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An oncogene regulating chromatin favors response to immunotherapy
Oncogene CHAF1A and immunotherapy outcomes
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ABSTRACT
Many biological processes related to cell function and fate begin with chromatin alterations, and many 
factors associated with the efficacy of immune checkpoint inhibitors (ICIs) are actually downstream events 
of chromatin alterations, such as genome changes, neoantigen production, and immune checkpoint 
expression. However, the influence of genes as chromatin regulators on the efficacy of ICIs remains 
elusive, especially in gastric cancer (GC). In this study, thirty out of 1593 genes regulating chromatin 
associated with a favorable prognosis were selected for GC. CHAF1A, a well-defined oncogene, was 
identified as the highest linkage hub gene. High CHAF1A expression were associated with microsatellite 
instability (MSI), high tumor mutation burden (TMB), high tumor neoantigen burden (TNB), high expres-
sions of PD-L1 and immune effector genes, and live infiltration of immune cells. High CHAF1A expression 
indicated a favorable response and prognosis in immunotherapy of several cohorts, which was indepen-
dent of MSI, TMB, TNB, PD-L1 expression, immune phenotype and transcriptome scoring, and improved 
patient selection based on these classic biomarkers. In vivo, CHAF1A knockdown alone inhibited tumor 
growth but it impaired the effect of an anti-PD-1 antibody by increasing the relative tumor proliferation 
rate and decreasing the survival benefit, potentially through the activation of TGF-β signaling. In conclu-
sion, CHAF1A may be a novel biomarker for improving patient selection in immunotherapy.
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Background

In recent years, immunotherapy, represented by immune check-
point inhibitors (ICIs), has been a major breakthrough in the 
field of tumor therapy. One of its main mechanisms is to relieve 
immunosuppression induced by the binding of programmed cell 
death receptor-1 (PD-1) to its ligand, PD-L1.1 Recently, ICIs 
have been tested in the first-line treatment of metastatic gastric 
cancer (GC), including in four pivotal phase III trials 
(KEYNOTE-062, CheckMate 649, ATTRACTION-4, and 
ORIENT-16). Specifically, the CheckMate 649 global phase III 
trial showed that the combination of nivolumab and chemother-
apy significantly prolonged progression-free survival (PFS) and 
overall survival (OS) compared to chemotherapy alone in 
patients with PD-L1 combined positive score (CPS) ≥5 and in 
the entire population.2 However, a graphical algorithm to recon-
struct unreported Kaplan-Meier (KM) plots of PD-L1 CPS sub-
groups in CheckMate 649 found that patients with CPS 1–4 did 
not benefit from first-line nivolumab plus chemotherapy.3

It seems that the PD-L1 CPS score was a useful predictive 
biomarker for determining immunotherapy efficacy in GC. 
However, there are some limitations to its application in the 

real world. First, the CPS cutoff value is controversial, which is 
used as five in treatment with nivolumab but as 10 in single 
pembrolizumab therapy.2,4,5 Second, the antibodies used to 
evaluate PD-L1 expression are different between nivolumab 
and pembrolizumab, whose interchangeability needs 
validations.6 Third, intra-tumor heterogeneity means that 
biopsy assessment may not accurately represent the overall 
tumor status.7 Moreover, PD-L1 expression in cells undergoes 
dynamic changes, indicating that its assay result also changes 
over time.8 Other commonly used biomarkers for the thera-
peutic efficacy of ICIs mainly include microsatellite instability 
(MSI) and tumor mutation burden (TMB). MSI is a strong and 
well-established predictor, but its occurrence is rare, even in 
gastrointestinal tumors.9 TMB level lacks unified standards, 
and its relationship with immunotherapy efficacy is still 
controversial.10 Therefore, it is still necessary to identify 
novel biomarkers to improve patient selection for immu-
notherapy in GC and other tumors.

