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G E N E T I C S

RACK7 recognizes H3.3G34R mutation to suppress 
expression of MHC class II complex components 
and their delivery pathway in pediatric glioblastoma
Fangfang Jiao1*, Ze Li2,3*, Chen He4, Wenqi Xu1, Gensheng Yang1, Tingting Liu5, Hongjie Shen1, 
Jiajun Cai6, Jamie N. Anastas7, Ying Mao6, Yongchun Yu5, Fei Lan8, Yujiang Geno Shi9, 
Chris Jones10, Yanhui Xu2,3, Suzanne J. Baker4†, Yang Shi7†, Rui Guo1*†

Histone H3 point mutations have been identified in incurable pediatric brain cancers, but the mechanisms 
through which these mutations drive tumorigenesis are incompletely understood. Here, we provide evidence 
that RACK7 (ZMYND8) recognizes the histone H3.3 patient mutation (H3.3G34R) in vitro and in vivo. We show that 
RACK7 binding to H3.3G34R suppresses transcription of CIITA, which is the master regulator of MHC (major histo-
compatibility complex) class II molecules and genes involved in vesicular transport of MHC class II molecules to 
the cell surface, resulting in suppression of MHC class II molecule expression and transport. CRISPR-based knock-
in correction of the H3.3G34R mutation in human pediatric glioblastoma (pGBM) cells significantly reduces 
overall RACK7 chromatin binding and derepresses the same set of genes as does knocking out RACK7 in the 
H3.3G34R pGBM cells. By demonstrating that H3.3G34R and RACK7 work together, our findings suggest a potential 
molecular mechanism by which H3.3G34R promotes cancer.

INTRODUCTION
Histone point mutations have been identified as possible driver 
mutations in pediatric gliomas, chondroblastomas, and giant cell 
tumors of bone (1–3). Specifically, mutation of lysine-27 (K) to me-
thionine (M) on histone H3.3 or H3.1 is associated with pediatric 
diffuse intrinsic pontine gliomas (DIPGs) and glioblastomas (GBMs) 
arising in midline structures, while glycine–34 (G) to arginine (R) 
or valine (V) mutation on histone H3.3 are linked to GBM arising 
in the cerebral cortex of older adolescents and young adults (2, 3). 
Histone mutations have also been linked to giant cell tumor of 
bone and chondroblastoma (1). Besides histone H3, mutations 
were also identified in all four core histones in human cancers 
recently (4).

Overexpression of an H3K27M transgene causes a global de-
crease in H3K27me3, possibly by inhibiting the enzymatic activity 
of the Polycomb repressive complex 2 (PRC2) through an inter-
action with the catalytic subunit, EZH2 (5, 6). The K27M mutation 
cooperates with activated PDGFRA (platelet-derived growth factor 
receptor a), combined with p53 loss, to induce gliomagenesis (7–9). 
Another histone mutation, H3.3K36M, reduces H3K36 methylation, 
and recombinant H3.3K36M-containing nucleosomes inhibit the 
enzymatic activities of NSD2 and SETD2 (10, 11). The differential-
ly expressed genes associated with H3K36 di- and trimethylation in 
the H3.3K36M cells are enriched in cancer pathways (11). The 
H3.3G34R/V transgenes have also been shown to reduce H3K36me3 
levels on the same and nearby nucleosomes by inhibiting the activity 
of the H3K36 trimethyltransferase, SETD2 (5), but whether 
H3.3G34R/V is consistently associated with a reduced H3K36 
methylation level in tumor samples remains unclear (2, 5). Unlike 
H3K27M, the role of H3.3G34R in cancer is less clear. For instance, 
expression of H3.3G34R in p53-deficient neural progenitor cells has 
no impact on proliferation when compared with H3.3K27M-expressing 
cells (9). By and large, the mechanisms by which the G34R mutation 
regulates chromatin and tumorigenesis are incompletely understood.

RACK7 (ZMYND8) was previously identified as a reader of the 
dual histone mark, H3K4me1/H3K14ac (12), and is related to BS69 
(ZMYND11) that binds H3.3K36me3 (13, 14). RACK7 has been 
shown to repress transcription of metastasis-linked genes and has 
been proposed to have an antimetastasis function (12). RACK7 has 
also been shown to bind to active enhancers, where it suppresses 
overactivation of enhancers, which drive expression of genes involved 
in tumorigenesis (15). Here, we provide both in vitro and in vivo 
evidence demonstrating that RACK7 recognizes the H3.3G34R 
mutation. Correction of the H3.3G34R mutation and knocking out 
RACK7 in human pediatric H3.3G34R-containing pGBM cells both 
lead to up-regulation of MHC (major histocompatibility complex) 
class II immune response genes and vesicle pathway genes that 
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facilitate transportation of MHC class II molecules, suggesting that 
G34R and RACK7 function together in cells, possibly to regulate 
MHC class II immune response.

MHC class II genes encode proteins that present antigenic 
peptides to CD4+ T cells to initiate and control immune responses 
(16, 17). Therefore, the expression of MHC class II genes is usually 
restricted to the antigen-presenting cells (APCs) such as dendritic 
cells, macrophages, and B cells (16). However, expression of MHC 
class II genes has also been detected in the CNS (central nervous 
system), including neural stem cells (18), microglia cells (19), and 
IFN-–induced astrocytes (20), raising the possibility that MHC II 
molecules may play a role in the CNS. In humans, MHC class II 
proteins have three classical molecules: human leukocyte antigen 
(HLA)–DR, HLA-DP, and HLA-DQ. The MHC class II molecule is 
a heterodimer consisting of an alpha and a beta chain assembled in 
the endoplasmic reticulum (ER) together with an invariant chain 
CD74 (aka Ii) (16). The MHC II–CD74 complex is transported 
from the ER, through the Golgi complex and trans-Golgi network, 
to the endosome/lysosome compartments (17, 21, 22), where CD74 
is degraded, and peptides from endocytosed pathogens bind to MHC 
class II molecules with the help of HLA-DM and HLA-DO (22). 
HLA-DM and HLA-DO are two chaperones, which balance the 
antigen peptides binding to MHC class II molecules, making sure 
only strong peptide–MHC II bonds can form (23, 24). Last, MHC II–
peptides containing vesicles fuse with the plasma membrane to ac-
tivate T cells (22). Classical MHC class II genes, their chaperones, 
and CD74 are all under the control of the master transcription 
factor, CIITA (16), which we identify as a direct target of RACK7. 
Our findings suggest that RACK7 binds H3.3G34R and suppresses 
transcription of CIITA and vesicle pathway–related genes that are 
necessary for the activation of the MHC class II immune pathway. 
Given the established roles of the MHC class II genes in cancer, our 
findings may therefore be relevant to understanding the mechanism 
by which H3.3G34R regulates pediatric GBM.

RESULTS
RACK7 recognizes H3.3G34R mutation
RACK7 is a chromatin-binding protein with three tandemly arranged 
reader domains, including PHD (plant homeodomain), Bromo, and 
PWWP (Pro-Trp-Trp-Pro) domains (Fig. 1A), and is highly related to 
BS69 (aka ZMYND11), which has recently been identified as a specific 
reader of histone H3.3K36me3 (13, 14). Unlike BS69, RACK7 does not bind 
H3.3K36me3 due to the replacement of two amino acids in the binding 
pocket that are critical for H3.3K36me3 recognition (25). A recent study 
suggests that RACK7 reads the dual histone mark H3K4me1 and H3K14ac 
(12). While searching for histone modifications/mutations that RACK7 
recognizes, we unexpectedly found that RACK7, but not BS69, pref-
erentially bound the histone H3.3G34R peptide in vitro (Fig. 1B and 
fig. S1A). To confirm this finding, we assembled oligonucleosomes 
carrying either wild-type or mutant histone H3. Consistently, full-
length RACK7 purified from Sf9 insect cells preferentially bound 
H3.3G34R oligonucleosomes, but not those carrying K27M, K36M, 
or unmodified H3.3 or H3.1 (Fig. 1C). The binding specificity of 
RACK7 for H3.3G34R was further supported by in vitro pull-down 
assays using peptides carrying substitutions of G34 to other amino 
acids including V, D, H, S, K, L, and W. Only G34R and G34K pep-
tides showed binding with RACK7 (fig. S1B). Further binding 
experiments showed that RACK7 did not discriminate between 

H3.1 and H3.3 as evidenced by its binding to both H3.1G34R and 
H3.3G34R (fig. S1C).

