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Abstract

Atypical teratoid/rhabdoid tumor (AT/RT) is an aggressive pediatric central nervous system 

tumor. The poor prognosis of AT/RT warrants identification of novel therapeutic targets and 

strategies. High mobility group A2 (HMGA2) is a developmentally important chromatin 

modifying protein that positively regulates tumor growth, self-renewal and invasion in other 

cancer types. HMGA2 was recently identified as being upregulated in AT/RT tissue, but the role 

of HMGA2 in brain tumors remains unknown. We used lentiviral short hairpin RNA to suppress 

HMGA2 in AT/RT cell lines and found that loss of HMGA2 led to decreased cell growth, 

proliferation, colony formation and increased apoptosis. We also found that suppression of 

HMGA2 negatively affected in vivo orthotopic xenograft tumor growth, more than doubling 

median survival of the mice from 58 days to 153 days. Our results indicate a role for HMGA2 in 

AT/RT in vitro and in vivo and demonstrate that HMGA2 is a potential therapeutic target in these 

lethal pediatric tumors.
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INTRODUCTION

Atypical teratoid/rhabdoid tumors (AT/RTs) are highly aggressive and deadly pediatric 

brain tumors with a very poor prognosis (1). Current therapies of surgery, radiation, and 

intense chemotherapy allow only a very small subset of children to survive (2). Exposing 
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infants and young children to very aggressive therapy also leads to lifelong cognitive, 

behavioral and growth deficits in survivors (3).

The sole consistently identified genomic alteration in AT/RTs is in the chromatin 

remodeling complex gene SMARCB1/INI1/SNF5 (4, 5). Loss of the tumor suppressor INI1 

blocks proper differentiation of neural stem and progenitor cells and is believed to be critical 

for the development of AT/RTs (6). Therapeutic failure in aggressive brain tumors such as 

AT/RTs is due to the lack of potency of existing agents, the impermeability of the blood-

brain barrier, intratumoral and intertumoral heterogeneity, and activation of anti-apoptotic 

and metabolic programs that allow tumor cells to survive treatment (7, 8). Identification and 

validation of novel targets is essential to develop better therapies and improve the dismal 

prognosis of this lethal pediatric tumor.

AT/RTs share many characteristics with stem cells, including an ability to differentiate into 

cells with neuronal and “rhabdoid” features, as well as resistance to chemotherapy and 

radiation (1, 9). AT/RTs express multiple stem cell factors, including SOX2, NANOG, 

KLF4, and high mobility group A2 (HMGA2) (10, 11). HMGA2 is a chromatin-

architectural protein that is highly expressed during embryogenesis with little to no 

expression in normal adult tissues (12–16). Increased expression of HMGA2 is associated 

with a poor prognosis in multiple adult cancer types, including lung, gastric, pancreatic and 

ovarian carcinomas, and leukemia (11, 17–26). HMGA2 promotes tumor cell growth, 

invasion and clonogenic potential in cancer cells (13, 14, 17–21, 27–33). Reduction of 

HMGA2 in a kidney rhabdoid tumor cell line decreased proliferation and colony formation 

(11) but the functional significance of HMGA2 in central nervous system (CNS) AT/RTs 

and the role of HMGA2 in CNS AT/RT tumor formation in vivo are unknown.

We here show that HMGA2 is expressed in CNS AT/RT cell lines derived from pediatric 

patients. Short hairpin (shRNA)-mediated knockdown of HMGA2 in these AT/RT cell lines 

suppressed growth, proliferation and colony formation in vitro. Knockdown of HMGA2 

increased apoptosis in vitro and increased tumor latency in vivo. Our studies demonstrate 

the functional importance of HMGA2 in regulating multiple transformed properties of 

AT/RTs and suggest that targeting HMGA2 may be a valid therapeutic approach in this 

aggressive tumor.

MATERIALS AND METHODS

Cell Lines and Cell Culture

The BT37 AT/RT cell line was derived from a human xenograft that originated at St. Jude 

Children’s Research Hospital (Memphis, TN) and was passaged serially in immunodeficient 

mice. The tumor tissue was minced and suspended in RPMI-1640 medium containing 

penicillin (100 U/mL), streptomycin (100 µg/mL), and 20% fetal bovine serum (FBS). The 

cultures were incubated at 37°C in a humidified atmosphere of 5% CO2. The medium was 

changed every 4 to 5 days. Upon reaching the confluent state, the monolayers were treated 

with trypsin and the dispersed cells were transferred into new culture flasks. Cells were 

acclimated to growth as semi-adherent cells in 10% FBS/RPMI-1640, 1% penicillin/

streptomycin, 1% L-glutamine. CHLA-02-ATRT, CHLA-04-ATRT, CHLA-05-ATRT and 
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CHLA-06-ATRT cell lines were generated from pediatric AT/RT tumor samples obtained at 

Children’s Hospital of Los Angeles (Los Angeles, CA). Tumor tissue was prepared within 