The traditional view of therapy resistance in cancer is cen-
tered around the derepression or loss of certain genes, either 
caused by driver mutations or by epigenetic disruptions. 
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Chromatin abnormalities, on the other hand, have a more 
significant and undetectable influence on genetic 
expression.11 In eukaryotes, genetic information is stored in 
chromatin, an ensemble of DNA, histones, and several non- 
histone proteins. Cellular DNA is entirely accommodated in 
the nucleus through necessary compaction based on hierarch-
ical chromatin organization. The chromatin structure is con-
tinuously modified to maintain informational continuity by 
regulating access to transcriptional, repair, or replicative fac-
tors. Therefore, chromatin organization and remodeling play 
regulatory roles in many processes related to cancer develop-
ment, including DNA replication stress, DNA damage 
response, cell cycle, cell senescence, cell death, metastasis, 
angiogenesis, and anti-tumor immunity.11–14 Recently, target-
ing factors to disrupt chromatin organization and remodeling 
has become a promising strategy to combat cancer.12,13 

Moreover, studies have shown that genetic alterations in the 
SWItch/sucrose nonfermentable (SWI/SNF) chromatin remo-
deling complex foster resistance to ICIs.14,15

It is still unclear whether genes playing a role in chromatin 
regulation affect the outcomes of GC patients treated with ICIs. 
In this study, we screened these genes to identify potential 
biomarkers for predicting the effectiveness of ICI in GC. We 
found that chromatin assembly factor 1 (CAF-1) subunit 
A (CHAF1A), was significantly associated with immune char-
acteristics and infiltration of immune cells in GC and other 
tumors. High CHAF1A expression indicates favorable outcomes 
of ICI treatment. Interestingly, as a known oncogene,16 

CHAF1A knockdown impaired the effect of an anti-PD-1 anti-
body in vivo, possibly through the activation of TGF-β signaling.

Patients and methods

Patients

Four GC cohorts were used to screen for chromatin-associated 
genes, including the Asian Cancer Research Group (ACRG), 
The Cancer Genome Atlas (TCGA), GSE15459, and GSE57303 
cohorts. A GC cohort from The Affiliated Hospital of Jiangsu 
University (AHJU) was used to validate the role of specific 
genes.17–20 Three immunotherapy cohorts were used: the 
NCT#02589496 cohort, wherein the GC participants had 
received second-line PD-1 inhibition with pembrolizumab21; 
the AHJU immunotherapy cohort, wherein GC participants 
were treated with the first-line combination of chemotherapy 
with anti-PD-1 antibodies such as sintilimab, tislelizumab, or 
camrelizumab; and the IMvigor210 cohort, wherein patients 
with metastatic urothelial cancer (mUC) were treated with the 
anti-PD-L1 antibody atezolizumab.22 Therapy response was 
evaluated according to Response Evaluation Criteria in Solid 
Tumors (RECIST) 1.1. The enrollment criteria for patients 
included: 1) pathological diagnosis of GC; 2) available expres-
sion data or available samples for genetic testing; and 3) no 
prior history of anticancer therapies before genetic testing. 
Clinical and pathological staging and classification were 
adopted from the American Joint Committee on Cancer cri-
teria. The ethics committee of the AHJU approved the research 
protocol, and all patients from the AHJU provided written 
informed consent.

Data acquirement

Transcriptome data for AHJU stored in the European 
Genome-phenome Archive (https://ega-archive.org/) were 
available in the EGAD00001004164 dataset. Genome data for 
AHJU stored in the Genome Sequence Archive for Human 
(https://ngdc.cncb.ac.cn/gsa-human/) were available in the 
HRA001647 dataset. Data from other cohorts have been pre-
viously published and were acquired and preprocessed as 
described elsewhere.19,20 Immune-associated indices, including 
tumor mutation burden (TMB), tumor neoantigen burden 
(TNB), microsatellite instability (MSI), and immune subtype, 
have been previously defined and determined.19,20,23

Screen of hub genes associated with chromatin

We searched for chromatin-associated keywords including 
“CHROMATIN_ORGANIZATION,” 
“CHROMATIN_REMODELING,” and “CHROMATIN” in 
the Gene Ontology (GO) and identified genes for further 
analysis. Univariate Cox proportional hazard models were 
used to evaluate the prognostic role of these genes, and the 
hazard ratios (HRs) and their 95% confidence intervals (CIs) 
were determined. Then, genes associated with OS were ana-
lyzed for protein-protein interactions (PPI) using the search 
tool for recurring instances of neighboring genes (STRING) 
(https://www.string-db.org/), and the highest linkage hub 
genes in the network were identified through the Cytoscape 
plugin CytoHubba.