To identify the domain of RACK7 that mediates H3.3G34R rec-
ognition, we purified RACK7 deletion mutant proteins lacking each 
of the three potential reader domains. As shown in Fig. 1D, removal 
of the PHD domain abrogated binding to H3.3G34R peptides in vitro, 
suggesting that the PHD domain is necessary for RACK7 to bind 
H3.3G34R. Deletion of Bromo domain also reduced the binding to 
H3.3G34R peptides, suggesting that this domain may be necessary 
for optimal binding of RACK7 to H3.3G34R. We next purified the 
three reader domains individually and performed in vitro binding 
assays. As shown in Fig. 1E, the PHD domain alone (PHDRACK7) 
bound H3.3G34R, while the Bromo and PWWP domains showed 
barely detectable interactions with the H3.3G34R peptide. These 
results suggest that the PHD domain is necessary and sufficient 
to mediate H3.3G34R recognition by RACK7. Using microscale 
thermophoresis (MST) (26, 27), we found that PHDRACK7 bound to 
H3.3G34R peptide with a dissociation constant (Kd) of approximately 
6 M but showed no detectable binding to wild-type H3.3 peptides 
under the same assay conditions (Fig. 1F). To further define the 
binding property of PHDRACK7, we mutated and analyzed each 
and every amino acid in the PHD domain and found a mutation 
(D104A) that appears to disrupt the binding of RACK7 to the 
H3.3G34R peptide in vitro (Fig. 1G). In contrast to the 6 M Kd of 
the wild-type PHDRACK7 binding to the H3.3G34R peptide, the MST 
assay failed to fit a binding curve for PHDRACK7 (D104A), suggesting 
that PHDRACK7 (D104A) has very little, if at all, binding activity for 
H3.3G34R peptide (fig. S1D). It should be noted that the same mu-
tation, D104A, reduces the binding activity of RACK7 to the H3 N 
terminus by approximately fourfold (12). Together, our results 
suggest that D104A has a more pronounced impact on PHDRACK7 
binding to H3.3G34R than to the N-terminal tail of H3.3.

As discussed above, RACK7 has previously been reported to bind 
histone to the N-terminal tail of histone H3 (H3K4me0 and H3K4me1) 
(12). Our in vitro binding assays further showed that RACK7 ap-
peared to bind H3.3G34R (amino acids 22 to 44) more strongly than 
H3K4me0 (H3), H3K4me1, and H3K4me2 (amino acids 1 to 21) 
(fig. S1E, compare lanes 1, 2, and 3 with lane 9, pull-down ratio 
is shown at the bottom). Consistently, with a longer histone H3.3 
peptide (amino acids 1 to 44), the G34R mutation also increased the 
binding ability of both full-length RACK7 (Fig. 1H and fig. S1F) and 
PHDRACK7 (Fig. 1I and fig. S1F), further supporting that RACK7 
preferentially binds H3.3G34R. Introducing H3K14ac into a histone 
peptide containing the G34R mutation (H3.3K14acG34R; 1 to 44) 
had no influence on the binding to G34R (fig. S1G). In addition, the 
mono-, di-, and trimethylation of H3.3K36 also do not interfere 
with the interaction of G34R with RACK7 in vitro (fig. S1H). Col-
lectively, our biochemical data support the notion that PHDRACK7 
specifically recognizes H3.3G34R, primarily through binding the 
key residue G34R in the mutant histone H3 tail.

RACK7 binds H3.3G34R chromatin in cells
We next wished to determine whether RACK7 also preferentially 
binds H3.3G34R-decorated chromatin in cells. To do this, we used 
three human pediatric GBM (pGBM) cell lines (3). SJ-HGGx6c and 
SJ-HGGx42c are heterozygous for the G34R mutation in H3F3A 
(referred to as R6, R42), which encodes H3.3, while SJ-HGGx39c 
has wild-type H3F3A (referred to as WT39). Immunofluorescence 
staining showed that RACK7 is localized in the nucleus in all three 
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tumor cell lines, indicating that the H3.3G34R mutation did not alter 
RACK7 subcellular localization (fig. S2A). We carried out RACK7 
chromatin immunoprecipitation sequencing (ChIP-seq) and iden-
tified 9844, 8843, and 452 RACK7 peaks in R6, R42, and WT39, 
respectively. By removing the peaks shared with the H3.3 wild-type 
cell line, WT39, we identified 9632 and 8660 unique RACK7 peaks 
in the two H3.3G34R cell lines, R6 and R42, respectively (fig. S2B). 
We randomly selected six RACK7 peaks and confirmed their en-
richment in both R42 and R6 cells as compared with the WT39 cells 

by ChIP–quantitative polymerase chain reaction (qPCR) (Fig. 2A). 
Snapshots of RACK7 enrichment peaks in all three pGBM lines are 
shown in Fig. 2B. A snapshot of RACK7 ChIP-seq biological repeats 
in all three pGBM lines is shown in fig. S2C. These results suggest 
that RACK7 has more extensive chromatin binding in H3.3G34R 
pGBM cells when compared with the H3.3 wild-type pGBM cells.

RACK7 was previously shown to bind active enhancers in the 
breast cancer cell line ZR-75-30, and RACK7 knockout (KO) decreases 
the level of H3K4me1 codecorated by RACK7, which is a histone 
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Fig. 1. RACK7 recognizes H3.3G34R mutation. (A) Schematic representation of the domain structure of human RACK7. Numbers indicate amino acid positions at 
the boundaries of various domains. (B) In vitro peptide pull-down assays using various H3.3 peptides and HA-tagged full-length RACK7 purified from insect cells. 
(C) Nucleosome-binding assays using different designer nucleosomes assembled in vitro and HA-tagged full-length RACK7 purified from insect cells. (D and E) In vitro 
peptide pull-down assays using wild-type H3.3 or H3.3G34R peptide and various RACK7 internal deletion mutants purified from insect cells (D) and isolated domains of 
RACK7 fused with GST (E). (F) MST analysis of the interaction between GST-PHDRACK7 with H3.3G34R (left) and H3.3 wild-type (right) peptides. The Kd value is indicated. 
Data are represented as means ± SD from three biological replicates. (G) In vitro peptide pull-down assays using H3.3G34R peptide with wild-type or D104A mutated 
PHDRACK7 fused with GST purified from Escherichia coli. (H and I) Peptide pull-down assays using long peptides (amino acids 1 to 44) as indicated with HA-tagged RACK7 
full length purified from insect cells (H) and GST-tagged PHDRACK7 purified from E. coli (I). All experiments were repeated three times.
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mark associated with enhancers (15). Our ChIP-seq analysis in these 
three pGBM cells found no notable differences of H3K4me1 at 
genomic locations cobound by RACK7 between the two H3.3G34R-
containing (R6 and R42) and the wild-type H3.3WT (WT39) pGBM 
cells (fig. S2D). In addition, while 73.2% of RACK7 peaks overlap 
with both H3K4me1 and H3K27ac in ZR-75-30 cells, we found only 
14.1 and 29.3% coenrichment of the RACK7 peaks with H3K4me1 in 
R6 and R42, respectively. Furthermore, RACK7 does not appear to 
associate with histone demethylases (data not shown), as was shown 
in ZR-75-30 cells. Together, these findings suggest that molecular 
mechanisms by which RACK7 functions may be cell type dependent.