30 to 60 minutes as described (34). Cells were initially cultured as neurospheres in modified 

Neurobasal medium consisting of 1:1 DMEM:F12 containing 15 mM HEPES, 110 mg/L 

sodium pyruvate, 1.2 g/L sodium bicarbonate, B27 supplement (Gibco, Grand Island, NY), 

20 ng/mL epidermal growth factor (Peprotech, Inc., Rocky Hill, NJ), 20 ng/mL basic 

fibroblast growth factor (Peprotech) and 25 µg/ml gentamicin (Gibco). Gentamicin was 

removed after the first 2 weeks of culture. Passaging was at ratio of 1:2–3 with 25% (v/v) 

conditioned medium in the new flask. CHLA-05-AT/RT and CHLA-06-AT/RT were 

originally described in (35). Details of the cell lines are described in Supplementary Table 1. 

All the AT/RT cell lines were authenticated using short tandem repeat profiling using 

StemElite kit (Promega, Madison, WI), at the Genetic Resources Core Facility in The Johns 

Hopkins University. Eight short tandem repeat loci along with a gender-determining marker, 

Amelogenin, were used to authenticate the BT37 cell line (Supplementary Table 2). 

CHLA-02 and CHLA-04 are available from American Type Culture Collection ([ATCC] 

Manassas, VA). BT-12 is available from the Children’s Oncology Group cell line and 

xenograft repository (36, 37). All of the AT/RT cell lines used in this manuscript were 

authenticated to be human and did not match the short tandem repeat profile of any other 

cell line in the established databases (ATCC, DSMZ, and JCRB). 293T cells were used for 

the production of lentiviral particles and were cultured in DMEM containing 10% FBS and 

were obtained through ATCC. SF188 cell line was used as a positive control for the 

expression of INI1 and was cultured in DMEM/F12 supplemented with 10% FBS (38).

Lentiviral Knockdown of HMGA2

Two lentiviral MISSION TRC (Human) shRNA constructs were used to reduce HMGA2 

mRNA expression: TRCN0000342671 (targets the coding region, denoted as shHMGA2#2) 

and TRCN0000342673 (targets the 3’-UTR, denoted as shHMGA2#1). MISSION® pLKO.

1-puro Empty Vector Control was used as control shRNA (denoted as shCTL) in all 

experiments. For producing lentiviruses, 293T cells were transfected with 0.3 µg, 2.5 µg and 

3 µg of VSVG envelope plasmid, delta 8.9 gag/pol plasmid and the lentiviral plasmid of 

interest, respectively, using Fugene 6 (Promega). Viral supernatants were pooled after 48, 

72, 96 and 120 hours post-transfection and filtered through a 0.45-µm filter. Virus was 

concentrated using 5% PEG-8000 and 0.15M NaCl and resuspended in 500 µl of DMEM. 

Small aliquots of concentrated virus were stored at −80°C until further use. For knocking 

down HMGA2, concentrated virus was added to confluent cultures of BT37 and CHLA-06 

cells. After 48 hours, transduced cells were selected using puromycin (1–2 µg/ml, Sigma-

Aldrich, St. Louis, MO) for 5 days. Reduced expression of HMGA2 in puromycin-selected 

cells was confirmed using immunoblotting. All experiments were performed within 14 days 

of infecting AT/RT cells with shRNA lentivirus.

Immunoblotting

Cells were harvested and washed in ice-cold 1X phosphate-buffered saline (Life 

Technologies, Grand Island, NY). Cell pellets were lysed, separated on polyacrylamide gels 

and immunoblotted, as described (39). INI1, HMGA2, glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH), β-actin and cleaved poly (ADP-ribose) polymerase (PARP) 
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expression were analyzed using the antibodies to the following: INI1 (Sigma-Aldrich), 

HMGA2 (Cell Signaling Technology, Inc., Beverly, MA), GAPDH (Research Diagnostics, 

Inc., Flanders, NJ), β-actin (Santa Cruz Biotechnology, Inc., Dallas, TX), and cleaved PARP 

(Cell Signaling Technology, Inc.). Primary antibodies were detected using goat anti-mouse 

and goat anti-rabbit antibodies conjugated to horseradish peroxidase (KPL, Gaithersburg, 

MD). Secondary antibodies were detected using Western Lightning Plus ECL (PerkinElmer, 

Waltham, MA). Densitometry analysis was performed using Image J software (40).

Cell Growth and Proliferation Assays

For assessing differences in cell growth, 2500 transduced single cells were plated in 

triplicate in 96-well plates. Cell growth was measured on day 1 (day of plating cells), day 3 

and day 5 using the colorimetric CellTiter 96®AQueous One Solution Assay (MTS, 

Promega). For measuring cell proliferation, transduced cells were pulsed with 

bromodeoxyuridine (BrdU) (Sigma-Aldrich) for 6 hours and then processed for 

immunofluorescence as described (39).