Whole exome sequencing (WES)

In the AHJU GC cohort, WES was performed on samples from 
74 patients, as previously described.20 Briefly, genomic DNA 
was extracted from tumors and matched with normal tissues. 
The KAPA Hyper Prep Kit (KAPA Biosystems, USA) was used 
to prepare the whole-genome library. The Illumina Rapid 
Capture Extended Exome Kit (Illumina, USA) was used for 
exome capture. The Illumina HiSeq4000 NGS platform 
(Illumina, USA) was used to sequence the enriched libraries. 
Data processing followed published criteria.

Transcriptome sequencing

In the AHJU GC cohort, transcriptome sequencing was con-
ducted on samples from 34 patients, as previously reported.18 

In brief, total RNA was extracted from fresh samples, and 
ribosomal RNA was depleted later. The KAPA Stranded RNA- 
seq Kit with RiboErase (KAPA Biosystems, USA) was used to 
prepare the transcriptome library. After the assessment of 
library concentration and quality, the Illumina HiSeq4000 
NGS platform (Illumina, USA) was used for sequencing. Base 
calling was applied to generate the sequence reads, which were 
carried out on bcl2fastq v2.16.0.10 (Illumina, USA) in FASTQ 
format (Illumina 1.8+ encoding). After quality control using 
Trimmomatic (version 0.33), STAR (version 2.5.3a) was used 
to map transcriptomes. RSEM (version 1.3.0) was adopted for 
isoform- and gene-level quantification.
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Immunohistochemistry (IHC) staining

Anti-CHAF1A antibody (ab126625, Abcam, UK) was used for 
IHC with a 2-step protocol.24 The IHC score was assessed using 
a semiquantitative method based on the grade categories for the 
number of stained positive cells and the staining intensity, as 
previously reported.25 First, we counted the number of positive 
stained cells in 100 cells in each of 10 selected high power fields 
(400× magnification) to calculate the percentage of positive 
stained cells in each section. We classified the percentages 0%, 
10–25%, 26–75%, 51–75%, and 76–100% as grade 0, 1, 2, 3, and 
4, respectively. Then, staining intensity was also classified as 
grade 0, 1, 2, and 3 corresponded to no stain, light brown, 
brown, and dark brown. According to the product of the two 
grade values, IHC scores were calculated. High expression of the 
CHAF1A protein was defined as an IHC score ≥ 6.

Multiple-immunofluorescence (mIF) staining

Following the manufacturer’s instructions, mIF staining was 
performed using the PANO 7-plex IHC kit (Panovue, Beijing, 
China), with antibodies including anti-panCK (CST4545, Cell 
Signaling Technology, USA), anti-CD8 (CST70306), anti-HLA 
-DR (ab92511), anti-CD68 (BX50031, Biolynx, China), anti- 
S100 (ab52642), and anti-CD56 (CST3576). The reconstruc-
tion of section images was based on the Mantra System 
(PerkinElmer, Waltham, MA, USA). Cells in the images were 
analyzed and quantified using the inForm image software 
(PerkinElmer).

Cell lines

Cells of the human GC cell lines (AGS and HGC-27) and the 
mouse melanoma cell line B16F10 were purchased from the 
Type Culture Collection of the Chinese Academy of Science 
(Shanghai, China).

Western blot (WB)

In accordance with standard protocols, WB analysis was con-
ducted using anti-CHAF1A (ab126625), anti-TGF-β1 
(ab215715), anti-pSMAD3 (ab52903), and GAPDH 
(ab181602) antibodies. In brief, total protein was extracted 
using lysis buffer containing protease inhibitors, followed by 
protein quantification. SDS-PAGE gels were used to separate 
proteins, which were then transferred onto PVDF membranes 
(Millipore, Bedford, MA, USA). Subsequently, the membranes 
were blocked with 5% nonfat dry milk and incubated with an 
anti-CHAF1A antibody overnight at 4°C. Finally, according to 
standard procedures, immunoblots were probed with ECL 
detection reagent (Millipore).