To determine whether the increased RACK7 enrichment in R6 
and R42 cells is due to the histone mutation, H3.3G34R, we corrected 
H3.3G34R in R6 and R42 cells to wild-type H3.3 by CRISPR-Cas9–
mediated knock-in (generating R6WT H3.3 and R42WT H3.3) (Fig. 2C). 
The correction of H3.3G34R to H3.3 wild type abrogated RACK7 
enrichment (Fig. 2D), indicating that H3.3G34R is necessary for the 
formation of the unique RACK7 peaks in both R6 and R42 cell lines. 
After mapping these unique peaks to the nearest gene, we identified 

2337 genes with RACK7 bound nearby that are common to R6 and 
R42 cells but are absent in the corresponding corrected lines, R6WT H3.3 
and R42WT H3.3 (Fig. 2E). As a control, we found comparable RACK7 
protein levels in these cell lines (R6, R6WT H3.3, R42, and R42WT H3.3) 
(fig. S2E), and their nuclear localizations are unaltered by the genetic 
manipulation of the histone mutation (fig. S2F). We again confirmed 
the genome-wide ChIP-seq data by ChIP-qPCR analysis of RACK7 
at the same six genomic regions (fig. S2G). A snapshot of the ge-
nomic regions is shown in Fig. 2F. Together, these findings suggest 
that H3.3G34R promotes RACK7 binding to H3.3G34R-decorated 
chromatin regions, consistent with our in vitro biochemical data that 
RACK7 preferentially binds H3.3G34R histones.

RACK7 represses gene transcription through its binding 
to H3.3G34R
To explore the function of the histone mutation H3.3G34R, we per-
formed genome-wide transcriptomic analysis of R6, R42, R6WT H3.3, 
and R42WT H3.3 by RNA sequencing (RNA-seq). Compared with 
H3.3G34R, we found 1882 up-regulated and 1510 down-regulated 
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genes that are in common in both corrected, knock-in cells (R6WT H3.3 
and R42WT H3.3) (Fig. 3A). Among the 1882 up-regulated genes, we 
found RACK7 occupancy of 253 genes in the two H3.3G34R pGBM 
lines, but not in H3.3-corrected, knock-in cells (fig. S3A). These genes 
were enriched in vesicle (P = 7.77 × 10−8) and membrane-bounded 
vesicle (P = 2.95 × 10−8) Gene Ontology (GO) pathways (Fig. 3B). In 
contrast, the 154 down-regulated genes decorated by RACK7 in two 
H3.3G34R lines (fig. S3B) are associated with less significant GO 
terms (Fig. 3C). These results suggest that loss of RACK7 chromatin 

occupancy gives rise to transcriptional up-regulation of vesicle 
pathway–related genes in R6WT H3.3 and R42WT H3.3 cells, which is 
consistent with previous reports that RACK7 acts as a transcriptional 
repressor via its chromatin binding (12, 15).

To further analyze the RNA-seq data implicating the vesicle 
pathways in the H3.3 knock-in cells, we plotted heatmap of the top 
50 up-regulated genes from the 1882 genes up-regulated in com-
mon in both H3.3 knock-in cell lines. Unexpectedly, we also found 
up-regulation of MHC class II genes, their chaperones, CD74, and 
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their master regulator, CIITA (Fig. 3D). In contrast, the transcrip-
tion level of MHC class I genes appeared unaffected (fig. S3C). We 
found no evidence that RACK7 binds to MHC class II genes, or their 
chaperones and CD74 in H3.3G34R cells (Fig. 3E and fig. S3D), sug-
gesting that they are not directly regulated by RACK7. All these genes 
are known to be controlled by CIITA (16). We found that CIITA 
gene is decorated by RACK7 in H3.3G34R cells (R6 and R42) (Fig. 3E 
and fig. S3E). This region was reported to be involved in regulating 
CIITA transcription (28). Our results suggest that RACK7 indirectly 
suppresses MHC class II gene expression by directly repressing 
transcription of the master regulator, CIITA. Because MHC class II 
molecules were known to be delivered from the ER to the cell sur-
face through vesicles (22), our results further suggest that RACK7 
and H3.3G34R work together to suppress transcription of genes 
involved in the MHC class II complex and their delivery pathways.

RACK7 KO has similar effects on gene expression as does 
H3.3 knock-in, which corrects the G34R mutation
If the biological effects of H3.3G34R are mediated primarily by the 
recruitment of RACK7, then we would predict that the impact of 
RACK7 removal will be akin to that of correcting the histone G34R 
genetic mutation. We addressed this hypothesis by knocking out 
RACK7 in R6 and R42 (generating R6RACK7 KO and R42RACK7 KO), 
respectively (fig. S4A), and next performed the genome-wide RNA-seq 
analysis. As a result, abrogating RACK7 (by KO) had a significant 
correlation with correcting the G34R mutation (wild-type H3 knock-in) 
when each transcriptome was compared with its parental line (R6 
and R42) (Fig. 4A). Knocking out RACK7 in R6 and R42 results in 
2484 and 2523 up-regulated genes when compared with each parental 
cell line, respectively (fig. S4B). Among them, 1293 genes were up-
regulated in both R6RACK7 KO and R42RACK7 KO cells (fig. S4B). When 
compared with the 1882 co–up-regulated genes in H3.3 knock-in 
cells (Fig. 3A), we identified 765 genes that were co–up-regulated in 
all R6RACK7 KO, R42RACK7 KO, R6WT H3.3, and R42WT H3.3 cells (Fig. 4B). 
These 765 co–up-regulated genes were enriched in GO terms of vesicle 
(P = 9.27 × 10−11), membrane-bounded vesicle (P = 1.09 × 10−11), 
and MHC class II protein complex (P = 1.13 × 10−8) pathways (Fig. 4C). 
Similarly, MHC class II genes, their chaperones, CD74, and CIITA 
show high transcriptional changes in the RACK7 KO cells (fig. S4C) as 
well, while in contrast, MHC class I genes were unaffected (fig. S4D). 
Collectively, our results suggest that knocking out RACK7 and knock-
ing in H3.3 to correct the G34R mutation both activate the same 
groups of genes involved in MHC class II protein complex and 
vesicle pathways.

