the relatively undruggable MYC and E2F3 transcription factors and serve as a novel 41 

therapeutic paradigm for glioblastoma. 42 

  43 
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BRIEF SUMMARY 44 

Glioblastoma stem cells preferentially express the chromatin remodeler, HELLS, to 45 

sustain proliferation and survival through interactions with the E2F3 and MYC 46 

transcription factors.  47 

48 
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INTRODUCTION 49 

Glioblastoma (World Health Organization grade IV glioma) is the most prevalent and 50 

malignant primary, intrinsic brain tumor (1, 2). Current glioblastoma management 51 

entails maximal surgical resection followed by concurrent radiotherapy and 52 

chemotherapy with the oral methylator, temozolomide, followed by adjuvant 53 

temozolomide (3). Tumor treating fields and bevacizumab have been approved for 54 

glioblastoma treatment, but provide marginal benefit in patient survival (4). While 55 

median survival of glioblastoma is commonly stated as 12-15 months, these results 56 

are from patients under the age of 70 who have a favorable performance status (3). 57 

Glioblastoma was among the first cancers studied by The Cancer Genome Atlas 58 

(TCGA) and ranks among the most thoroughly characterized of human cancers, yet 59 

this molecular understanding has translated poorly into meaningful survival benefit for 60 

glioblastoma patients.  61 

 62 

Glioblastoma was previously designated as glioblastoma multiforme, due to its highly 63 

undifferentiated and heterogeneous histology. Phenotypic characterization of patient-64 

derived xenografts (PDXs) and genetically engineered mouse models of glioblastoma 65 

has revealed that morphologic heterogeneity extends to diversity of cellular 66 

phenotypes, with essential contributions from the tumor stroma and diversity of tumor 67 

cells. Glioblastomas display heterogeneity of genetic aberrations and single cell 68 

transcription (5-7), but also manifest cellular hierarchies that partially recapitulate 69 

developmental programs with stem-like tumor cells, called GSCs or brain tumor 70 
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initiating cells, at the apex (8). Although the precise cellular origin and identification of 71 

GSCs remains unresolved, glioblastomas have been one of the most reliable solid 72 

cancers for which cancer stem cells have been derived. GSCs are functionally defined 73 

through their ability to self-renew, sustain proliferation, and propagate tumors upon 74 

transplantation (9, 10). GSCs reside in perivascular and hypoxia niches and contribute 75 

to tumor growth through proliferation, promotion of angiogenesis, and invasion into 76 

normal brain (11-13). The clinical significance of GSCs is additionally supported by 77 

their resistance to DNA damage, which contributes to the futility of the conventional 78 

therapy and to the recurrence of the tumor following therapy (14). These features 79 

suggest GSCs as potential targets for novel therapy.   80 

 81 

To date, a number of molecular targets that may be useful against GSCs have been 82 

derived, and early clinical trial development has been undertaken. Based on this 83 

background, we hypothesized that the sustained proliferative potential of GSCs may 84 

reveal novel molecular targets amenable to targeting, beyond the traditional cytotoxic 85 

modalities of ionizing radiation and chemotherapy, to which GSCs display relative 86 

resistance. Elevated mitotic indices are pathologic hallmarks of the transition from low 87 

grade-to-high grade gliomas, but the prognostic significance of proliferation has shown 88 

mixed results. Viewed through the prism of stem cell biology, proliferation in GSCs may 89 

be more informative than bulk tumor studies, as co-expression of GSC markers and 90 

proliferation in clusters is associated with poor prognosis (15). Further, single cell 91 

analyses of gliomas suggests that proliferating cells within gliomas express stem cell 92 
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regulatory programs, suggesting a correlation between cell proliferation and tumor 93 

stem cell maintenance (16). While traditionally cancer has been viewed as a disease 94 

caused by genetic mutations, accumulating evidence shows that epigenetic regulation 95 

also contributes to tumor initiation and progression (17, 18). Here, we interrogated key 96 

epigenetic regulators to further understand key processes that drive glioblastoma 97 

pathogenesis.  98 

  99 
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RESULTS 100 

HELLS is associated with glioma cell proliferation and is preferentially 101 

expressed by GSCs 102 

Based on the strong association in single-cell RNA sequencing between stem cell 103 

transcriptional profiles and cell cycle regulation in gliomas, we hypothesized that 104 

aberrant proliferative control may serve as a discovery tool for novel GSC targets. To 105 

identify active cycling cells, we interrogated the expression of a previously reported 55-106 

gene panel of cells in the G2/M cell cycle phase (16) in glioma TCGA datasets, which 107 

confirmed an association between cell cycle control and histology, with glioblastoma 108 

expressing the highest levels of key cell cycle regulatory genes (Supplemental Figure 109 

1A). Given the critical role of epigenetic regulation in glioblastoma biology, generally, 110 

and GSCs, specifically, we developed an 184-gene panel of key writers, readers, 111 

editors and erasers of epigenetic marks for which there was representation in the 112 

TCGA dataset from a previously reported list of 212 epigenetic enzymes (19). We 113 

ranked the panel of epigenetic enzymes against the G2/M cell cycle signature, 114 

revealing the tightest positive correlation with targets that included genes previously 115 

associated with tumor grade (PCNA) or GSC regulation (EZH2, DNMT1, DNMT3B, 116 

and HDAC2) (20-22), supporting the discovery strategy as potentially useful to identify 117 

GSC targets (Figure 1A). One epigenetic regulator most tightly correlated with cell 118 

cycle regulators in glioblastoma patients was HELLS, SWI/SNF2-related matrix 119 

associated actin-dependent regulator of chromatin subfamily A member 6 (23). To 120 

inform greater granularity in the relationship between individual chromatin regulators 121 
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and cell cycle genes, we mapped the epigenetic regulators with the highest positive 122 

and negative correlations with the full G2/M transcriptional signature against individual 123 

cell cycle regulatory genes, again revealing HELLS as one of the most tightly 124 

correlated genes with cell cycle control (Figure 1B). HELLS expression in glioma 125 

patients in the TCGA dataset strongly correlated with cell cycle genes expression (r t 126 

0.7; Supplemental Figure 1B). Given the recent molecular classification of gliomas, we 127 

mapped the expression of the top epigenetic regulatory genes correlated proliferation 128 

across glioma samples in the TCGA with consideration of tumor transcriptional 129 

subtyping, IDH1/p53/PTEN mutational status, grade, age, and performance status, 130 

confirming that HELLS and the other genes positively correlated with cell cycle 131 

progression were highly enriched in older patients with worse performance status with 132 

IDH1 wildtype (WT) glioblastomas (Figure 1C). In single-cell RNA-seq data from four 133 

glioblastoma tumors, HELLS expression was enriched in SOX2+ glioblastoma cells 134 

(Figures 1D and 1E). 135 

 136 

Based on the enriched HELLS expression in SOX2+ glioblastoma cells and correlation 137 

that HELLS expression and cell cycle regulators with the enrichment of cell cycle 138 

progression in glioma cells expressing stem cell programs, we interrogated the 139 

specificity of HELLS transcriptional control in GSCs. HELLS mRNA levels in GSCs 140 

were consistently higher in patient-derived GSCs relative to matched differentiated 141 

glioblastoma cells (DGCs), as well as a panel of non-malignant (NM) brain cultures 142 

derived from epilepsy surgical resections (Figure 2A). To validate that preferential 143 
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HELLS expression in GSCs is due to transcriptional control, we interrogated histone 144 