Apoptosis Assays

For measuring apoptosis, transduced and selected cells were cytospun onto positively 

charged slides and processed for immunofluorescence for detecting cleaved caspase-3. 

Immunoblotting was performed to detect cleaved PARP as described above.

Immunofluorescence

Immunofluorescence was performed as described previously (39) with primary antibodies to 

the following: BrdU (Sigma-Aldrich) and cleaved caspase-3 (Cell Signaling Technology).

Colony Formation Assay

Infected and selected cells were plated in soft agarose to form colonies, as previously 

described (39) with the following modifications: Media were changed every 2 days and the 

cultures were incubated for 2 weeks.

Intracranial Tumor Xenografts

Freshly infected BT37 cells expressing either control or HMGA2 shRNA were selected 

under puromycin for 5 days, and after knockdown was verified by immunoblotting, 100,000 

viable cells were injected into the right striatum of nude mice, as previously described (39). 

Mice were monitored daily and were killed when they showed signs of tumor formation 

(neurologic impairment, weight loss, hunching) in accordance with IACUC accepted 

protocols.

Immunohistology

Brains were removed and placed into 10% formalin for 48 hours, after which they were 

embedded in paraffin and sectioned by the Johns Hopkins histology core facility.
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Survival Analysis and Statistical Methods

Kaplan-Meier survival graphs and log-rank tests were generated for the in vivo experiments 

using GraphPad Prism (GraphPad software, Inc., La Jolla, CA). Statistical tests for all other 

experiments were performed using Excel (Microsoft). Results are shown for each 

experiment performed independently at least twice with concordant results. For in vivo 

experiments, data were analyzed from at least 4 animals injected per condition. Error bars 

denote SE of experiments performed independently at least twice. Significance of the 

experimental results was determined by an unpaired, 2-sided Student t-test, where p < 0.05 

was considered to be significant.

RESULTS

The BT37 Cell Line Forms Aggressive Orthotopic Xenograft Tumors Pathologically and 
Clinically Similar to AT/RT

We transitioned the BT37 AT/RT serially passaged human xenograft tumor to a rapidly 

growing, semi-adherent cell line. Injection of BT37 into the brains of immunodeficient mice 

led to aggressive xenograft tumor formation, with most mice succumbing within 60 days of 

injection. Examination of orthotopic xenografts revealed the presence of multiple mitotic 

figures, apoptosis, and the presence of classic rhabdoid tumor cells (Fig. 1A, B).

AT/RT tumors are characterized by chromosomal mutations or deletions in the hSNF5/INI1 

gene leading to loss of INI1 protein expression (41, 42). BT37, along with other AT/RT cell 

lines, did not express the INI1 protein, as shown by immunoblotting (Fig. 1C).

AT/RT Cell Lines Express HMGA2

When we tested the expression of HMGA2 protein in our AT/RT cell lines by 

immunoblotting, we found that 5/6 AT/RT cell lines express HMGA2 (Fig. 1D) protein. To 

investigate the role of HMGA2 in AT/RT directly, we used shRNA to suppress HMGA2 

expression. CHLA-06 and BT37 cell lines were infected with lentivirus encoding either 

control or HMGA2 shRNA. Infected cells were selected with puromycin for 5 days and 

tested for HMGA2 expression by immunoblotting (Fig. 1E). Densitometry analysis of 

immunoblots depicted an average reduction of 59% and 52% for shHMGA2#1 and #2 in 

CHLA06 and 77% and 59% for shHMGA2#1 and #2 in BT37, compared to control shRNA.

Knockdown of HMGA2 Reduces Growth and Proliferation of AT/RT Cells

AT/RT is a rapidly growing tumor of the CNS (1). Because expression of HMGA2 is 

associated with increased growth and proliferation (17, 18, 29, 32), we hypothesized that 

HMGA2 promotes the growth and proliferation of AT/RT cells. We found that shRNA 

knockdown of HMGA2 reduced growth of CHLA-06 and BT37 cells compared to control 

shRNA expressing cells (Fig. 2A, p < 0.05 for shHMGA2#1 for both cell lines, with 

concordant but not statistically significant results using shHMGA2#2). To investigate the 

mechanism of growth inhibition, we performed BrdU incorporation assay to determine if 

HMGA2 suppression would inhibit AT/RT proliferation. Reduction of HMGA2 

significantly inhibited proliferation of CHLA-06 and BT37 cells compared to control 
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shRNA transduced cells, as measured by BrdU uptake (Fig. 2B, C, p < 0.05 for 

shHMGA2#1 and #2).

Suppression of HMGA2 Increases Apoptosis of AT/RT Cells

Another potential mechanism by which HMGA2 loss could affect AT/RT growth is by 

inducing apoptosis. HMGA2 is known to prevent apoptosis in multiple tumor types (43–45). 