We next confirmed up-regulation of MHC class II genes, their 
chaperone genes, CD74, and CIITA by reverse transcription qPCR 
(RT-qPCR) not only in R6RACK7 KO, R42RACK7 KO but also in R6WT H3.3, 
R42WT H3.3 cells (Fig. 4D). Up-regulation of two representative MHC 
class II genes was also confirmed by Western blotting (Fig. 4E). 
Confocal microscopy showed the appearance of CD74 in the peri-
nuclear region vesicles but not cell surface in R6RACK7 KO and R6WT H3.3 
cells (Fig. 4F), which is consistent with previous reports that CD74 
works as a chaperone at the beginning step of the MHC class II 
molecule delivery process (17). Up-regulation of MHC class II genes 
appears to translate to more MHC class II proteins on the cell 
surface in either RACK7 KO or H3.3 knock-in cells (Fig. 4G), which 
is likely to be assisted by the increased expression of vesicle trans-
port genes in these cells. To further confirm the role of RACK7 in 
H3.3G34R cells, we reintroduced wild type (fig. S4E) and the binding-

defective mutant, RACK7D104A (fig. S4F), into R6RACK7 KO and 
R42RACK7 KO cells, respectively. Reintroducing wild-type RACK7, 
but not the binding-defective RACK7D104A, suppressed the up-
regulation of CIITA and MHC class II genes in both R6RACK7 KO 
and R42RACK7 KO cells (Fig. 4H and fig. S4G). ChIP-qPCR of the 
tagged H3.3G34R showed that CIITA was decorated by H3.3G34R 
(fig. S4H) in the H3.3G34R cells, consistent with our model that 
RACK7 regulates gene expression in these pGBM cells by binding 
histone H3.3G34R. Furthermore, our ChIP-qPCR analysis of chro-
matin purified from RACK7 KO cells rescued by either wild-type or 
RACK7D104A shows that wild-type RACK7 associates better with the 
CIITA gene locus than the binding-defective mutant RACK7D104A 
(fig. S4I). Collectively, these findings demonstrate that RACK7 
occupies the CIITA locus through binding H3.3G34R. As a control, 
knocking out RACK7 in WT39 cells (fig. S4J) did not appear to 
up-regulate MHC class II genes (under real-time PCR detectability). 
Collectively, these findings suggest that H3.3G34R and RACK7 
collaborate to suppress the entire molecular program that ensures 
the expression and presence of MHC class II gene products on the 
cell surface.

RACK7 indirectly regulates MHC class II genes via controlling 
its master regulator CIITA
Because RACK7 only decorates the CIITA gene but not the MHC 
class II genes in H3.3G34R cells (R6 and R42) (Fig. 3E and fig. S3, 
D and E), we next investigated whether up-regulation of MHC class II 
genes observed in RACK7 KO and H3.3 knock-in cells was de-
pendent on the CIITA gene. We used CRISPR-Cas9 to KO CIITA 
in R6RACK7 KO and R6WT H3.3 cells and found decreased levels of HLA-
DR on the cell surface in R6RACK7 KO + CIITA KO and R6WT H3.3 + CIITA 

KO when compared with the R6RACK7 KO and R6WT H3.3 cells (Fig. 5A). 
This result suggests that CIITA is necessary for the up-regulation of 
MHC class II genes and its associated genes in RACK7 KO and H3.3 
knock-in cells.

RACK7 directly regulates genes involved in vesicular 
transportation of MHC class II molecules to the cell surface
To determine whether the RACK7 target genes up-regulated in both 
H3.3 knock-in and RACK7 KO cells participated in the regulation 
of the transportation of MHC class II molecules, we chose four genes, 
QKI, GFAP, VIM, and OCIAD2, which are likely direct targets of 
RACK7 (fig. S5A) for further investigation. Their transcriptional up-
regulation in R6RACK7 KO and R6WT H3.3 was validated by RT-qPCR 
(Fig. 5B). Among these genes, QKI (quaking) was an RNA binding protein 
and was recently identified as a regulator of endolysosomes, as its deletion 
down-regulates endolysosomes and helps glioma stem cells to maintain 
their stemness (29). GFAP (glial fibrillary acidic protein) and VIM (vimentin) 
are intermediate filament proteins, and astrocytes deficient in GFAP and 
VIM have less vesicle mobility and nondirectional movement, thus reduced 
MHC class II molecules delivery (30). OCIAD2 (OCIA domain 
containing 2) is a cancer-related protein that localizes to early endosomes 
(31). We first knocked out QKI in R6, R6RACK7 KO, and R6WT H3.3 cells, 
respectively. Knocking out QKI decreased the HLA-DR molecules in the 
cell surface of these cells (R6RACK7 KO and R6WT H3.3 cells) (Fig. 5C) when 
compared with R6, R6RACK7 KO, and R6WT H3.3 cells (Fig. 5A, top). Likewise, 
knocking out the additional RACK7 target genes, GFAP, VIM, and OCIAD2, 
also led to a reduction in the MHC class II molecules on the cell 
surface in R6RACK7 KO and R6WT H3.3 cells (Fig. 5D). Together, these 
results suggest that RACK7 directly suppresses the transcription of 
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CIITA and genes involved in vesicle pathways to potentially inhibit 
the MHC class II immune response.

RACK7 KO or H3.3 knock-in up-regulates cell differentiation 
genes and inhibits cell migration and invasion
In addition to MHC class II molecules, we also found up-regulation 
of genes (Fig. 4B) associated with cell differentiation in R6RACK7 KO, 
R42RACK7 KO, R6WT H3.3, and R42WT H3.3 cells (P = 1.83 × 10−4; 158 genes). 
Thirty-three of these genes (158) appear to be direct targets of RACK7, 
as they were decorated by RACK7 on chromatin in both H3.3G34R 
cells (R6 and R42) but not in the H3.3 knock-in cells, in which the 
G34R mutation was corrected to wild type (Fig. 6A and fig. S6A). 

We validated transcriptional up-regulation of some of these genes 
by RT-qPCR (Fig. 6B). One of these RACK7 target genes, GFAP, 
which is expressed in astrocytes (32), was further confirmed by 
Western blotting (fig. S6B) and immunofluorescence (Fig. 6C). The 
up-regulation of GFAP was rescued by wild-type RACK7 but not by 
the binding-defective mutant, RACK7D104A, in the RACK7 KO cells 
(Fig. 6D). RACK7 chromatin binding in the RACK7 KO cells was 
restored by reintroducing wild-type RACK7 but not the D104A 
mutant (fig. S4I). Collectively, our results demonstrate that knock-
ing out RACK7 or knocking in H3.3 in H3.3G34R pGBM enhances 
expression of differentiation genes such as GFAP and enhances MHC 
class II immune response. Reduced GFAP expression is associated 
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with tumor progression in a mouse glioma model (32). However, 
these human GBM cell lines failed to generate tumors in vivo 
(both intracranial and subcutaneous injections) within a period 
of 2 to 3 months. Although longer-term observations may be neces-
sary to determine whether these cell lines form tumor in vivo, we 
find that correction of the G34R mutation or knocking out RACK7 

both reduced the migration and invasion capabilities of these 
cells (Fig. 6E). The migration and invasion phenotypes were res-
cued by wild-type RACK7 but not by the binding-defective mutant, 
RACK7D104A (Fig. 6E), suggesting that binding of RACK7 to H3.3G34R 
may be important for increased migration and invasion of these 
pGBM cells.

0
200
400
600
800

1000
1200
1400

C
el

l n
um

be
r p

er
 fi

el
d

0

50

100

150

200

250

C
el

l n
um

be
r p

er
 fi

el
d

BA

GPC1

COL6A1

CDH2

S100B

RERE

TSKU

UBASH3B

GFAP

ANXA2

OGDH

HOXA7

PLXND1

ZNF217

ALK

COBL

EGFR

CD109

ARID5B

TEAD3

SPEG

FGF1

RGS20

ACP6

ANXA4

PTHLH

HTATIP2

MSX1

HHEX

NXN

ABHD2

CAV1

EZR

VIM

C D

RT-qPCR

0

0.02

0.04

0.06

0.08

0.1

COL6A1

R
el

at
iv

e 
to

 A
C

TB

0

0.001

0.002

0.003

0.004

HHEX

R
el

at
iv

e 
to

 A
C

TB

***
***

**
***

***
***

**
***

0

0.005

0.01

0.015

0.02

GPC1

R
el

at
iv

e 
to

 A
C

TB ***
**

***
**

0
0.02
0.04
0.06
0.08
0.1

0.12
0.14

S100B

R
el

at
iv

e 
to

 A
C

TB

***
**

***
***

1 2
R42

1 2
R42WT H3.3

1 2
R6

1 2
R6WT H3.3

1 2
R42RACK7 KO

1 2
R6RACK7 KO

2

1

0

–1

–2

R6
R42

R6WT H3.3 R6RACK7 KO

R42RACK7 KOR42WT H3.3

Repeats

**
***

***
***

E

RT-qPCR

0
0.02
0.04
0.06
0.08
0.1

0.12
0.14
0.16

GFAP
R

el
at

iv
e 

to
 A

C
TB

R42RACK7 KO
**

***

R42RACK7 KO + RACK7

R42RACK7 KO + RACK7(D104A)