H3 lysine 27 acetyl (H3K27ac) deposition, which marks active promoters and 145 

enhancers (24, 25), in our patient-derived GSCs and matched DGCs, confirming 146 

elevated H3K27ac signal in the HELLS gene promoter of GSCs compared to that in 147 

DGCs (Supplemental Figure 1C). To confirm that the differential transcriptional 148 

regulation of HELLS in GSCs translated into elevated protein expression, we 149 

measured protein levels by immunofluorescent staining and immunoblotting, which 150 

showed strong HELLS levels in GSCs with minimal expression in DGCs and NM 151 

cultures (Figures 2B-D). CDCA7, which is important for chromatin remodeling activity 152 

of HELLS (26), was also enriched in GSCs compared to DGCs (Supplemental Figures 153 

1E and 1F). Thus, HELLS is strongly associated with glioblastoma cell proliferation 154 

and highly expressed in GSCs.  155 

 156 

HELLS maintains GSC proliferation and self-renewal 157 

To examine the functional role of HELLS in GSCs, we targeted HELLS expression 158 

using two non-overlapping shRNAs against HELLS (shRNA.1744 or shRNA.1308, 159 

designated by the start site of the shRNA on the transcript) compared with a control 160 

shRNA sequence that does not target any mammalian gene (shCONT). HELLS was 161 

dispensable for non-neoplastic brain cells, as measured by a luminescence-based cell 162 

viability assay (Supplemental Figures 2A-D). Targeting HELLS moderately reduced 163 

the proliferation of DGCs (Supplemental Figures 2E-H). In striking contrast, targeting 164 

HELLS potently reduced proliferation in multiple patient-derived GSCs (Figures 3A-F). 165 
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Cancer stem cells are functionally defined, in part, by the ability to self-renewal, for 166 

which sphere formation serves as a surrogate, albeit with caveats. Targeting HELLS 167 

expression potently reduced the self-renewal of three patient-derived GSCs in limiting 168 

dilution (Figures 3G-L). Collectively, GSCs display dependence of HELLS to maintain 169 

proliferation and self-renewal.  170 

 171 

Targeting HELLS induces replication stress and DNA damage 172 

Although HELLS (HELicase, Lymphoid-Specific; also known as SWI/SNF2-Related, 173 

Matrix-Associated, Actin-Dependent Regulator Of Chromatin, Subfamily A, Member 6) 174 

was named based on presumed helicase function, its function is likely distinct as 175 

HELLS is a member of SWI2/SNF2 (switch/sucrose non-fermenting) superfamily, 176 

which provide the energy necessary for chromatin remodeling through the hydrolysis 177 

of ATP (27). SWI2/SNF2 superfamily is divided into four distinct subfamilies based on 178 

the presence of additional functional domains: SWI/SNF, ISWI (imitation switch), CHD 179 

(chromodomain helicase DNA-binding) and INO80 (inositol 80) (27). To determine if 180 

the pattern of HELLS expression is generally held by other family members, we 181 

interrogated expression patterns of a panel of additional SWI2/SFN2 superfamily 182 

members (CHD2, CHD3, CHD4, and CHD5) in relation to cell cycle regulatory genes 183 

in glioblastomas. Whereas HELLS is tightly correlated to the expression of core 184 

regulators of cell cycle progression, the other superfamily members had no correlation 185 

(Supplemental Figure 3A).  186 

 187 
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To determine if HELLS is a driver of the proliferation program, we performed ChIP-188 

qPCR in GSCs and found that HELLS bound to the promoter regions of cell cycling 189 

genes, including MKi67, PCNA, CCNB1 and CDC6 (Supplemental Figures 3B and 3C). 190 

Furthermore, HELLS knockdown reduced expression of these genes (Supplemental 191 

Figures 3D and 3E). Combined with the loss of GSC proliferation observed after 192 

HELLS knockdown, these observations suggest that HELLS supports GSC cell cycle 193 

progression. 194 

 195 

As chromatin remodeling plays an active role in DNA repair and genome stability 196 

maintenance (27), we assessed whether the disruption of HELLS expression induces 197 

replication stress and DNA damage. Phosphorylated replication protein A (pRPA, 198 

Ser32) marks replication stress (28). Targeting HELLS expression increased pRPA 199 

foci, as quantified by immunofluorescence (Figures 4A and 4B). The percentage of 200 

pRPA positive cells, with a threshold of at least 5 foci/cell, increased upon HELLS 201 

knockdown in GSCs (Figure 4C). Consistent with the immunofluorescent staining, 202 

immunoblotting also showed increased pRPA levels in GSCs after HELLS knockdown 203 

(Figure 4D). Severe replication stress may cause DNA double-strand breaks (DSBs) 204 

(29). Targeting HELLS expression in GSCs induced DSBs, as measured by 205 

immunofluorescent staining for �JH2AX (Figures 4E and 4F). Quantification of DSBs, 206 

as measured by the fraction of cells with at least five JH2AX foci, confirmed that 207 

increased DSBs in GSCs upon HELLS knockdown (Figure 4G), further confirmed by 208 
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flow cytometry assays and immunoblotting for�JH2AX (Figure 4H and Supplemental 209 

Figure 3F). Thus, loss of HELLS expression in GSCs induces genotoxic stress. 210 

 211 

Targeting HELLS reduces cell cycle progression and induces apoptosis in GSCs 212 

Induction of DNA damage may lead to the activation of cell cycle checkpoints and 213 

arrest of cell cycle. Therefore, we examined HELLS regulation of GSC cell cycle 214 

progression using 5-ethynyl-2-deoxyuridine (EdU) incorporation assay. Targeting 215 

HELLS reduced the percentage of EdU-positive (actively proliferating) cells in two 216 

patient-derived GSCs, as measured by flow cytometry (Figures 5A-D). To confirm the 217 

observations from EdU-based flow cytometry, the Ki-67 labeling index was measured 218 

by immunofluorescence in GSCs following HELLS knockdown, confirming substantial 219 

reduction in proliferation with loss of HELLS expression (Figures 5E-G). Collectively, 220 

these results demonstrate that HELLS is required for GSC proliferation. 221 

 222 

Given that severe DNA damage may cause cell death, we interrogated the impact of 223 

HELLS on GSC survival. Flow cytometric quantification of Annexin V-propidium iodide 224 

staining revealed that HELLS knockdown potently induced cell death (Figure 6A-D). 225 

To address the mode of cell death, cleaved CASPASE 3, a marker for apoptosis, was 226 

detected with immunofluorescent staining. Consistent with results from Annexin V 227 

staining based flow cytometry assays, GSCs transduced with shCONT showed limited 228 

cleaved CASPASE 3, while GSCs with HELLS knockdown showed prominent cleaved 229 

CASPASE 3 staining (Figures 6E-G), which was confirmed by immunoblotting for 230 
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cleaved CASPASE 3 and the cleavage of poly-ADP ribose polymerase (PARP) 231 

(Figures 6H and 6I). Taken together, these data indicate that HELLS knockdown 232 

induces GSC apoptosis in association with severe replication stress and DNA DSBs.  233 

 234 

HELLS correlates with E2F3 and MYC targets in glioblastoma patients 235 

To interrogate potential molecular mechanisms underlying HELLS control of cell 236 

proliferation, whole genome expression data from glioblastoma patients were analyzed. 237 

We stratified glioblastoma patients into two groups based on HELLS expression (top 238 

quartile vs. bottom quartile) (Supplemental Figure 4A). Gene ontology (GO) analysis 239 

showed that the differentially expressed genes between the HELLShigh and HELLSlow 240 

groups were strongly associated with cell cycle progression (Supplemental Figures 4B-241 