During apoptosis, caspase-3 enzyme is activated due to proteolytic cleavage (46). Cleaved 

caspase-3 (CC3) then cleaves and activates PARP (47). CC3 and cleaved PARP are well-

accepted markers to denote cells undergoing apoptosis. We determined the induction of CC3 

by immunofluorescence in CHLA-06 and BT37 cells after lentiviral transduction with either 

control or HMGA2 shRNA. Knockdown of HMGA2 in CHLA-06 cells increased CC3 

immunopositivity by an average of 2.6- and 2.2-fold for shHMGA2#1 and #2, respectively 

compared to control shRNA (Fig. 3A, B, p < 0.05 for shHMGA2#1 and #2). Knockdown of 

HMGA2 in BT37 led to a 9.1- and 9.8-fold average increase in CC3 immunopositivity for 

shHMGA2#1 and #2, respectively compared to control shRNA (Fig. 3A, B, p < 0.05 for 

shHMGA#1 and #2). Similarly, there was an increase in cleaved PARP expression in 

HMGA2 shRNA-transduced cells compared to control cells as assessed by immunoblotting 

(Fig. 3C). These results suggest that HMGA2 prevents apoptosis to promote growth of 

AT/RT cells in vitro.

HMGA2 Suppression Prevents Clonogenic Growth of AT/RT Cells

We plated single cells of CHLA-06 expressing either control or HMGA2 shRNA in soft 

agarose (Fig. 4A, B). After 2 weeks, cells expressing control shRNA formed an average of 

82 ± 4 colonies. In comparison, cells expressing HMGA2 shRNA formed only 40 ± 4 (for 

shHMGA2#1, p < 0.01) and 62 ± 5 (for shHMGA2#2, p < 0.05) colonies (Fig. 4A, B).

Knockdown of HMGA2 Decreases Tumor Formation In Vivo

To explore whether HMGA2 is required for tumor formation in an in vivo, orthotopic 

environment, we injected BT37 cells expressing either control or HMGA2 shRNA into the 

right striatum of immunodeficient mice. Animals were monitored regularly for signs of an 

increasing tumor mass and sacrificed upon reaching a moribund state. Log rank analysis of 

Kaplan Meier survival curves showed that the cohort of mice receiving control cells (n = 4) 

survived for a median of 58 days whereas mice injected with HMGA2 deficient cells (n = 8) 

lived longer (median survival = 153 days, p = 0.0004) (Fig. 4C). These results indicate that 

knockdown of HMGA2 significantly increased the latency period of tumor formation and 

led to increased survival of orthotopically xenografted mice, signifying the importance of 

HMGA2 for AT/RT tumor growth in the brain environment. Histologic examination of 

tumors showed no clear differences between tumors that formed from HMGA2 deficient 

BT37 cells compared to control BT37 cells.

DISCUSSION

The hallmark alteration in AT/RT is the loss of the INI1 chromatin modifying protein, which 

may function to promote differentiation (5, 6). Maintenance of an undifferentiated state and 

persistence of factors that promote self-renewal, invasion, and proliferation likely contribute 

Kaur et al. Page 6

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to AT/RT tumorigenicity. HMGA2 is a regulator of normal neural stem cell renewal (30). 

Our findings that inhibition of HMGA2 suppresses AT/RT cell growth are concordant with 

those showing that HMGA2 loss blocks proliferation of malignant rhabdoid tumor cell lines 

(11). The suppression of AT/RT orthotopic xenograft formation after HMGA2 inhibition 

suggests that targeting HMGA2 directly may be a useful therapeutic modality in AT/RT and 

malignant rhabdoid tumor.

HMGA2 is a chromatin-modifying protein that binds to the minor grove of DNA at multiple 

sites in the genome (12, 14, 48–51). The exact mechanism by which HMGA2 promotes self-

renewal, proliferation and invasion in multiple tumor types remains largely unknown. The 

wide range of promoters and enhancers that HMGA2 can bind to makes it an attractive 

driver of AT/RT tumorigenesis, because similar to INI1, HMGA2 can influence thousands 

of genes in the genome. In addition to binding directly to enhancers and activating or 

suppressing transcription, HMGA2 is also known to bind to and stabilize RNA molecules 

(24). Continued expression of HMGA2 in addition to INI1 may allow AT/RT tumor cells to 

regulate thousands of tumorigenic genes and provides an attractive mechanism to explain 

the aggressive nature of AT/RT in the absence of multiple recurrent activating genetic 

mutations.

Netropsin and other drugs that bind in the minor groove of DNA, including Hoechst 33258, 

inhibit the binding of AT-hook containing proteins to their consensus sites (52–55). 

Netropsin can suppress the growth of HMGA1 expressing medulloblastoma cells (56). The 

data presented here show that targeting HMGA2 may be therapeutically beneficial in 

AT/RT.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGMENTS

The authors thank Sabeen Zulfiqar Ali for technical assistance with immunofluorescence experiments and Dr. Peter 
Houghton for kind gift of the BT37 AT/RT xenograft.