R42 R42RACK7 KOR42WT H3.3

Migration assay

Invasion assay

R42 R42RACK7 KOR42WT H3.3

R42RACK7 KO + RACK7 R42RACK7 KO + RACK7(D104A)

R42RACK7 KO + RACK7 R42RACK7 KO + RACK7(D104A)

***
***

*
***

R42WT H3.3

GFAP DAPI

R42

GFAP DAPI

R6WT H3.3

R6

R6RACK7 KO

3 41 2

R42RACK7 KO

Fig. 6. RACK7 KO or H3.3 knock-in up-regulates cell differentiation genes and inhibits cell migration and invasion. (A) Heatmap analysis of RACK7-decorated 
genes involved in cell differentiation (GO: 0030154) and up-regulated in R42WT H3.3, R42RACK7 KO, R6WT H3.3, and R6RACK7 KO cell lines. Scale indicated Z score, defined as  
(FPKM − mean FPKM)/SD. Two biological repeats for each cell lines were used. (B) RT-qPCR of gene expression in R6, R6WT H3.3, and R6RACK7 KO and R42, R42WT H3.3, and 
R42RACK7 KO cells. (C) Immunofluorescence of GFAP in R6, R6WT H3.3, and R6RACK7 KO (lines 1 and 2) and R42, R42WT H3.3, and R42RACK7 KO (lines 3 and 4) cells. (D) RT-qPCR of the 
GFAP mRNA expression level in R42RACK7 KO and R42RACK7 KO cells rescued with wild-type or D104A mutated RACK7 transgene. (E) In vitro migration (top) and invasion 
(bottom) assays examining the migration and invasion abilities of the R42, R42WT H3.3, R42RACK7 KO, and R42RACK7 KO rescued with wild-type or D104A-mutated RACK7 trans-
gene cells. Data in (B), (D), and (E) are represented as means ± SD from three biological replicates, *P < 0.05, **P < 0.01, and ***P < 0.001, two-tailed Student’s t test.
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DISCUSSION
We identified RACK7 as a reader for H3.3G34R, and this conclusion 
is supported by multiple biochemical and ChIP-seq data. Further-
more, we demonstrate that the preferential association of RACK7 
with the H3.3G34R mutant histone in pGBM cell lines helps to sup-
press gene expression programs, including the entire program im-
portant for the expression and delivery of MHC class II proteins to 
the cancer cell surface.

We have provided multiple lines of evidence that RACK7 pref-
erentially binds H3.3G34R in vitro. We also described several inde-
pendent experiments that support binding of RACK7 to histone 
H3.3G34R–decorated chromatin regions in vivo. Specifically, we 
demonstrate that RACK7 ChIP-seq peaks are significantly reduced 
when H3.3G34R is corrected to wild-type H3.3 (Fig. 2D). Con-
sistently, there are more RACK7 ChIP-seq peaks in the H3.3G34R-
containing pGBM (R6 and R42) than in H3.3 wild-type pGBM cells 
(WT39). To circumvent the lack of a validated, ChIP-grade H3.3G34R 
antibody, we introduced H3.3G34R–hemagglutinin epitope YPYDVPDYA 
(HA) transgene into R6 and R42 cells and performed ChIP-qPCR using an 
HA antibody. Our results showed that RACK7-bound regions around 
CIITA, GFAP, and other four genes were also decorated by H3.3G34R (fig. 
S4H), consistent with our hypothesis that RACK7 binds H3.3G34R in vivo.

To determine whether the ability of RACK7 to regulate gene ex-
pression is dependent on its binding to H3.3G34R-decorated chro-
matin in vivo, we attempted to identify a RACK7 mutant that fails 
to bind H3.3G34R. However, this effort was complicated by the fact 
that RACK7 was also known to bind the N-terminal tail of histone 
H3 (12). We were unable to find a mutation that strictly affects 
binding to G34R but not the N-terminal tail of histone H3. Never-
theless, we succeeded in finding a mutation (D104A in the PHD 
domain of RACK7), which appears to have a more profound effect 
on binding to G34R than to the N-terminal tail of H3. Specifically, 
the D104A mutation reduces binding to G34R from a Kd of 6 M 
to essentially no binding as opposed to about only a fourfold re-
duction in binding to the N-terminal H3. The D104A mutation 
failed to restore suppression of RACK7 target genes such as CIITA 
(fig. S4G) (which we show to be decorated by H3.3G34R histone in 
the H3.3G34R-containing pGBM cells) and also displayed a reduced 
chromatin enrichment on these genes (fig. S4I). RACK7D104A also 
failed to rescue the cell migration and invasion phenotypes (Fig. 6E). 
We therefore favor the hypothesis that the effect of RACK7 in vivo 
is mediated primarily by binding to G34R, although we cannot com-
pletely exclude possible contributions of RACK7 binding to the 
N-terminal tail of histone H3.

The transportation of MHC class II molecules by vesicles has 
been well demonstrated previously (22). During this process, MHC 
class II molecules are delivered from the ER through the Golgi to 
endosome compartments. Early endosomes (21), the late endosome/
lysosome (17), and the multivesicular body (17) are all involved in 
this process. Besides these vesicles, MHC class II molecules were 
detected in exosomes as well (22). In our results, a cohort of up-
regulated genes, upon RACK7 KO or H3.3 knock-in, are clustered 
in the vesicle GO pathway (P = 9.27 × 10−11, 186 genes), specifi-
cally on ER-to-Golgi transport vesicle membrane (P = 6.53 × 10−5, 
10 genes), trans-Golgi network (P = 7.96 × 10−5, 19 genes), endo-
some (P = 6.33 × 10−5, 48 genes), lysosome (P = 4.92 × 10−8, 
44 genes), and extracellular exosome pathway (P = 1.39 × 10−8, 
142 genes). Our results therefore suggest that the H3.3G34R mu-
tation in conjunction with RACK7 regulate genes that participate 

in multiple steps of the biogenesis and delivery of MHC class II 
molecules.

The role of the MHC II immune response in antitumor immunity 
is becoming increasingly appreciated (33). In diffuse large B cell 
lymphoma (DLBCL), the MHC class II gene expression signature is 
correlated with a good outcome (34), while HLA-DM expression 
predicts improved survival in patients with breast carcinoma (35). 
MHC II–positive melanomas have improved response rates and 
clinical benefit to PD-1 (programmed cell death 1)/PD-L1 (pro-
grammed cell death ligand 1) inhibition (36). Agents that are used 
to treat cancer, such as the histone deacetylase (HDAC) and DNA 
methyltransferase inhibitors, increase the expression of MHC class 
II (summarized in table S1) (37–40), suggesting that an elevated 
MHC class II immune response may have a role in therapeutic 
responses. Thus, inhibiting the function of RACK7 in H3.3G34R-
containing pGBM may help to increase the effect of immunotherapy 
or other therapy approaches. Last, we found that loss of RACK7 
chromatin binding at its target genes in RACK7 KO or H3.3 knock-
in cells switches the cells to a more differentiated state. The expres-
sion of the differentiation-associated genes in the RACK7 KO and 
H3.3 knock-in cells may therefore lower their capacity to generate 
brain tumor.