E). Given HELLS functions without known direct transcriptional activity, HELLS could 242 

interact with transcriptional factors to regulate the expression of genes which are 243 

important for cell cycle progression. GSEA for the differentially expressed genes 244 

between HELLShigh and HELLSlow groups showed enriched gene sets, including E2F 245 

targets and MYC targets (Supplemental Figures 4F-I). E2F3 controls cell proliferation 246 

and embryonic development (30, 31) and interacts with HELLS in colon cancer cells 247 

(32). E2F3 targets and MYC targets were preferentially expressed in HELLShigh patient 248 

tumors (Supplemental Figure 5A). E2F3 and MYC targets were strongly correlated with 249 

HELLS expression (Supplemental Figure 5B). Collectively, these glioblastoma patient 250 

data from TCGA showed that E2F3 targets and MYC targets were enriched in 251 
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differentially expressed genes between HELLShigh and HELLSlow tumors of 252 

glioblastoma patients. 253 

 254 

RNA-seq data support interactions between HELLS and E2F3 and MYC 255 

To understand the molecular mechanisms of HELLS functions in GSCs, RNA 256 

sequencing (RNA-seq) was performed on two different GSCs transduced with either 257 

shCONT or shHELLS. While two GSCs clustered into different groups, cells 258 

transduced with shHELLS clustered together (Figure 7A). Unsupervised clustering of 259 

each RNA-seq sample with principle component analysis (PCA) showed that HELLS 260 

knockdown altered GSC transcriptional profiles consistently (Figure 7B). Targeting 261 

HELLS expression induced similar transcriptional changes in each model, with modest 262 

differences between these two models (Figure 7C). GSEA identified molecular 263 

pathways associated with HELLS, revealing enrichment of gene sets related to E2F 264 

targets, MYC targets and the G2/M checkpoint (Figures 7D-H). Given the strong 265 

correlation between HELLS and E2F3 in glioblastoma patients, these data support the 266 

interactions between HELLS and E2Fs as well as HELLS and MYC.  267 

 268 

HELLS interacts with E2F3 and MYC to regulate gene expression  269 

To directly interrogate HELLS interaction with E2F3 in GSCs, co-immunoprecipitation 270 

assays were performed. E2F3 has two different isoforms, E2F3a and E2F3b. Co-271 

overexpression of FLAG-tagged HELLS and HA-tagged E2F3a or HA-tagged E2F3b 272 

in GSCs demonstrated that HELLS interacted with both E2F3a and E2F3b (Figure 8A). 273 
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E2F3 and HELLS bound the same regions of E2F3 target gene promoters in two 274 

patient-derived GSCs using ChIP-qPCR assays (Figure 8B). Given their interactions, 275 

HELLS may contribute to E2F3 binding to its target genes in GSCs. Using ChIP-qPCR 276 

assays, enrichment of E2F3 in the promoter regions of its target genes decreased 36 277 

hours after HELLS knockdown in two GSCs, while no decrease in E2F3 protein was 278 

observed although E2F3 protein expression decreased slightly 12 hours later (Figure 279 

8C and Supplemental Figures 6A and 6B). The decreased binding of E2F3 after 280 

HELLS knockdown was further confirmed by the decreased enrichment of FLAG-281 

tagged E2F3a or FLAG-tagged E2F3b at target gene promoters in GSCs expressing 282 

FLAG-tagged E2F3s (Supplemental Figures 6C and 6D). Consistent with the decrease 283 

of E2F3 binding, all examined E2F3 target genes showed decreased expression after 284 

HELLS knockdown in both GSCs (Supplemental Figure 6E). 285 

 286 

To determine whether decreased expression of E2F3 target genes is responsible for 287 

the phenotypes caused by HELLS knockdown in GSCs, E2F3 expression was 288 

knocked down in GSCs (Supplemental Figure 6F). GSC proliferation was impaired 289 

after E2F3 knockdown, suggesting that decreased expression of E2F3 target genes 290 

after HELLS knockdown may contribute to the subsequent phenotypes (Supplemental 291 

Figure 6G). However, E2F3 overexpression only partially compensated for HELLS 292 

knockdown in GSCs (Supplemental Figure 6H), suggesting more partners of HELLS 293 

are involved. In summary, HELLS interacts with E2F3 in GSCs, which contributes to 294 

E2F3 target gene expression by promoting binding of E2F3 to its targets.  295 
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 296 

MYC was another candidate which can interact with HELLS in GSCs. To test this 297 

hypothesis, GSCs expressing FLAG-tagged HELLS or FLAG-tagged GFP were 298 

established with two patient-derived GSCs. FLAG-HELLS, but not FLAG-GFP, bound 299 

MYC in both GSCs (Figure 8D). Endogenous HELLS also interacted with MYC in 300 

GSCs (Figure 8E). MYC and HELLS co-bound to promoter regions of MYC target 301 

genes, as measured by ChIP-qPCR (Figure 8F). After HELLS knockdown, MYC 302 

expression was maintained in GSC 387 while slightly decreased in GSC 3565 303 

(Supplemental Figure 7A). However, binding of MYC to its targets decreased in both 304 

GSCs (Figure 8G). As a consequence, targeting HELLS expression decreased 305 

expression of MYC target genes in GSCs, suggesting that the HELLS-MYC interaction 306 

contributes to MYC activity (Supplemental Figure 7B). However, MYC overexpression 307 

only partially recused the HELLS knockdown in GSCs (Supplemental Figures 7C and 308 

7D). 309 

 310 

HELLS is required for in vivo glioblastoma growth and informs prognosis  311 

Our in vitro data indicated that HELLS is important for GSC maintenance. As in vivo 312 

tumor growth is the most important functional GSC assay, we interrogated the 313 

contribution of HELLS for in vivo tumor growth using orthotopic xenografting. Equal 314 

numbers of GSCs transduced with shRNAs targeting HELLS or non-targeting control 315 

(shCONT) were implanted intracranially into immunocompromised mice. Mice bearing 316 

ortotopic GSCs transduced with one of two shHELLS survived substantially longer 317 
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than mice bearing GSCs transduced with shCONT (Figure 9A). Histologic staining of 318 

tumor-bearing brains collected 20 days after GSC transplantation revealed obvious 319 

tumor masses in mice bearing shCONT-transduced GSCs, while almost no tumor 320 

mass was found in mice injected with HELLS knockdown GSCs (Figure 9B). The 321 

prolonged survival indicated that HELLS was required for tumor growth in vivo.  322 

 323 

To explore the functional importance of cell cycle progression and HELLS in glioma 324 

patients, expression levels were examined across different grades and subtypes of 325 

gliomas. The G2/M signature was elevated in glioblastoma compared to non-malignant 326 

brain and lower tumor grades (Supplemental Figures 8A and 8B). Further, the G2/M 327 

signature informed poor prognosis across glioma types, but was not prognostic within 328 

glioblastoma, as expected (Supplemental Figures 8C and 8D). HELLS expression and 329 

E2F3 and MYC target genes were also strongly associated with IDH1 status in 330 

glioblastoma (Figure 9C). HELLS expression was elevated in glioblastoma tissues 331 

compared to non-malignant brain tissues (Supplemental Figure 8E). HELLS 332 

expression correlated with histology, with glioblastoma having the highest expression 333 

(Figure 9D), and tumor grade (Figure 9E) . HELLS expression portended a poor 334 

prognosis for glioma patients in the TCGA and REMBRANDT with worse survival 335 

(Figure 9F and Supplemental Figure 8F). IDH WT patient were enriched in HELLShigh 336 

group compared to HELLSlow group (Figure 9F), suggesting a correlation between 337 