Clone selection and cell transfection

For small interfering RNA (siRNA)-mediated CHAF1A silen-
cing (siCHAF1A), the target siRNA sequence of CHAF1A 
(NM_005483.2) was 5’-CGUUUAAGCGCCUGAAUCU-3’. 
RNA duplexes were synthesized by RiboBio (Guangzhou, 
China). Lipofectamine 2000 (Invitrogen) was used to transfect 

siRNAs into GC cells. For small hairpin RNA (shRNA)- 
mediated CHAF1A knockdown (shCHAF1A), the target 
RNAi sequences, 5’-CCGACTCAATTCCTGTGTAAA-3’ for 
human cells and 5’-TAGGCTTGAGTACAAAGTT-3’ for 
mouse cells, were synthesized and cloned into the expression 
vector pGCSIL-green fluorescent protein (GFP) by GeneChem 
Company (Shanghai, China). The non-target RNAi sequence, 
5’-TTCTCCGAACGTGTCACGT-3,’ was employed to gener-
ate the negative control. In accordance with the manufacturer’s 
recommended protocol, lentivirus was added to the cells, and 
stably transfected cell clones were selected using the limited 
dilution method. Finally, CHAF1A expression in cells was 
confirmed by WB.

In vivo experiments

Male C57BL/6 mice, 6–8-week old, were purchased from the 
Animal Experiment Center of Jiangsu University. For tumor 
models, each group of B16F10 cells (1 × 106) was subcuta-
neously injected into C57BL/6 mice. For ICI treatment, tumor- 
bearing mice were injected via the tail vein with 150 μl (100 μg/ 
150 μl) anti-mouse PD-1 antibody (Bio X Cell Cat# BE0146) or 
IgG isotype control (Bio X Cell Cat# BE0089) on day 8 after the 
subcutaneous injection of tumor cells. For tumor volume ana-
lysis, all mice were euthanized 20 days after inoculation, and 
tumors were excised and measured. Tumor volumes were 
calculated using the following formula: width (mm) × depth 
(mm) × length (mm) × 0.52. For survival analysis, tumors 
reaching a maximum subcutaneous tumor size of 550 mm3 

were assumed dead and then euthanized. All in vivo experi-
ments were randomized in order to evenly distribute the tumor 
volume among different experimental groups at the beginning 
of treatment. All experimental procedures were approved by 
the Institutional Animal Care and Use Committee of Jiangsu 
University.

Relative tumor proliferation rate

The relative tumor proliferation rate, treatment/control (T/C), 
was calculated in the vehicle and shCHAF1A groups, respec-
tively. First, the relative tumor volume (RTV) was calculated 
based on the measurement, using the formula: RTV=Vt/V0. 
where V0 is the baseline tumor volume measured after cage 
administration and Vt is the tumor volume at each measure-
ment. T/C was calculated using the formula: T/C=RTVT/RTVC 
×100%; RTVT is the RTV of the treatment group, and RTVC is 
the RTV of the negative control group. A T/C ≤ 40% is con-
sidered effective in therapy.26

Statistical analysis

For comparisons between groups, Student’s t-test, χ2 test, 
Fisher’s exact probability test, and Mann – Whitney U test 
were used as needed. Survival was analyzed using the KM 
method and the log-rank test. To define high and low 
CHAF1A mRNA expression, the optimal cutoff values were 
determined by the Survminer R package according to the 
association between CHAF1A expression and OS. 
Correlations between groups were evaluated using the 
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Pearson correlation coefficient R. To evaluate the predictive 
power of CHAF1A mRNA expression for the objective 
response rate (ORR) of patients treated with ICIs, the receiver 
operating characteristic curve (ROC) and the areas under the 
ROC curves (AUC) were adopted. A two-sided p < 0.05 was 
perceived as statistically significant. Corrected p values were 
used as needed. The above analyses were based on SPSS (ver-
sion 19.0, Chicago, IL), R (version 3.6.1), and R Bioconductor 
packages.

Results

Eligible patients

The numbers of eligible patients in the ACRG, TCGA, 
GSE15459, GSE57303, and AHJU cohorts were 300, 415, 192, 
70, and 74, respectively (Table. S1). In the AHJU cohort, 
genome, transcriptome, and IHC data were available for 34, 
74, and 48 patients, respectively (Table. S2). For ICI treatment, 
the numbers of eligible patients in the NCT#02589496, 
IMvigor210, and AHJU immunotherapy cohorts were 45, 
298, and 10, respectively (Table. S3).