What is the clinical significance of our finding that H3.3G34R/
RACK7 mediates repression of the MHC class II genes in H3.3G34R-
containing pGBM? To begin to address this issue, we compared ex-
pression of the master regulator of MHC class II genes, CIITA, in 
pediatric high-grade gliomas (HGGs) with H3.3G34R/V, H3K27M, 
or wild-type H3 across all brain locations (n = 210) using data from 
Mackay et al. (41). H3.3G34R/V tumors showed lower expression 
compared with H3K27M (P = 0.0006, t test). However, these tumors 
arise in different brain regions, and H3.3G34R/V tumors are typi-
cally found in older adolescent through young adulthood ages. In a 
more refined cohort (n = 99) trying to match location of H3.3G34R/V 
HGGs, the trend to lower expression in H3.3G34R/V tumors (n = 19), 
compared with cortical pediatric HGGs with wild-type H3 (n = 80), 
did not reach statistical significance (P = 0.19, t test). Matching 
the tumor locations is our best estimate of an appropriate control 
comparison. However, the distinct DNA methylation signatures of 
H3.3G34R/V tumors likely reflect differences in tumor cell origin, 
at least in part. Other HGGs may have different basal expression of 
MHC due to cell of origin and may also have alternate mutations 
that influence MHC class II–related expression patterns. These data 
highlight the power of our experimental approach using isogenic 
cells that have identical genetic background except for the status of 
H3.3 (one carries H3.3G34R, and the other is wild-type H3.3). This 
controlled comparison removes the noise contributed by different 
cells of origin and heterogeneity of other mutations and allowed us 
to conclude that H3.3G34R plays a role in regulating these important 
genes. Future experiments are necessary to investigate the in vivo 
significance of our finding.

RACK7 was reported to suppress tumorigenesis, in part by re-
pressing S100A family oncogenes (15). It also has an antimetastasis 
function by inhibiting multiple metastasis–associated genes (12). 
However, we did not find global transcriptional up-regulation of 
these genes upon RACK7 KO or H3.3 knock-in except for S100A3 
and epidermal growth factor receptor (EGFR), which were decorated 
by RACK7 in H3.3G34R cells. S100A3 and S100A5 expression dif-
fered markedly in the solid tumor tissues in relation to the astrocytic 
tumor types and grades (42). EGFR is frequently mutated and/or 
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overexpressed in different types of human cancers (41), but not in 
pediatric H3.3G34R GBM (41). Although up-regulation of S100A3 
and EGFR by inhibiting RACK7 is implicated in increasing invasive 
ability in previous reports (12, 15), their roles in H3.3G34R-associated 
pGBM remain to be determined in the future.

In addition to G34R, H3.3G34V mutation is also associated with 
human pGBMs (2). However, unlike H3.3G34R, H3.3G34V does not 
bind recombinant RACK7 directly (Fig. 2B). We recently identified 
an H3.3G34V-binding protein, which also interacts with RACK7 in 
the human H3.3G34V cells [KNS42 (43)], and histone H3.3G34V 
peptides pulled down RACK7 from lysate of an H3.3G34V cell line 
(data not shown), suggesting that RACK7 may bind H3.3G34V in-
directly in H3.3G34V pGBM cells. Much work remains to be done 
to understand the mechanism of action of the H3G34V mutation, 
but our preliminary results suggest that both mutations may recruit 
RACK7, although the underlying biochemical mechanisms may differ.

Together, our findings identify RACK7 as a reader of H3.3G34R 
and demonstrate that the H3.3G34R mutation functions by recruiting 
RACK7 to suppress the expression of MHC class II genes (indirectly) 
and transport genes (directly), resulting in decreased expression of 
MHC class II molecules at the cell surface. Association of RACK7 
with H3.3G34R also suppresses expression of genes associated with 
differentiation functions. Abrogation of RACK7 enhances expres-
sion of MHC class II genes and (possibly enhanced MHC class II–
mediated immune response) differentiation genes (possibly increased 
differentiation) in these tumor cells. Although the cell origin for 
H3.3G34R-associated pGBM is still unclear, the fact that normal 
neural stem cells, astrocytes, and microglia cells (18–20) could ex-
press MHC class II genes supports our hypothesis that suppression 
of the MHC class II gene expression and delivery in the yet-to-be-
identified cells due to the H3.3G34R mutation may contribute to 
tumorigenesis. Collectively, our findings not only provide molecular 
insights into H3.3G34R function but also suggest that targeting 
RACK7 may be an effective way to treat G34R-carrying pGBM.

MATERIALS AND METHODS
Protein expression and purification
The DNA fragments corresponding to various truncations of human 
RACK7 were subcloned into the modified pGEX-6P1 or pGEX-4T-1 
vector, and the plasmids were transformed into Escherichia coli strain 
Rosetta (DE3). The transformants were grown at 37°C to OD600 
(optical density at 600 nm) of 0.8, and protein expression was in-
duced by adding 0.2 mM isopropyl--d-thiogalactopyranoside (IPTG). 
After further culturing at 16°C for 16 hours, cells were harvested 
and lysed with the buffer containing 20 mM tris-HCl (pH 8.0), 
150 mM NaCl, 1 mM EDTA, 0.2% Triton X-100, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), and 1 mM dithiothreitol (DTT). 
The supernatant was incubated with Glutathione Sepharose (GE) 
beads for 2 hours, and glutathione S-transferase (GST)–tagged pro-
teins were eluted with the elution buffer containing 50 mM tris-HCl 
(pH 8.0) and 20 mM glutathione.

The HA-tagged full-length and deleted human RACK7 were sub-
cloned into the pFastBac HT-A vector, and viruses were generated ac-
cording to the Bac-to-Bac Baculovirus Expression System (Invitrogen). 
The Sf9 cells infected by virus were cultured at 28°C for 48 hours 
and then harvested and lysed with the buffer containing 20 mM 
tris-HCl (pH 7.4), 300 mM NaCl, 0.2% Triton X-100, 10% glycerol, 
0.5 mM EDTA, 1 mM PMSF, and 1 mM DTT. The HA infinity beads 

were added into the supernatant and incubated at 4°C for 2 hours, 
and HA-tagged protein was eluted with the elution buffer containing 
200 mM tris-HCl (pH 7.9), 150 mM KCl, 0.2 mM EDTA, 5 mM 
MgCl2, 0.1% NP-40, and HA-tag peptide (0.2 mg/ml; amino acid: 
YPYDVPDYA). The HA-tag peptide was synthesized by Beijing 
Scilight Biotechnology LLC.

In vitro binding assays
For peptide pull-down assays, recombinant, full-length HA-tagged 
RACK7 and mutants were purified from insect cell Sf9, while PHD, 
Bromo, and PWWP domains of RACK7 were purified from E. coli. 
Two micrograms of full-length RACK7 or mutant proteins was in-
cubated with 2 l (concentration, 0.1 mM) of various biotinylated 
histone peptides in the binding buffer [20 mM tris-HCl (pH 7.3), 
150 mM NaCl, 0.1% NP-40] at 4°C for 4 hours. The protein-peptide 
complexes were immobilized to streptavidin beads (Millipore) at 4°C 
for 1 hour. The bound proteins were washed with binding buffer and 
separated on 10% SDS–polyacrylamide gel electrophoresis (PAGE) 
followed by Coomassie blue staining. Modified histone peptides 
were synthesized by Beijing Scilight Biotechnology LLC.