HELLS and WT IDH. E2F3 and MYC are overexpressed in other tumor types in which 338 

cancer stem cells have been described, with HELLS and E2F3/MYC correlated in 339 
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several other tumors, although not uniformly (Supplemental Figures 9A-F). Beyond 340 

brain cancers, HELLS informed poor prognosis of other cancers, including cancers of 341 

the breast, lung, stomach, liver, and renal papillary cells (Supplemental Figures 9G-L). 342 

Collectively, these results support HELLS as a clinically relevant target in glioblastoma 343 

and potentially other cancers driven by cancer stem cells.  344 

  345 
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DISCUSSION 346 

Cancer is a disease of uncontrolled cell proliferation (33). Proliferation is a histologic 347 

marker of tumor grade, suggesting that identifying drivers of tumor cell proliferation is 348 

important to understanding tumor biology. While genetic mutations are generally 349 

believed to be the drivers of tumorigenesis, emerging evidence showed that epigenetic 350 

regulators is also involved in tumorigenesis and progression (17, 18). Normal neural 351 

stem cells are often quiescent, leading to a focus on quiescence in GSCs (34-36). 352 

However, the stem cell-like compartment in gliomas also harbors the proliferating 353 

cellular fraction, suggesting that GSCs are heterogeneous in their regulation of the cell 354 

cycle. In tissues outside of the brain, including the gut and skin, stem cells can be 355 

dichotomized into at least two fractions with subsets that are quiescent and others that 356 

are highly proliferative. Thus, regulatory control of proliferation in GSCs may provide 357 

novel therapeutic targets not appreciated in the analysis of bulk tumor cell populations. 358 

 359 

Leveraging an in silico discovery approach, we mapped core epigenetic regulators 360 

against a gene expression signature for cell cycle progression, revealing a restricted 361 

set of molecules that were highly correlated with cell cycle regulators (Figures 1A and 362 

1B). Prominently, top targets included EZH2 and KDM1A, which are highly expressed 363 

in cycling cells and important for GSC maintenance, suggesting utility of the discovery 364 

methodology (21, 37, 38). HELLS ranked as another tightly correlated molecule with 365 

cycling gene expression in glioblastoma. As a member of SWI2/SNF2 superfamily, 366 

HELLS is required for de novo DNA methylation of repeat sequences and silencing of 367 



20 
 

HOX gene expression during development by interacting with DNMT3B and PRC1 368 

components (39, 40). Notably, both DNMT1 and DNMT3B tightly correlated with cell 369 

cycle regulators in glioblastoma in our analysis. 370 

 371 

HELLS has been reported to serve important functions in the regulation of normal stem 372 

cells. HELLS regulates neural stem cell proliferation and self-renewal by exerting 373 

epigenetic regulation at key regulators of neural stem cell fate during development (41). 374 

HELLS also regulates expression of genes important for embryonic stem cell 375 

maintenance by controlling the DNA methylation patterns at stem cell genes (42). 376 

Parallel to these findings, deletion of HELLS resulted in a lethal phenotype and the 377 

mice died perinatally, indicating the importance of HELLS for embryonic development 378 

(43).  379 

 380 

Here, we found that HELLS expression was associated with glioma progression and 381 

highly expressed in glioblastoma. Recently, HELLS (also designated as LSH, 382 

Lymphoid-specific helicase) was linked to glioma biology as a downstream target of 383 

LRP6-GSK3β-E2F1 signaling (44). This prior report investigated upstream regulation 384 

of HELLS in cell lines, whereas we found that HELLS was predominantly expressed in 385 

GSCs and investigated the downstream signaling, revealing that HELLS interacts with 386 

E2F3 and MYC in GSCs to regulate cycling gene expression to maintain GSC 387 

proliferation and self-renewal. HELLS has been reported to interact with E2F3 in cell 388 

lines from other cancer types (32), but these prior studies did not find the reduction of 389 
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E2F3 enrichment at its target gene promoters that we find in a cancer stem cell 390 

population, suggesting a context-dependent regulation. Similar to previous the study, 391 

we also found that E2F3 overexpression could not fully compensate for loss of HELLS 392 

in GSCs. The complexity of transcriptional regulation downstream from HELLS likely 393 

derives from its multiple interactions, including with MYC to activate gene expression 394 

and with DNMT and the PRC1 complex to silence gene expression or heterochromatic 395 

regions (39, 40). Thus, HELLS is necessary for cell cycle progression but it is unlikely 396 

that any single interactor is sufficient for the full spectrum of biologic effects of HELLS. 397 

Future studies will determine the selectivity of HELLS coordination to activate some 398 

genes while repress others. HELLS knockdown decreased the expression of E2F3 399 

targets and MYC targets and induced the replication stress followed by DSBs, which 400 

caused cell cycle arrest and apoptosis in GSCs. Supporting our observation about 401 

DNA damage after HELLS knockdown, it was shown recently in HEK293 that HELLS 402 

knockout caused DSBs at centromeric, pericentromeric, and telomeric repeats, which 403 

was speculated to be caused by replication stress but lack of evidence (45). Other 404 

chromatin remodelers were reported to play roles in DNA damage repair (27); however, 405 

our finding, together with the results of Unoki and co-workers suggest that HELLS may 406 

also serve functions in DNA damage responses. We find that the oncogenic roles of 407 

HELLS in glioblastoma are likely mediated through interactions with E2F3 and MYC. 408 

Given the wide overexpression of E2F3 and MYC in many different cancers, the 409 

interaction between HELLS and E2F3 or MYC may help to better understand the 410 
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molecular mechanisms that underlie the aberrant cell cycle control in multiple cancer 411 

types. 412 

 413 

Core drivers of cellular proliferation in oncology, like MYC and E2F family members, 414 

have proven challenging to drug. As a key mediator of proliferation, HELLS may offer 415 

a tractable molecular target to disrupt the functional effects of MYC and E2F3. As a 416 

helicase, HELLS contains an enzymatic function that is amenable to inhibition. 417 

Pharmacologic inhibitors have been developed against other helicases, including 418 

WRN and DDX3, for indications that include oncology and infectious diseases (46-48). 419 

While pharmacologic inhibitors of HELLS have not yet been reported, the development 420 

of such agents may have substantial value, not only as monotherapy, but also in 421 

combination with conventional therapy and molecularly targeted therapy. Other 422 

chromatin regulators have been reported as biomarkers of sensitivity to PARP 423 

inhibitors in other cancers (49), and targeting the DDX3 helicase induces synthetic 424 

lethality with PARP in BRCA1-proficient breast cancer (50). We previously 425 

demonstrated that GSCs are highly responsive to PARP inhibitors and that BRCA1 426 

serves an oncogenic function in glioblastoma, suggesting that targeting HELLS in 427 

combination with PARP inhibitors could offer a potent therapeutic paradigm against 428 

the most resistant tumor cell populations in glioblastoma (51, 52). Collectively, our 429 

results lay the foundation for the development of a novel molecular targeting approach 430 

for the treatment of one of the most lethal human malignancies. 431 

  432 
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MATERIALS AND METHODS  433 