Hub genes associated with chromatin in GC

After removing duplicates, a total of 1593 genes in GO terms 
associated with chromatin were identified and included for 
screening (Table. S4). Of these, high expression of 30 genes 
was significantly associated with favorable OS in both the 
ACRG and TCGA cohorts (Figure 1(a)). They were regarded 
as candidates to promote the selection of advantageous popu-
lations for immunotherapy. After PPI analysis, CHAF1A and 
UHRF1 were identified as the highest linkage hub genes 
(Figure 1(b)), while CHAF1A had a more significant prognos-
tic effect than UHRF1 (Figure 1(a)). Survival analysis further 
confirmed the prognostic role of CHAF1A mRNA expression 
in the ACRG, TCGA, GSE15459, and GSE57303 cohorts 
(Figure 1(c)). Moreover, our AHJU data revealed that 
CHAF1A mRNA expression was a prognostic factor for both 
disease-free survival (DFS) and OS (Figure 1(d)).

Associations of CHAF1A expression with immune 
biomarkers in GC

In all the ACRG, AHJU and TCGA cohorts, the MSI GC 
subtype had significantly higher CHAF1A mRNA expression 
than the microsatellite stability (MSS) subtype (Figure 2(a)). 
TMB was also significantly positively correlated with CHAF1A 
mRNA expression in all three cohorts (Figure 2(b)). Moreover, 
the expression of most immune effector genes, such as IFNG 
and GZMB, was significantly positively correlated with 
CHAF1A mRNA expression (Figure 2(c)). Similar correlations 
were observed between the expression of CHAF1A and several 
immune checkpoint genes, such as PD-L1 (CD274) and LAG3 
(Fig. S1). Specifically, in the NCT#02589496 cohort, PD-L1 
CPS was found to be significantly elevated in the high 
CHAF1A mRNA expression than in the low (the cutoff value 
was determined by ROC analysis as shown below) 
(Figure 2(d)).

To validate the above results, IHC staining of CHAF1A was 
performed in the AHJU cohort (Table. S2 and Figure 2(e)). The 
MSI GC subtype also had significantly higher CHAF1A protein 
expression than the MSS subtype (Figure 2(f)). TMB was also 
significantly positively correlated with the IHC score of 
CHAF1A (R = 0.48, p < 0.001; Figure 2(g)). Furthermore, the 
mRNA expression of most immune effector genes was signifi-
cantly positively correlated with the CHAF1A IHC score 
(Figure 2(h)).

Association of CHAF1A expression with immune 
infiltration in GC

The C2 GC subtype of TCGA, indicating an IFN-gamma 
dominant phenotype, had the highest mRNA expression of 
CHAF1A among the immune subtypes (Figure 3(a)). The 
abundance of infiltrating immune cells in the tumor micro-
environment (TME) was evaluated using the xCell algorithm 
based on transcriptome data.27 CHAF1A mRNA expression 
was significantly positively correlated with the abundance of 
Th1 cells (R = 0.73, 0.86, and 0.61, respectively) and macro-
phages M1, but was significantly negatively correlated with the 
abundance of fibroblasts (R = −0.49, −0.47, and −0.45, respec-
tively), in all the ACRG, AHJU, and TCGA cohorts 
(Figure 3(b)). In addition, CHAF1A mRNA expression was 
significantly positively correlated with the abundance of NK 
cells in both the ACRG and TCGA cohorts (Figure 3(b)).

mIF results were available for eight AHJU patients with 
their transcriptome data (Figure 3(c)). The cells in the invasive 
margin and tumor parenchyma were quantified separately. In 
the tumor parenchyma, CHAF1A mRNA expression was posi-
tively correlated with the densities of NK cells (including 
CD56bright and CD56dim subtypes; R = 0.62) and macro-
phages M1 (R = 0.69), but was negatively correlated with the 
density of macrophages M2 (R = −0.29; Figure 3(d)). However, 
the significance of these results was limited by the small sample 
size. Next, the effective infiltration score (EIS) was defined as 
the number of immune cells in the tumor parenchyma divided 
by the total number of immune cells in TME.18 CHAF1A 
mRNA expression was positively correlated with the EIS of 
NK cells (R = 0.52) and macrophages M1 (R = 0.24) and nega-
tively correlated with the EIS of macrophages M2 (R = −0.81, p  
< 0.05; Figure 3(e)).