Funding: Alex’s Lemonade Stand Foundation grant to Eric H. Raabe; National Cancer Institute Core Grant (P30 
CA006973) to the Johns Hopkins SKCCC (CA91048) to Bernard E. Weissman; CHLA AT/RT cell lines were 
generated with generous support from Grayson's Gift and the Michael Hoefflin Foundation; Eric H. Raabe is a St. 
Baldrick’s Scholar.

REFERENCES

1. Burger PC, Yu IT, Tihan T, et al. Atypical teratoid/rhabdoid tumor of the central nervous system: a 
highly malignant tumor of infancy and childhood frequently mistaken for medulloblastoma: a 
Pediatric Oncology Group study. Am J Surg Pathol. 1998; 22:1083–1092. [PubMed: 9737241] 

2. Chi SN, Zimmerman MA, Yao X, et al. Intensive multimodality treatment for children with newly 
diagnosed CNS atypical teratoid rhabdoid tumor. J Clin Oncol. 2009; 27:385–389. [PubMed: 
19064966] 

3. Glauser TA, Packer RJ. Cognitive deficits in long-term survivors of childhood brain tumors. Childs 
Nerv Syst. 1991; 7:2–12. [PubMed: 2054802] 

4. Biegel JA, Rorke LB, Emanuel BS. Monosomy 22 in rhabdoid or atypical teratoid tumors of the 
brain. N Engl J Med. 1989; 321:906. [PubMed: 2770830] 

Kaur et al. Page 7

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Jackson EM, Sievert AJ, Gai X, et al. Genomic analysis using high-density single nucleotide 
polymorphism-based oligonucleotide arrays and multiplex ligation-dependent probe amplification 
provides a comprehensive analysis of INI1/SMARCB1 in malignant rhabdoid tumors. Clin Cancer 
Res. 2009; 15:1923–1930. [PubMed: 19276269] 

6. Wei D, Goldfarb D, Song S, et al. SNF5/INI1 Deficiency Redefines Chromatin Remodeling 
Complex Composition During Tumor Development. Mol Cancer Res. 2014; 12:1574–1585. 
[PubMed: 25009291] 

7. Hambardzumyan D, Becher OJ, Holland EC. Cancer stem cells and survival pathways. Cell Cycle. 
2008; 7:1371–1378. [PubMed: 18421251] 

8. Hashizume R, Gupta N, Berger MS, et al. Morphologic and molecular characterization of ATRT 
xenografts adapted for orthotopic therapeutic testing. Neuro Oncol. 2010; 12:366–376. [PubMed: 
20308314] 

9. Alimova I, Birks DK, Harris PS, et al. Inhibition of EZH2 suppresses self-renewal and induces 
radiation sensitivity in atypical rhabdoid teratoid tumor cells. Neuro Oncol. 2013; 15:149–160. 
[PubMed: 23190500] 

10. Venneti S, Le P, Martinez D, et al. Malignant rhabdoid tumors express stem cell factors, which 
relate to the expression of EZH2 and Id proteins. Am J Surg Pathol. 2011; 35:1463–1472. 
[PubMed: 21921784] 

11. Zhang K, Gao H, Wu X, et al. Frequent overexpression of HMGA2 in human atypical teratoid/
rhabdoid tumor and its correlation with let-7a3/let-7b miRNA. Clin Cancer Res. 2014; 20:1179–
1189. [PubMed: 24423609] 

12. Bustin M, Reeves R. High-mobility-group chromosomal proteins: architectural components that 
facilitate chromatin function. Prog Nucleic Acid Res Mol Biol. 1996; 54:35–100. [PubMed: 
8768072] 

13. Chieffi P, Battista S, Barchi M, et al. HMGA1 and HMGA2 protein expression in mouse 
spermatogenesis. Oncogene. 2002; 21:3644–3650. [PubMed: 12032866] 

14. Pfannkuche K, Summer H, Li O, et al. The high mobility group protein HMGA2: a co-regulator of 
chromatin structure and pluripotency in stem cells? Stem Cell Rev. 2009; 5:224–230. [PubMed: 
19551524] 

15. Singh I, Mehta A, Contreras A, et al. Hmga2 is required for canonical WNT signaling during lung 
development. BMC Biol. 2014; 12:21. [PubMed: 24661562] 

16. Zhou X, Benson KF, Ashar HR, et al. Mutation responsible for the mouse pygmy phenotype in the 
developmentally regulated factor HMGI-C. Nature. 1995; 376:771–774. [PubMed: 7651535] 

17. Di Cello F, Hillion J, Hristov A, et al. Resar LM. HMGA2 participates in transformation in human 
lung cancer. Molec Cancer Res. 2008; 6:743–750. [PubMed: 18505920] 

18. Fedele M, Fusco A. HMGA and cancer. Biochim Biophys Acta. 2010; 1799:48–54. [PubMed: 
20123067] 

19. Morishita A, Zaidi MR, Mitoro A, et al. HMGA2 is a driver of tumor metastasis. Cancer Res. 
2013; 73:4289–4299. [PubMed: 23722545] 