Derivation of glioblastoma stem cells, non-malignant brain cultures and neural 434 

stem cells 435 

Patient-derived GSCs, GSC387 and GSC3691 were generated by our laboratory and 436 

transferred via a MTA from Duke University. GSC3565 was derived by our lab with 437 

human specimens from Case Western Reserve University. Non-malignant brain 438 

cultures (NM176, NM177 and NM263) were derived by our lab with surgical tissue from 439 

human epilepsy resection specimens. Human NSC line NSC11 derived from human 440 

iPS cells was purchased from ALSTEM (Richmond, CA, USA). ENSA (ENStem-A, 441 

Millipore, Billerica, MA) are human embryonic stem-derived neural progenitor cells. 442 

HNP1 Human Neural Progenitors (ArunA Biomedical, Inc., Athens, GA) are fully 443 

differentiated and derived as adherent cells from the hESC WA09 line. All NSCs were 444 

cultured in Neurobasal media (Invitrogen) supplemented with B27 (Invitrogen), EGF, 445 

and bFGF (20 ng/ml each; R&D Systems). To decrease the incidence of cell culture-446 

based artifacts, patient-derived xenografts were produced and propagated as a 447 

renewable source of tumor cells for study. All cells were thawed within one month of 448 

these experimental procedures.  449 

 450 

In vivo tumorigenesis 451 

Intracranial xenografts were generated by transplanting 5 x 104 human-derived GSCs 452 

into the right cerebral cortex of NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ, The 453 

Jackson Laboratory, Bar Harbor, ME, USA) mice at a depth of 3.5 mm. All mouse 454 
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experiments were performed under an animal protocol approved by the University of 455 

California, San Diego (UC San Diego) Institutional Animal Care and Use Committee. 456 

Healthy male and female mice of NSG background, 4–6 weeks old, were randomly 457 

selected and used in this study. All mice were maintained in 12 hours light/12 hours 458 

dark cycle by animal husbandry staff at UC San Diego, with no more than 5 mice per 459 

cage. Housing conditions and animal status were supervised by a veterinarian. 460 

Animals in experiments were monitored every day until neurological signs were 461 

observed, at which point they were sacrificed. Neurological signs or signs of morbidity 462 

included hunched posture, gait changes, lethargy and weight loss. Brains were 463 

harvested and fixed in 4% formaldehyde overnight. Hematoxylin and eosin (H&E) 464 

staining was performed on sections for histological analysis. In parallel survival 465 

experiments, mice were observed until the development of neurological signs.  466 

 467 

Tumor dissociation and GSC culture 468 

Xenografted tumors were dissociated using a papain dissociation system according to 469 

the manufacturer’s instructions. Cells were then cultured in Neurobasal medium 470 

supplemented with 2% B27, 1% L-glutamine, 1% sodium pyruvate, 1% 471 

penicillin/streptomycin, 10 ng/ml basic fibroblast growth factor (bFGF), and 10 ng/ml 472 

epidermal growth factor (EGF) for at least 6 hours to recover expression of surface 473 

antigens. As cell surface markers are not uniformly informative for enriching for GSCs, 474 

we utilized a combination of functional criteria to validate GSCs. Both GSCs and DGCs 475 

were derived immediately following dissociation or following transient xenograft 476 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/eosin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/papain
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pyruvic-acid
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/basic-fibroblast-growth-factor
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/epidermal-growth-factor
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/epidermal-growth-factor
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/cluster-of-differentiation
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passage in NSG mice using prospective sorting followed by assays to confirm stem 477 

cell marker expression, sphere formation, and secondary tumor initiation. Cells were 478 

labeled with CD133/2(293C)-Allophycocyanin (APC) antibody kit (Miltenyi Biotec, 479 

130098826), and the CD133+ cells were sorted and analyzed by flow cytometry. 480 

CD133+ cells were cultured in NBM-B27 medium containing 20 ng/ml of both 481 

epidermal growth factor (EGF) (R&D system, 236-EG-01M) and recombinant human 482 

FGF basic (FGF) (R&D system, 4114-TC-01M) before treatment and analysis. GSC 483 

phenotypes were validated by expression of stem cell markers (SOX2 and OLIG2) and 484 

functional assays of self-renewal. Corresponding differentiated glioma cells were 485 

obtained by culturing the GSCs in DMEM medium supplemented with 10% FBS for at 486 

least 2 weeks. 487 

 488 

Proliferation and neurosphere formation assay 489 

Cell proliferation experiments were carried out by plating cells of interest at a density 490 

of 103 cells per well in a 96-well plate with at least three replicates. Relative cell 491 

numbers were measured by CellTiter-Glo (Promega, Madison, WI, USA) assay in a 492 

time-course manner. All data were normalized to day 0 and presented as mean ± SD 493 

to show the relative proliferation rates of cells after different treatment. Neurosphere 494 

formation was conducted by in vitro limiting dilution assay, as previously reported (53). 495 

Briefly, decreasing numbers of cells per well (200, 100, 50, 25, and 10) were plated 496 

into 96-well plates. The presence and number of neurospheres in each well were 497 

recorded seven days after plating. Extreme limiting dilution analysis was performed 498 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/stem-cell-marker
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/stem-cell-marker
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/tumor-initiation
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/flow-cytometry
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using software available at http://bioinf.wehi.edu.au/software/elda, as previously 499 

described (54).  500 

 501 

Immunofluorescent staining 502 

Cells were plating on ground coverslip (Bellco Glass, Inc) and then were fixed with 4% 503 

paraformaldehyde for 10 min at room temperature, followed by blocking with 5% 504 

normal goat serum in PBST for 20 min at room temperature. After that, cells were 505 

incubated with anti-HELLS (Millipore, Cat# ABD41, 1:500), anti-HELLS (Santa Cruz, 506 

Cat# sc-46665, 1:200), anti-Ki67 (DAKO, Cat# M7240, 1:100), anti-Cleaved CASPASE 507 

3 (CST, Cat# 9664, 1;500), anti-JH2AX (Abcam, Cat# ab11174, 1:1000) and anti-508 

pRPA (Abcam, Cat# ab61065, 1:500) antibodies overnight at 4°C. After three times 509 

wash with PBS, cells were incubated with anti-rabbit or anti-mouse IgGs conjugated 510 

with Alexa fluor 488 or Alexa fluor 568 (Invitrogen, 1:500) and co-stained with DAPI for 511 

2 hours at room temperature. Slides were then mounted with Fluoromount-G 512 

(SouthernBiotech, Inc.) and processed to imaging with microscope or confocal. 513 

 514 

Chromatin immunoprecipitation analysis 515 

GSCs in culture medium was fixed with 1% paraformaldehyde at room temperature for 516 

10 min, followed by 0.125 mM Glycine treatment for 5 min at room temperature. 517 

Collected cells after washing with ice-cold PBS were processed to nucleus release by 518 

suspending in Cell Lysis buffer (10 mM Tris-HCl, 10 mM NaCl, 1.5 mM MgCl2, pH 8.1) 519 

http://bioinf.wehi.edu.au/software/elda
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containing protease inhibitors and keeping on ice for 15 min. Then, nucleus was 520 

collected by spinning down at 1000g for 5 min at 4°C and suspended by Nuclear Lysis 521 

buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1) containing protease inhibitors. 522 

Genomic DNA was then sheared by sonication to a length between 200 bp and 1000 523 

bp. After centrifuging at 12,000 rpm for 10 min at 4°C, 100uL of the supernatant was 524 

taken and mixed with 900 �PL ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 525 

mM EDTA, 16.7 mM Tris-HCl, pH 8.1, 167 mM NaCl) and 5 PL Protein A magnetic 526 

beads and 5 PL Protein G magnetic beads and 2 Pg anti-HELLS (Millipore), anti-FLAG 527 