MST analysis
The determination of the binding capacity of PHDRACK7 and 
PHDRACK7 (D104A) to wild-type or G34R-mutated histone peptides 
(amino acids 22 to 44) was performed by MST (NanoTemper, 
Monolith NT.115) according to the manufacturer’s instruction 
with 20% light-emitting diode (LED) and 40% MST power (27). 
The purified recombinant GST-PHDRACK7 and PHDRACK7 (D104A) 
protein were labeled with NHS-647 (NanoTemper Technologies) 
and applied at a final concentration of 50 nM. The final concentra-
tions of peptides ranged from 15.259 nM to 500 M. Both proteins 
and peptides were diluted in 20 mM tris-HCl (pH 8.0), 100 mM NaCl, 
0.5% NP-40. Samples were filled into standard, treated capillaries 
(NanoTemper Technologies). The MST data were analyzed by thermo
phoresis with temperature jump.

Recombinant oligonucleosomes
The open reading frames of histone H2A, H2B, H4, wild-type or 
mutant histone H3.3 were subcloned into the pET28a vector, and 
the plasmids were transformed into E. coli strain Rosetta (DE3). The 
transformants were grown at 37°C to OD600 of 0.8, and protein 
expression was induced by adding 0.2 mM IPTG. After further cul-
turing at 37°C for 2 hours, cells were harvested and lysed with lysis 
buffer containing 50 mM tris-HCl (pH 7.5), 100 mM NaCl, 1 mM 
EDTA, and 1 mM PMSF. The bacterial lysates were then sonicated 
at 200-W “power,” 30 s “on” and 30 s “off” for 20 “cycles.” The pel-
lets were washed three times with lysis buffer plus 1% Triton X-100 
and three times with lysis buffer; resuspended in unfolding buffer 
containing 7 M guanidinium-HCl, 20 mM tris-HCl (pH 7.5), and 
10 mM DTT; and mixed gently for 1 hour at room temperature. The 
purified histones were quantitated by 15% SDS-PAGE followed by 
Coomassie blue staining.

Histone octamers were obtained by mixing the four unfolded 
recombinant histones isolated as described above in equimolar 
amounts with approximately 4 mg of total protein in about 1 ml of 
volume. Then, the mixtures were dialyzed at 4°C against 2 liters of 
refolding buffer [10 mM tris-HCl (pH 7.5), 2 M NaCl, 1 mM EDTA, 
and 5 mM -mercaptoethanol] with at least three buffer changes. 
Either the second or third dialysis step was performed overnight. 
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The samples were centrifuged to remove any precipitates, and pro-
teins were concentrated to 250 l with a Millipore microconcentrator 
(10-kDa cutoff; Millipore, UFV4BGC00). Then, the samples were 
loaded onto a HiLoad Superdex 200 HR 10/30 column equilibrated 
with refolding buffer. Recombinant core histone octamers were eluted 
with a relative molecular mass of 100 kDa and were analyzed by 15% 
SDS-PAGE followed by Coomassie blue staining.

Recombinant oligonucleosomes were obtained by mixing the 
recombinant core histone octamers and plasmid containing tandem 
147–base pair DNA fragments in a mass ratio of 1:1.2 at room tem-
perature for 15 min. Then, the mixtures were dialyzed at 4°C against 
1 liter of TEN buffers containing 10 mM tris-HCl (pH 7.5), 1 mM 
EDTA, and 5 mM -mercaptoethanol and different concentrations 
of NaCl—1.4, 1.2, 1.0, 0.8, and 0.6 M. The mixtures were dialyzed at 
4°C against 1 liter of TE buffer containing 10 mM tris-HCl (pH 7.5) 
and 1 mM EDTA overnight.

Nucleosome-binding assays
For nucleosome-binding assays, 2 g of full-length recombinant 
HA-tagged RACK7, expressed and purified from insect cell Sf9, was 
immobilized on HA beads first, which were then incubated with 
5 g of nucleosomes in binding buffer [20 mM tris-HCl (pH 7.9), 
150 mM NaCl, 0.05% NP-40, 1 mM MgCl2, and 5% glycerol] at 4°C 
for 6 hours. After three washes with binding buffer, the bound 
proteins were separated on 15% SDS-PAGE followed by Coomassie 
blue staining.

Cell culture
All three of these lines (SJ-HGGx6c, SJ-HGGx42c, and SJ-HGGx39c) 
were established from pGBMs from the cerebral cortex. The cells 
were maintained under a neural stem cell condition. Briefly, the cells 
were cultured in Neurobasal:KnockOut DMEM/F-12 (1:2) with 0.5% 
B27 (minus vitamin A, Thermo Fisher Scientific), 0.5% StemPro 
Neural Supplement (Thermo Fisher Scientific), 0.5% N-2 (Thermo 
Fisher Scientific), recombinant human epidermal growth factor (EGF) 
and FGF-b (20 ng/ml; PeproTech), recombinant human PDGF-AA 
and PDGF-BB (10 ng/ml; PeproTech), 0.5 mM sodium pyruvate 
(Thermo Fisher Scientific), 0.5% nonessential amino acid (Thermo 
Fisher Scientific), 1% GlutaMAX (Thermo Fisher Scientific), and 
0.0002% heparin sodium salt (STEMCELL). The culture surface was 
coated with 1% Geltrex LDEV (lactose dehydrogenase elevating virus) 
free, growth factor reduced, human embryonic stem cell (hESC) 
qualified (Thermo Fisher Scientific), which was modified from 
previous research (44, 45). The SJ-HGGx6c and SJ-HGGx42c were 
transduced with a lentiviral vector (vCL20SF2-luc2a-YFP) express-
ing luciferase and yellow fluorescent protein (YFP) (46).

Establishment of knock-in and KO cell lines
RACK7 and QKI KO cells were generated by using the CRISPR-
Cas9 system as described (15). Briefly, guide RNAs were cloned into 
vector PX335 (hSpCas9 + guide RNA; Addgene, 42335), and the 
single clones were established by dilution cloning. The KO efficiencies 
were confirmed by Western blotting. Guide RNA sequences used 
were as follows: RACK7, 5′-GTGATGTGTCCTGCGGCGAG-3′; QKI, 
5′-GGATCTTCAACCACCTCGAG-3′.

CIITA, GFAP, and VIM KO cells were generated by using the 
lentivirus CRISPR-Cas9 system as described (47). Briefly, guide RNAs 
were cloned into lentiCRISPRv2 (Addgene, 49535), which were trans-
fected cells together with the package plasmid pVSVG and psPAX2. 

These cells were then selected by puromycin for 10 days for other 
assays. Guide RNA sequences used were as follows: CIITA, 5′-GT-
GACAGGTAGGACCCAGCA-3′; GFAP, 5′-GCTCGATGTAG
CTGGCAAAG-3′; VIM, 5′-GGTAGTCACGTAGCTCCGGC-3′.

H3.3WT knock-in cells were generated by using the CRISPR-Cas9 
system as described (48). Briefly, guide RNA and donor plasmids 
were cloned into the vector, pX335 (hSpCas9 + guide RNA; Addgene, 
42335) and pMD19-T (TaKaRa, 6013), and single clones were iso-
lated by dilution cloning. The knock-in efficiencies were confirmed 
by PCR of the DNA fragment, followed by Sanger sequencing. Guide 
RNA sequence used was 5′-TCTTCACCCTTCCAGTAGA-3′

Immunoblotting analysis
Immunoblotting analysis was done according to standard proce-
dures, and images were acquired using Bio-Rad ChemiDoc Touch 
Imaging System. Antibodies used for immunoblotting analysis are 
listed in table S2.