20. Thuault S, Valcourt U, Petersen M, et al. Transforming growth factor-beta employs HMGA2 to 
elicit epithelial-mesenchymal transition. J Cell Biol. 2006; 174:175–183. [PubMed: 16831886] 

21. Watanabe S, Ueda Y, Akaboshi S, et al. HMGA2 maintains oncogenic RAS-induced epithelial-
mesenchymal transition in human pancreatic cancer cells. Am J Pathol. 2009; 174:854–868. 
[PubMed: 19179606] 

22. Efanov A, Zanesi N, Coppola V, et al. Human HMGA2 protein overexpressed in mice induces 
precursor T-cell lymphoblastic leukemia. Blood Cancer J. 2014; 4:e227. [PubMed: 25014774] 

23. Kong D, Su G, Zha L, et al. Coexpression of HMGA2 and Oct4 predicts an unfavorable prognosis 
in human gastric cancer. Medical Oncol. 2014; 31:130.

24. Kumar MS, Armenteros-Monterroso E, East P, et al. HMGA2 functions as a competing 
endogenous RNA to promote lung cancer progression. Nature. 2014; 505:212–217. [PubMed: 
24305048] 

25. Liu B, Pang B, Hou X, et al. Expression of high-mobility group AT-hook protein 2 and its 
prognostic significance in malignant gliomas. Hum Pathol. 2014; 45:1752–1758. [PubMed: 
24935062] 

Kaur et al. Page 8

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



26. Liu Q, Liu T, Zheng S, et al. HMGA2 is down-regulated by microRNA let-7 and associated with 
epithelial-mesenchymal transition in oesophageal squamous cell carcinomas of Kazakhs. 
Histopathology. 2014; 65:408–417. [PubMed: 24612219] 

27. Fedele M, Pierantoni GM, Visone R, et al. Critical role of the HMGA2 gene in pituitary adenomas. 
Cell Cycle. 2006; 5:2045–2048. [PubMed: 16969098] 

28. Mahajan A, Liu Z, Gellert L, et al. HMGA2: a biomarker significantly overexpressed in high-grade 
ovarian serous carcinoma. Mod Pathol. 2010; 23:673–681. [PubMed: 20228781] 

29. Morshedi A, Ren Z, Li J, et al. Probing into the biological processes Influenced by ESC Factor and 
Oncoprotein HMGA2 Using iPSCs. Stem Cell Rev. 2013; 9:514–522. [PubMed: 22547345] 

30. Nishino J, Kim I, Chada K, et al. Hmga2 promotes neural stem cell self-renewal in young but not 
old mice by reducing p16Ink4a and p19Arf Expression. Cell. 2008; 135:227–239. [PubMed: 
18957199] 

31. Sun M, Gomes S, Chen P, et al. RKIP and HMGA2 regulate breast tumor survival and metastasis 
through lysyl oxidase and syndecan-2. Oncogene. 2014; 33:3528–3437. [PubMed: 23975428] 

32. Sun M, Song CX, Huang H, et al. HMGA2/TET1/HOXA9 signaling pathway regulates breast 
cancer growth and metastasis. Proc Natl Acad Sci USA. 2013; 110:9920–9925. [PubMed: 
23716660] 

33. Wang X, Liu X, Li AY, et al. Overexpression of HMGA2 promotes metastasis and impacts 
survival of colorectal cancers. Clinical Cancer Res. 2011; 17:2570–2580. [PubMed: 21252160] 

34. Xu J, Erdreich-Epstein A, Gonzalez-Gomez I, et al. Novel cell lines established from pediatric 
brain tumors. J Neuro-oncol. 2012; 107:269–280.

35. Erdreich-Epstein A, Robison N, Ren X, et al. PID1 (NYGGF4), a new growth-inhibitory gene in 
embryonal brain tumors and gliomas. Clin Cancer Res. 2013; 20:827–836. [PubMed: 24300787] 

36. Xu J, Margol A, Asgharzadeh S, et al. Pediatric Brain Tumor Cell Lines. J Cell Biochem. 2014 Sep 
11. [Epub ahead of print]. 

37. Kang MH, Smith MA, Morton CL, et al. National Cancer Institute pediatric preclinical testing 
program: model description for in vitro cytotoxicity testing. Ped Blood Cancer. 2011; 56:239–249.