(Sigma) or anti-E2F3 (Thermo) antibodies. Normal rabbit or mouse IgGs (Santa Cruz) 528 

were used as control. After rotating at 4°C overnight, the magnetic beads were washed 529 

with Low Salt Wash buffer, High Salt Wash buffer, LiCl Wash buffer and TE Wash 530 

buffer 5 min for each. The beads were then suspended in ChIP Elution buffer 531 

supplemented with Proteinase K and incubated at 62°C for 2 hours with shaking, 532 

followed by incubation at 95°C for 10 min. Then, the supernatant was processed to 533 

DNA purification with PCR purification kit (Qiagen) and the resulted DNA was used for 534 

qPCR analysis or sequencing.  535 

 536 

Co-Immunoprecipitation analysis 537 

GSCs expressing FLAG-HELLS alone, FLAG-HELLS and HA-E2F3a, or FLAG-HELLS 538 

and HA-E2F3b were collected and washed twice with ice-cold PBS. Cell pellets were 539 

suspended with NP40 lysis buffer (Research Products International) supplemented 540 

with Protease inhibitors and kept on ice for 30 min. Cell lysates were centrifuged at 541 
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12,000 rpm for 10 min at 4°C and 50 PL supernatant was taken as input while other 542 

was mixed with anti-FLAG M2 magnetic beads (Sigma) and rotated at 4°C for overnight. 543 

Then, the beads were washed twice with NP40 lysis buffer and twice with PBS, 544 

followed by boiling in 40 PL SDS Laemmli loading buffer at 95°C for 5 min. The resulted 545 

supernatant was used for western blot analysis. 546 

 547 

Flow cytometry based EdU and Annexin V staining 548 

EdU staining was done according to the protocol provided by Click-iT Plus EdU Flow 549 

Cytometry Assay Kit (Invitrogen). Briefly, cells were cultured in 10 PM EdU for 2 hours 550 

and then collected cells were washed with 1% BSA in PBS followed by fixation at room 551 

temperature for 15 min. The fixed cells were washed with 1% BSA in PBS again and 552 

suspended in permeabilization buffer for 15 min by avoiding light. The cell suspension 553 

was mixed with Click-iT plus reaction cocktail and was incubated at room temperature 554 

for 30 min by avoiding light. The stained cells were washed and then suspended with 555 

saponin-based permeabilization and wash reagent. After adding DAPI to the cell 556 

suspension, the stained cells were processed to flow cytometry analysis.  557 

 558 

Annexin V staining was conducted based on the protocol provided by Alexa Fluor® 559 

488 Annexin V/Dead Cell Apoptosis Kit (Invitrogen). Briefly, harvested cells were 560 

washed with ice-cold PBS. After washing, appropriate numbers of cells were 561 

suspended in 100 PL Annexin-binding buffer supplemented with Alexa Fluor® 488 562 

annexin V and PI followed by 15 min incubation at room temperature. After incubation, 563 
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400 PL Annexin-binding buffer was added and mixed gently. The stained samples were 564 

kept on ice and processed to flow analysis as soon as possible.  565 

 566 

Western blotting 567 

Cells were collected and lysed in RIPA buffer containing protease inhibitors and 568 

incubated on ice for 30 min. Supernatant was then collected by centrifuging the lysates 569 

at 12,000 rpm for 10 min at 4°C. The Bradford assay was used to measure the protein 570 

concentration in the supernatant. The protein samples were split into small amount 571 

and then stored at -80°C or processed to immediate use. For immediate use, the 572 

protein samples were mixed first with SDS Laemmli loading buffer and then boiled for 573 

5 min, and equal amounts of protein were used for electrophoresis with PAGE gels. 574 

After transferring onto PVDF membranes, TBST supplemented with 3.5% BSA was 575 

used for blocking at room temperature for 30 min followed by incubating with primary 576 

antibodies overnight at 4°C. The membranes were developed by SuperSignalTM West 577 

Pico PLUS Chemiluminescent Substrate (Thermo Fisher Scientific) and 578 

Autoradiography Film (Denville Scientific, Inc). The developed films were scanned with 579 

Epson Perfection V600 Photo (Epson).  580 

 581 

RNA and qRT-PCR 582 

Total cellular RNA was isolated by use of Trizol reagent (Invitrogen) and dissolved in 583 

RNase-free water. After measuring RNA concentration with Nanodrop 1000 (Thermo 584 
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Fisher Scientific), cDNA was synthesized with use of High Capacity of cDNA Reverse 585 

Transcription kit (Life technology) from 1 Pg total RNA. Quantitative real-time PCR was 586 

then performed using Applied Biosystems 7900HT cycler or Bio-Rad CFX 9600 with 587 

SYBR-Green PCR Master Mix (Thermo Fisher Scientific) or Green Hi-ROX qPCR Kit 588 

(Radiant).  589 

 590 

Plasmids and lentiviral transduction 591 

Lentiviral clones expressing two non-overlapping shRNAs directed against human 592 

HELLS (TRCN0000000307 and TRCN0000000306), human E2F3 593 

(TRCN0000013804 and TRCN0000013807) or a non-targeting control shRNA were 594 

obtained from Sigma-Aldrich. 293FT cells were used to generate lentiviral particles 595 

through co-transfection of the packaging vectors pCMV-dR8.2 dvpr and pCI-VSVG 596 

using a standard calcium phosphate transfection method in DMEM plus 10% FBS. 12 597 

hours later after transfection, medium was changed to neurobasal complete medium. 598 

Neurobasal complete medium containing lentiviral particles was collected by filtering 599 

with 0.45 PM filter for immediate use or stock in -80°C. 600 

 601 

Patient database bioinformatics 602 

To determine the clinical relevance of patients with glioblastoma, we interrogated The 603 

Cancer Genome Atlas (TCGA) glioblastoma dataset (55). Expression levels were 604 

categorized into two groups with the median value as a cutoff. The survival times and 605 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/polymerase-chain-reaction
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sybr-green-i
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/sybr-green-i
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/small-hairpin-rna
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/calcium-phosphate
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/calcium-phosphate
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status for patients in both groups were analyzed using the Kaplan-Meier statistical test 606 

via log-rank test. 607 

 608 

Statistics 609 

Kaplan-Meier survival curves were generated using Prism software and a log-rank test 610 

was performed to assess statistical significance between groups. For quantification 611 

having more than two groups, one way ANOVA was used to assess statistical 612 

significance with Prism software. For quantification having more than two groups and 613 

each group have subgroups, two way ANOVA was use to assess statistical 614 

significance with Prism software. Student’s t-test was used to assess statistical 615 

significance of studies having only two groups. For the limited dilution assay, χ2 test 616 

was used for pair-wise differences in stem population frequency. All data are presented 617 

as Mean ± SD and p-values < 0.05 were considered to be significant. 618 

 619 

Study approval 620 

All mouse experiments were performed under an animal protocol approved by UC San 621 

Diego Institutional Animal Care and Use Committee. 622 

  623 
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Figure 1. Proliferating glioma cells express HELLS  807 

A. Correlation between mRNA expression levels of chromatin regulators and a G2/M 808 

cell cycle signature in glioblastoma patients. The top 20 (green) and bottom 20 (blue) 809 

epigenetic regulators are listed. HELLS is labeled in red. 810 

B. Heatmap displaying correlations between epigenetic regulators and individual G2/M 811 

signature gene expression in glioblastoma patients. Top 20 and bottom 20 chromatin 812 

regulators are displayed.  813 

C. RNA-seq, whole exome, and clinical phenotype data were aggregated from the 814 

TCGA glioblastoma (GBM) and low-grade glioma (LGG) dataset to visualize the 815 

expression patterns of top 5 and bottom 5 epigenetic regulators identified in (A). ‘Codel’, 816 

co-deletion of chromosomes 1p and 19q; PA-like, pilocytic astrocytoma–like; CIMP, 817 