Immunofluorescence assay
A total of 2 × 105 cells in six-well plates with coverslips were used in 
the immunofluorescence assays. The cells were fixed with 3% para-
formaldehyde solution at room temperature for 30 min and washed 
with phosphate-buffered saline (PBS) solution three times. Cells were 
permeabilized with 0.2% Triton X-100 in PBS for 5 min at room 
temperature. After three washes with PBS, cells were blocked with 
block buffer (1% bovine serum albumin in PBS) at room temperature 
for 30 min. The cells were then incubated with the first antibody at 
4°C overnight and second antibody at room temperature for 1 hour. 
Cells were washed three times with PBST buffer (0.1% Tween 20 in 
PBS), and images were acquired using fluorescence confocal (Leica) 
microscopy or Olympus fluorescence microscopy. The antibodies 
used are listed in table S2.

ChIP and ChIP-seq
ChIP analyses of RACK7 were carried out using antibodies listed in 
table S2. Briefly, cells were cross-linked with 1% formaldehyde for 
10 min at room temperature and stopped with 125 mM glycine. Cells 
were lysed with ChIP lysis buffer [50 mM Hepes (pH 7.5), 500 mM 
NaCl, 1 mM EDTA, 1% Triton, 0.1% Na-deoxycholate, 0.05% SDS, 
1 mM PMSF, and 1 mM DTT]. Whole-cell lysate was sonicated 
with a Bioruptor sonicator (Diagenode). Chromatin samples were 
incubated with 2 g of RACK7 antibody overnight at 4°C. The 
protein-DNA complexes were immobilized onto protein A/G beads 
(Invitrogen, 10 l per reaction). The bound fractions were washed 
three times with the lysis buffer and three times with radioimmuno-
precipitation assay buffer (50 mM Hepes, 300 mM LiCl, 1 mM 
EDTA, 0.5% NP-40, 0.7% Na-deoxycholate), and once with 50 mM 
NaCl in tris-EDTA. Elution and reverse cross-linking were carried 
out in the elution buffer [50 mM tris-HCl (pH 8.0), 10 mM EDTA, 
and 1% SDS] at 65°C for 6 hours. After RNase A and Proteinase 
K digestion, DNA was purified using the PCR Extraction Kit from 
Qiagen. Each ChIP-seq was repeated three times. Enrichment at 
specific loci was confirmed by ChIP-qPCR. The primers used in 
ChIP-qPCR are listed in table S3. The sequencing libraries for ChIP-
seq were prepared from 2 to 5 ng of DNA using the KAPA HyperPrep 
Kits (KAPA, KK8504) according to the manufacturer’s instructions. 
Completed ChIP-seq libraries were qualified by Bioanalyzer 2100 
(Agilent) and sequenced at the Base Pair Biotechnology Co. Ltd. 
The software used to collect and analyze the ChIP-seq data was 
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Bowtie2.2.5. The ChIP-seq profiles were normalized to 1 million 
total tag numbers, and peaks were called by MACS2.1.1. Duplicated 
reads of ChIP-seq datasets were removed using the SAMtools.

mRNA capture and sequencing
The mRNA capture and sequencing were performed by the Base 
Pair Biotechnology Co. Ltd. For bioinformatics analysis, the mRNA 
sequencing reads were mapped to human reference genome (Ensembl, 
release 91) using the software Hisat2. Differentially expressed genes 
are calculated by the ballgown program (version 2.12.0) and DESeq 
program (version 1.32.0) with cutoffs as follows: FPKM (fragments 
per kilobase of transcript per million mapped reads) ≥0.5 (re-
moval of genes with FPKM <0.5 in all samples), P < 0.05, and fold 
change ≥1.5. Two biological repeats for each cell line were used.

Heatmap analysis
The heatmap analysis was performed by R, and column was nor-
malized by Z score, defined as  (FPKM − mean FPKM)/SD. The 
sample order of the top 50 up-regulated genes is based on the sum of 
log2(fold change). Two biological repeats for each cell line were used.

Correlation analysis
Pearson’s product-moment correlation of log2(fold change) RNA 
expression between KO and knock-in cells relative to their parental 
cells was analyzed by R command “cor.test.”

Quantitative PCR
Total RNA was extracted using the Simply P total RNA extraction 
kit (Bioflux), and then complementary DNAs were synthesized by 
PrimeScript RT Reagent Kit with gDNA Eraser (TaKaRa). The PCR 
mixture was prepared on a 384-well plate using a FastStart Universal 
SYBR Green Master Mix according to the manufacturer’s instruc-
tions (Roche). They were run in duplicate on a LightCycler 480 II 
Real-Time PCR System (Roche). Expression level of each mRNA 
was normalized to ACTB. Primers for each mRNA were tested with 
melting curve and listed in table S4.

Flow cytometry
Cells were washed with PBS and blocked with Human BD FC Block 
(BD Biosciences) in staining buffer (BD Biosciences) for 10 min on 
ice. Cells were then incubated with APC Mouse Anti-Human HLA-DR 
antibody (BD Biosciences) for 30 min on ice protected from light. 
The cells were washed and resuspended in PBS for flow cytometry. 
The detailed antibody’s information is listed in table S2.

FACSCalibur (BD) and CellQuest software were used to get 
15,000 cells for each sample. Two fluorescence excitation wavelengths 
were used for each sample: one is to detect APC HLA-DR, and 
another is to detect YFP. SJ-HGGx6c (R6) contained a luciferase-YFP 
transgene. Other cells including R6WT H3.3, R6RACK7 KO, R6CIITA KO, 
R6WT H3.3 + CIITA KO, R6RACK7 KO + CIITA KO, R6QKI KO, R6WT H3.3 + QKI KO, 
R6RACK7 KO + QKI KO, R6GFAP KO, R6WT H3.3 + GFAP KO, R6RACK7 KO + GFAP KO, 
R6VIM KO, R6WT H3.3 + VIM KO and R6RACK7 KO + VIM KO, R6OCIAD2 KO, 
R6WT H3.3 + OCIAD2 KO, and R6RACK7 KO + OCIAD2 KO were all generated 
from SJ-HGGx6c by CRISPR-Cas9. All of them contained luciferase-
YFP transgenes. YFP-positive cells were used to analyze the cell surface 
expression of HLA-DR. Data were analyzed by FlowJo software. 
The flow cytometry was performed at the Key Laboratory of Medical 
Molecular Virology, Ministry of Education and Public Health, School 
of Basic Medical Sciences, Fudan University.

Migration and invasion assays
A total of 8 × 104 or 2 × 104 cells were used in the migration and 
invasion assays, respectively. Cells were suspended in Neurobasal 
Medium containing EGF (200 g/ml), b-FGF (200 g/ml), PDGF-
AA (100 g/ml), PDGF-BB (100 g/ml), and 0.0002% heparin sodium 
salt in PBS and then were plated in the upper chamber with Matrigel 
noncoated and coated membranes (24-well insert; pore size, 8 mm; 
BD Biosciences) for Transwell migration and invasion assays, re-
spectively. The bottom chamber contained full medium. After 24 
(migration assay) or 48 (invasion assay) hours, the bottom of the 
chamber insert was fixed and stained with crystal violet and counted 
microscopically. Each membrane was calculated three microscope 
fields, and the means were used for representation. All assays were 
performed in at least biological triplicates.

Statistical analyses
All the P values of real-time qPCR, migration, and invasion assays 
in the main figures and supplementary figures were calculated by 
two-tailed Student’s t test, and three biological repeats were used. The 
P values of the correlation analysis were Pearson’s product-moment 
correlation analyzed by R.

DNA oligonucleotides
DNA oligonucleotides used in this study were synthesized by Sangon 
Biotech (Shanghai) Co. Ltd. and are listed in tables S3 and S4.

Data availability
All data generated are included in the figures, supplementary figures, 
and supplementary files. All sequencing datasets have been deposited 
in the National Center for Biotechnology Information (NCBI) Gene 
Expression Omnibus under accession numbers GSE138060 and 
GSE138077.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/29/eaba2113/DC1

View/request a protocol for this paper from Bio-protocol.
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