38. Bax DA, Little SE, Gaspar N, et al. Molecular and phenotypic characterisation of paediatric glioma 
cell lines as models for preclinical drug development. PLoS One. 2009; 4:e5209. [PubMed: 
19365568] 

39. Mao XG, Hutt-Cabezas M, Orr BA, et al. LIN28A facilitates the transformation of human neural 
stem cells and promotes glioblastoma tumorigenesis through a pro-invasive genetic program. 
Oncotarget. 2013; 4:1050–1064. [PubMed: 23846349] 

40. Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImageJ: 25 years of image analysis. 
Nature methods. 2012; 9:671–675. [PubMed: 22930834] 

41. Biegel JA, Pollack IF. Molecular analysis of pediatric brain tumors. Curr Oncol Rep. 2004; 6:445–
452. [PubMed: 15485613] 

42. Judkins AR, Burger PC, Hamilton RL, et al. INI1 protein expression distinguishes atypical 
teratoid/rhabdoid tumor from choroid plexus carcinoma. J Neuropathol Exp Neurol. 2005; 64:391–
397. [PubMed: 15892296] 

43. Hombach-Klonisch S, Natarajan S, Thanasupawat T, et al. Mechanisms of therapeutic resistance in 
cancer (stem) cells with emphasis on thyroid cancer cells. Front Endocrinol. 2014; 5:37.

44. Natarajan S, Hombach-Klonisch S, Droge P, et al. HMGA2 inhibits apoptosis through interaction 
with ATR-CHK1 signaling complex in human cancer cells. Neoplasia. 2013; 15:263–280. 
[PubMed: 23479505] 

45. Wei CH, Wei LX, Lai MY, et al. Effect of silencing of high mobility group A2 gene on gastric 
cancer MKN-45 cells. World J Gastroenterol. 2013; 19:1239–1246. [PubMed: 23482887] 

46. Nunez G, Benedict MA, Hu Y, et al. Caspases: the proteases of the apoptotic pathway. Oncogene. 
1998; 17:3237–3245. [PubMed: 9916986] 

47. Boulares AH, Yakovlev AG, Ivanova V, et al. Role of poly(ADP-ribose) polymerase (PARP) 
cleavage in apoptosis. Caspase 3-resistant PARP mutant increases rates of apoptosis in transfected 
cells. J Biol Chem. 1999; 274:22932–22940. [PubMed: 10438458] 

Kaur et al. Page 9

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



48. Winter N, Nimzyk R, Bosche C, et al. Chromatin immunoprecipitation to analyze DNA binding 
sites of HMGA2. PloS one. 2011; 6:e18837. [PubMed: 21533145] 

49. Zha L, Wang Z, Tang W, et al. Genome-wide analysis of HMGA2 transcription factor binding 
sites by ChIP on chip in gastric carcinoma cells. Molec Cell Biochem. 2012; 364:243–251. 
[PubMed: 22246783] 

50. Li O, Li J, Droge P. DNA architectural factor and proto-oncogene HMGA2 regulates key 
developmental genes in pluripotent human embryonic stem cells. FEBS Lett. 2007; 581:3533–
3537. [PubMed: 17624332] 

51. Reeves R. Molecular biology of HMGA proteins: hubs of nuclear function. Gene. 2001; 277:63–
81. [PubMed: 11602345] 

52. Geierstanger BH, Volkman BF, Kremer W, et al. Short peptide fragments derived from HMG-I/Y 
proteins bind specifically to the minor groove of DNA. Biochemistry. 1994; 33:5347–5355. 
[PubMed: 8172908] 

53. Reeves R, Nissen MS. The A.T-DNA-binding domain of mammalian high mobility group I 
chromosomal proteins. A novel peptide motif for recognizing DNA structure. J Biol Chem. 1990; 
265:8573–8582. [PubMed: 1692833] 

54. Wegner M, Grummt F. Netropsin, distamycin and berenil interact differentially with a high-affinity 
binding site for the high mobility group protein HMG-I. Biochem Biophys Res Com. 1990; 
166:1110–1117. [PubMed: 2154972] 

55. Wong SS, Sturm RA, Michel J, et al. Transcriptional regulation of differentiation, selective toxicity 
and ATGCAAAT binding of bisbenzimidazole derivatives in human melanoma cells. Biochem 
Pharmacol. 1994; 47:827–837. [PubMed: 7510966] 

56. Lau KM, Chan QK, Pang JC, et al. Overexpression of HMGA1 deregulates tumor growth via 
cdc25A and alters migration/invasion through a cdc25A-independent pathway in 
medulloblastoma. Acta Neuropathol. 2012; 123:553–571. [PubMed: 22249617] 

Kaur et al. Page 10

J Neuropathol Exp Neurol. Author manuscript; available in PMC 2016 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
The BT37 cell line formed aggressive orthotopic xenograft tumors with an atypical teratoid/

rhabdoid tumor (AT/RT) phenotype. (A) 200× magnification showing BT37 xenograft 

(right) in a normal brain (left). (B) 200× view showing high-grade features such as multiple 

mitotic figures (black arrow), apoptotic bodies (red arrow) and “rhabdoid” cells, which are 

classic for AT/RT (black arrowhead). (C) Immunoblot for INI1 shows retained INI1 

expression in the pediatric glioblastoma cell line SF188 and loss of INI1 in AT/RT cell 

lines. Immunoblots were stripped and reprobed for glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) as a loading control. Molecular weights are shown at left in kDa. 