Glioma-CpG island methylator phenotype; LGm6-GBM, a subgroup of glioma enriched 818 

for histologic low-grade gliomas but also contains a subset of tumors with GBM-819 

defining histologic criteria; KPS, Karnofsky Performance Status. 820 

D, E. HELLS expression is enriched in SOX2+ glioblastoma cells in bulk tumor single-821 

cell RNA-seq datasets. t-Distributed Stochastic Neighbor Embedding (t-SNE) plot of 822 

combined single-cell RNA-seq data from four glioblastoma tumors (D). Each dot 823 

represents a single cell with HELLS mRNA expression denoted by the color map. 824 

Scatter plot of SOX2 and OLIG2 mRNA expression among glioblastoma tumor cells 825 

(E). Each dot represents a single cell with HELLS mRNA expression denoted by the 826 

color map.  827 
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Figure 2. GSCs preferentially express HELLS  828 

A. qPCR analysis of HELLS mRNA levels in matched GSCs and DGCs (387, 3565, 829 

and 3691) and non-malignant brain cultures (176, 177 and 263). At least three 830 

independent experiments were performed. Data are presented as mean ± SD. **P < 831 

0.01 and ***P < 0.001, by one-way ANOVA with Tukey’s multiple comparisons test. 832 

B. Western blot for HELLS protein in GSCs (387, 3565, and 3691) and non-malignant 833 

brain cultures (176, 177 and 263). TUBULIN was used as a loading control. Three 834 

independent experiments were performed.  835 

C. Western blot for HELLS protein in matched GSCs and DGCs (387, 3565, and 3691) 836 

and non-malignant brain cultures (176, 177 and 263). OLIG2 was used as a GSC 837 

marker. TUBULIN was used as a loading control. Three independent experiments 838 

were performed.  839 

D. Immunofluorescent staining of HELLS in matched GSCs and DGCs (387, 3565, and 840 

3691) and non-malignant brain cultures (176, 177 and 263). HELLS signals are shown 841 

as green, and DAPI as blue. Three independent experiments were performed. Scale 842 

bars, 20 μm.  843 

 844 
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Figure 3. HELLS maintains GSC proliferation and self-renewal 846 

A-C. qPCR analysis of HELLS mRNA and immunoblot for HELLS protein levels after 847 

shRNA-mediated HELLS knockdown in GSCs 387 (A), 3565 (B) and 3691 (C). Three 848 

independent experiments were performed. Data are presented as mean ± SD. **P < 849 

0.01 and ***P < 0.001, by one-way ANOVA with Tukey’s multiple comparison test. 850 

D-F. CellTiter-Glo assay after HELLS knockdown in GSCs 387 (D), 3565 (E) and 3691 851 

(F). Three independent experiments were performed. Data are presented as mean ± 852 

SD. **P< 0.01 and ***P< 0.001, by two-way ANOVA with Tukey’s multiple comparisons 853 

test. 854 

G-I. Sphere numbers of GSCs 387 (G), 3565 (H) and 3691 (I) after HELLS knockdown. 855 

Three independent experiments were performed. Data are presented as mean ± SD. 856 

**P < 0.01 and ***P < 0.001, N.S. means not significant, by two-way ANOVA with 857 

Tukey’s multiple comparisons test.  858 

J-L. Limited dilution assay after HELLS knockdown in GSCs 387 (J), 3565 (K) and 859 

3691 (L). Three independent experiments were performed. Data are presented as 860 

mean ± SD. **P < 0.01 and ***P < 0.001, by χ2 test for pair-wise differences. 861 

 862 
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Figure 4. Targeting HELLS induces replication stress and DNA damage 864 

A, B. Immunofluorescent staining of HELLS and phosphorylated RPA32/RPA2 (pRPA) 865 

in GSCs 387 (A) and 3565 (B) after knocking down HELLS expression. HELLS signals 866 

are shown as green and pRPA as red. DAPI is shown as blue. Three independent 867 

experiments were performed. Scale bars, 20 μm.  868 

C. Quantification of cells with t 5 foci of phosphorylated RPA32/RPA2 foci in GSC 869 

model 387 (left) and 3565 (right) after HELLS knockdown. Data are presented as mean 870 

± SD. *P < 0.05, ***P < 0.001, by one-way ANOVA with Tukey’s multiple comparisons 871 

test. shCONT, n = 7; shHELLS.1744, n = 9; shHELLS.1308, n = 8.  872 

D. Immunoblot for phosphorylated RPA32/RPA2 in GSCs 387 and 3565 after HELLS 873 

knockdown. TUBULIN was used as input. Three independent experiments were 874 

performed. 875 

E, F. Immunofluorescent staining for HELLS and JH2AX in GSCs 387 (E) and 3565 (F) 876 

after knocking down HELLS expression. HELLS signals are shown as green and 877 

JH2AX as red. DAPI was used for nucleus staining and is shown as blue. Three 878 

independent experiments were performed. Scale bars, 20 μm.  879 

G. Quantification of cells with t 5 foci of JH2AX foci in GSC model 387 (left) and 3565 880 

(right) after HELLS knockdown. Data are presented as mean ± SD. *P < 0.05, ***P < 881 

0.001, by one-way ANOVA with Tukey’s multiple comparisons test. shCONT, n = 7; 882 

shHELLS.1744, n = 7; shHELLS.1308, n = 8.  883 

H. Immunoblot for JH2AX in GSCs 387 and 3565 after HELLS knockdown. TUBULIN 884 

was used as input. Three independent experiments were performed. 885 
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Figure 5. Targeting HELLS reduces GSC cell cycle progression  886 

A. Flow cytometry of EdU incorporation two hours incubation with 10 μM EdU in GSCs 887 

387 analyzed 48 hours after HELLS knockdown. Y-axis was gated by SSC and x-axis 888 

was gated by EdU signals. Three independent experiments were performed. 889 

B. Quantification of EdU-positive cells from (A). Data are presented as mean ± SD. *P 890 

< 0.05 and ***P < 0.001, by one-way ANOVA with Tukey’s multiple comparisons test. 891 

Three biologic replicates were used.  892 

C. Flow cytometry of EdU incorporation assays two hours incubation with 10 μM EdU 893 

in GSC 3565 analyzed 48 hours after HELLS knockdown. Y-axis was gated by SSC 894 

and x-axis was gated by EdU signals. Three independent experiments were performed. 895 

D. Quantification of EdU-positive cells from (C). Data are presented as mean ± SD. *P 896 

< 0.05, **P < 0.01 and ***P < 0.001, by one-way ANOVA with Tukey’s comparison test. 897 

Three biologic replicates were used.   898 

E, F. Ki67 staining in GSCs 387 (E) and 3565 (F) after HELLS knockdown. Ki67 signals 899 

are shown as green and DAPI as blue. Three independent experiments were 900 

performed. Scale bars, 20 μm. 901 

G. Quantification of Ki67 positive cells in GSCs 387 (upper) and 3565 (bottom) after 902 

HELLS knockdown. Data are presented as mean ± SD. ***P < 0.001, by one-way 903 

ANOVA with Tukey’s multiple comparisons test. For GSC387: shCONT, n = 6; 904 

shHELLS.1744, n = 6; shHELLS.1308, n = 6. For GSC 3565: shCONT, n = 7; 905 

shHELLS.1744, n = 8; shHELLS.1308, n = 7.   906 

 907 





43 
 

Figure 6. Disruption of HELLS expression induces GSC apoptosis 908 

A. Flow cytometry of Annexin V/Propidium Iodide (PI) staining in GSC387 analyzed 48 909 

hours after HELLS knockdown. Signals from PI are shown in the y-axis and Annexin 910 

V shown in x-axis. Three independent experiments were performed. 911 

B. Quantification of Annexin V/PI double-positive populations from (A). Three 912 

independent experiments were performed. Data are presented as mean ± SD. **P < 913 

0.01 and ***P < 0.001, by one-way ANOVA with Tukey’s multiple comparisons test. 914 

C. Flow cytometry of Annexin V/Propidium Iodide (PI) staining in GSC3565 analyzed 915 

48 hours after HELLS knockdown. Signals from PI are shown in the y-axis and Annexin 916 

V shown in x-axis. Three independent experiments were performed. 917 

D. Quantification of Annexin V/PI double-positive populations from (C). Three 918 

independent experiments were performed. Data are presented as mean ± SD. **P < 919 

0.01 and ***P < 0.001, by one-way ANOVA with Tukey’s multiple comparisons test.  920 

E, F. Cleaved CASPASE 3 staining in GSCs 387 (E) and 3565 (H) after HELLS 921 

knockdown. Three independent experiments were performed. Cleaved CASPASE 3 922 

signals are shown as red and DAPI as blue. Scale bars, 20 μm.  923 

G. Quantification of cleaved CASPASE 3-positive cells in GSCs 387 (upper) and 3565 924 

(bottom) after HELLS knockdown. Data are presented as mean ± SD. ***P < 0.001, by 925 

one-way ANOVA with Tukey’s multiple comparisons test. For GSC 387: shCONT, n = 926 

7; shHELLS.1744, n = 8; shHELLS.1308, n = 8. For GSC 3565: shCONT, n = 7; 927 

shHELLS.1744, n = 7; shHELLS.1308, n = 7.  928 
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H, I. Immunoblot for cleavage of PARP (H) and CASPASE 3 (I) in GSCs 387, 3565 929 

and 3691 after HELLS knockdown. Three independent experiments were performed.  930 

 931 

  932 
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Figure 7. HELLS expression correlates with expression of E2F3 and MYC 933 

mRNA and downstream targets 934 

A. GSCs 3565 and 3691 were transduced with either shCONT or one of two non-935 

overlapping sHELLS then underwent expression analysis by RNA sequencing (RNA-936 

seq). Unbiased clustering is shown. 937 

B. Principal component analysis (PCA) of RNA-seq data from (A) in GSCs 3565 and 938 

3691 after HELLS knockdown. 939 

C. Heatmap of the differentially expressed genes in GSCs 3565 and 3691 after HELLS 940 

knockdown in (A).  941 

D. GSEA for the differentially expressed genes obtained from GSC models 3565 and 942 

3691 after HELLS knockdown in (A). 943 

E-H. Enrichment plots for E2F targets (E), G2/M checkpoint (F), MYC targets (G and 944 

H) derived from RNA-seq data in (A). 945 
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Figure 8. HELLS interacts with E2F3 and MYC to regulate gene expression   948 

A. GSC3565 cells were transduced with FLAG-HELLS and either HA-E2F3a or HA-949 

E2F3b then underwent whole cell lysis. Immunoprecipitation for HELLS was performed 950 

on the lysates with an anti-FLAG antibody then resolved by SDS-PAGE, and 951 

immunoblotting was performed with an anti-HA antibody. Inputs are indicated. Results 952 

are typical of three independent experiments. 953 

B. GSCs 387 and 3565 underwent chromatin immunoprecipitation followed by PCR 954 

(ChIP-qPCR) using antibodies for IgG control, HELLS, or E2F3. Primers specific for 955 

previously described E2F3 targets were used. Data are presented as mean ± SD. 956 

Three independent experiments were performed. 957 

C. ChIP-qPCR analysis for binding of E2F3 to its targets gene in GSCs 387 and 3565 958 

after HELLS knockdown. Data are presented as mean ± SD. **P < 0.01 and ***P < 959 

0.001, by t-test. Three independent experiments were performed. 960 

D. GSCs 387 and 3565 were transduced with either FLAG-HELLS or FLAG-GFP then 961 

lysed. An anti-FLAG antibody was used for immunoprecipitation and immunoblotting 962 

was performed with an anti-MYC antibody. Inputs are indicated. Three independent 963 

experiments were performed. 964 

E. Endogenous co-immunoprecipitation experiments to consider HELLS and MYC 965 

binding were performed in GSCs 387 and 3565. Whole cell lysates were collected and 966 

subjected to immunoprecipitation with an anti-HELLS or IgG control antibody, then 967 

immunoblotting was performed with an anti-MYC antibody. Inputs are indicated. Three 968 

independent experiments were performed. 969 
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F. ChIP-qPCR analysis for binding of HELLS and MYC in GSCs 387 and 3565. Primers 970 

specific for MYC targets were used. IgG was used as control. Data are presented as 971 

mean ± SD. Three independent experiments were performed.  972 

G. ChIP-qPCR analysis for binding of MYC to its targets gene in GSCs 387 and 3565 973 

after HELLS knockdown. Data are presented as mean ± SD. *P < 0.05, **P < 0.01 and 974 

***P < 0.001, by t-test. Three independent experiments were performed. 975 
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Figure 9. HELLS is required for in vivo glioblastoma growth and informs 978 

prognosis 979 

A. Kaplan–Meier survival curves of immunocompromised mice bearing 980 

intracranial GSCs 387 and 3565 transduced with either one of two shRNAs targeting 981 

HELLS or non-targeting control. **P < 0.01; ***P < 0.001, by Mantel-Cox log-rank test. 982 

n = 5. 983 

B. Representative images of hematoxylin and eosin (H&E)–stained brain sections 20 984 

days after transplanting GSCs 387 and 3565 transduced with either one of two shRNAs 985 

targeting HELLS or non-targeting control. Scale bars, 3 mm. 986 

C. RNA-seq, whole exome and clinical phenotype data were aggregated from the 987 

TCGA glioblastoma (GBM) and low-grade glioma (LGG) datasets to visualize the 988 

expression patterns of HELLS, E2F3 targets and MYC targets across glioma. ‘Codel’, 989 

co-deletion of chromosomes 1p and 19q; PA-like, pilocytic astrocytoma–like; CIMP, 990 

Glioma-CpG island methylator phenotype; LGm6-GBM, a subgroup of glioma enriched 991 

for histologic low-grade gliomas but also contains a subset of tumors with GBM-992 

defining histologic criteria; KPS, Karnofsky Performance Status.  993 

D. HELLS expression in patients of oligodendroglioma, oligoastrocytoma, astrocytoma 994 

and glioblastoma. Data are presented as mean ± SD. P values were determined by 995 

one-way ANOVA with Tukey’s multiple comparisons test.  996 

E. HELLS expression across glioma tumor grades. Data are presented as mean ± SD. 997 

P values were determined by one-way ANOVA with Tukey’s multiple comparisons test.  998 
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F. Survival curves of glioma patients with higher and lower HELLS expression. 999 

Significance was determined by Mantel-Cox log-rank testing. The distribution of IDH 1000 

WT and mutant patients in both HELLShigh (red) and HELLSlow (blue) group at the 1001 

indicated time points was listed at bottom.  1002 