(D) Immunoblot of AT/RT cell lines BT12, BT37, CHLA-02, CHLA-04, CHLA-05 and 
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CHLA-06 showing expression of high mobility group A2 protein (HMGA2). Immunoblots 

were stripped and reprobed for GAPDH as a loading control. (E) Immunoblot showing 

knockdown of HMGA2 by 2 different lentiviral short hairpin RNAs in BT37 and CHLA06 

AT/RT cell lines. Control lentiviral short hairpin RNA (shCTL) or HMGA2 shRNA 

(shHMGA2#1 and shHMGA2#2) were analyzed for HMGA2 expression by 

immunoblotting; β-actin was used as a loading control. HMGA2 and β-actin protein levels 

were quantitated on the immunoblot using densitometry and values normalized to control 

(shCTL) for each cell line.
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Figure 2. 
Knockdown of high mobility group A2 protein (HMGA2) reduced growth and proliferation 

of atypical teratoid/rhabdoid tumor (AT/RT) cells in vitro. We infected AT/RT cell lines 

with lentiviral pLKO empty vector or HMGA2 targeting lentiviral short hairpin RNA 

(shRNA), selected cells with puromycin for 5 days, verified knockdown of HMGA2 by 

western blot, and performed assays of growth and proliferation. Control shRNA and 

HMGA2 shRNA are depicted as shCTL and shHMGA2 (#1 or #2), respectively. (A) 

HMGA2 knockdown inhibited growth of AT/RT cells. CHLA-06 and BT37 cells expressing 
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HMGA2 shRNA showed reduced growth at day 3 and 5 compared to control shRNA by 

MTS assay (p < 0.05 for shHMGA2#1 compared to shCTL, n = 2 for CHLA-06, n = 3 for 

BT37). (B) HMGA2 knockdown reduced proliferation of AT/RT cells. Representative 

photomicrographs (400x magnification) of HMGA2 shRNA expressing CHLA-06 and BT37 

cells depicting reduced bromodeoxyuridine (BrdU) incorporation compared to control 

shRNA by immunofluorescence. DAPI was used to stain all nuclei. (C) Quantitation of 

BrdU incorporation. The percentage of BrdU positive nuclei in shHMGA2 compared to 

shCTL is depicted (* and **, p < 0.05 for shHMGA#1 and #2, compared to shCTL, for both 

CHLA-06 [n = 2] and BT37 [n = 3]).
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Figure 3. 
Knockdown of high mobility group A2 protein (HMGA2) increased apoptosis of atypical 

teratoid/rhabdoid tumor (AT/RT) cells. (A) HMGA2 knockdown increased cleaved 

caspase-3. Representative photomicrographs (400× magnification) showing increased 

cleaved caspase-3 staining in CHLA-06 and BT37 cells infected with HMGA2 lentiviral 

short hairpin RNA (shRNA) compared to control shRNA by immunofluorescence. (B) 

Quantitation of cleaved caspase-3 immunopositivity after HMGA2 knockdown. The 

percentage of cells positive for cleaved caspase-3 out of the total number of cells (DAPI was 
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used to stain all nuclei) are shown (* and **, p < 0.05 for shHMGA#1 and #2, compared to 

shCTL, for both CHLA-06 [n = 3] and BT37 [n = 3]). (C) Knockdown of HMGA2 

increased cleaved poly (ADP-ribose) polymerase (PARP) expression. CHLA-06 and BT37 

cells infected with either control or HMGA2 shRNA were analyzed for cleaved PARP 

protein expression by immunoblotting. β-actin was used as a loading control. Cleaved PARP 

and β-actin protein levels were quantitated on the immunoblot using densitometry and 

values normalized to control shRNA (shCTL) for each cell line are depicted.
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Figure 4. 
High mobility group A2 protein (HMGA2) knockdown reduces colony formation and 

tumorigenicity of atypical teratoid/rhabdoid tumor (AT/RT) cells. (A) Representative 

photographs of nitroblue tetrazolium-stained colonies formed by CHLA-06 cells expressing 

control lentiviral short hairpin RNA (shRNA) or HMGA2 shRNA. (B) Quantitation of 

number of colonies depicted in (A), showing reduced colony formation in CHLA-06 cells 

infected with HMGA2 shRNA (#1 and #2) vs. control shRNA (*p < 0.01 for shHMGA#1 [n 

= 3] and **p < 0.05 for shHMGA2#2 [n = 2]). (C) Knockdown of HMGA2 increased 

survival. Kaplan-Meier survival curves showing increased survival of mice that were 

injected intrastriatally with HMGA2 shRNA infected BT37 cells compared to control 

infected cells (p < 0.0004, Log-rank test). Data were collected from at least 4 animals per 

condition (n = 4 for shCTL and n = 8 for shHMGA2#1).
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