Association of CHAF1A expression with the effect of ICIs in 
GC

In the NCT#02589496 cohort, GC patients who responded 
to second-line treatment with pembrolizumab had significantly 
higher CHAF1A mRNA expression than those who did not 
respond (p = 0.031; Figure 4(a)). ROC analysis showed that the 
AUC for the prediction of CHAF1A mRNA expression to 
response was 0.712 (Figure 4(b)). Based on the optimal thresh-
old of CHAF1A mRNA expression for the maximum ROC 
curve values, the patients were dichotomized into high- and 
low-expression subgroups. The high-expression subgroup pre-
sented a significantly higher ORR than the low-expression 
subgroup (47.3% vs. 11.5%, p = 0.007; Figure 4(c)).
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Importantly, the association between CHAF1A expres-
sion and response to pembrolizumab was not limited by 
TMB or MSI status. High CHAF1A expression showed 
better ORR than low expression in both the MSI (100% 

vs. 66.7%) and microsatellite stable (MSS; 37.5% vs. 4.3%) 
subsets, and both the high TMB (83.3% vs. 40%) and low 
TMB (30.8% vs. 4.8%) subsets (Table 1). No response was 
observed in patients with a PD-L1 CPS of < 1. However, 

Figure 1. Hub gene selection. (a) genes associated with chromatin and favorable prognosis in GC from the ACRG and TCGA cohorts. (b) CHAF1A and UHRF1 were 
identified as the highest linkage hub genes in the protein-protein interaction analysis. (c) overall survival (OS) analysis for CHAF1A in GC from the ACRG, TCGA, 
GSE15459, and GSE57303 cohorts. (d) OS and disease-free survival analysis for CHAF1A in the AHJU cohort. GC: gastric cancer; ACRG: Asian cancer Research Group; 
AHJU: Affiliated Hospital of Jiangsu University; TCGA: the cancer genome atlas.
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high CHAF1A expression still indicated a better ORR in the 
CPS ≥ 1 subgroup (69.2% vs. 22.2%; Table 1).

In the AHJU immunotherapy cohort, GC patients who 
responded to the first-line combination of chemotherapy 
with anti-PD-1 antibodies had a significantly higher IHC 
score for CHAF1A protein than those who did not respond 

(p = 0.03; Figure 4(d)). The AUC for the prediction of the 
CHAF1A IHC score to response was 0.976 (Figure 4(e)). 
The high-expression subgroup of CHAF1A protein (IHC 
score ≥ 6) also showed a higher ORR than the low- 
expression subgroup (83.3% vs. 25%, p = 0.065; 
Figure 4(f)). Furthermore, patients with high expression of 

Figure 2. CHAF1A expression and immune biomarkers. (a) CHAF1A mRNA expression by MSI status. (b) correlation of CHAF1A mRNA expression with tumor mutation 
burden (TMB). (c) correlation between mRNA expressions of CHAF1A and immune effector genes. (d) PD-L1 combined positive score by CHAF1A expression in the 
NCT#02589496 cohort. (e) typical micrograph of CHAF1A IHC staining in tumors, at 200×magnification. (f) IHC score of CHAF1A by MSI status. (g) correlation between 
TMB and CHAF1A IHC score. (h) correlation between CHAF1A IHC score and the mRNA expression of immune effector genes. GC: gastric cancer; MSI: microsatellite 
instability; MSS: microsatellite stability; IHC: immunohistochemistry; ACRG: Asian cancer Research Group; AHJU: Affiliated Hospital of Jiangsu University; TCGA: the 
cancer genome atlas.
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CHAF1A protein had better PFS (p = 0.044; Figure 4(g)) 
and OS (p = 0.075; Figure 4(h)) than those with low 
expression.

CHAF1A expression as an immune biomarker in other 
tumors

Pan-tumor analysis was performed for CHAF1A in TCGA. 
CHAF1A mRNA was overexpressed in tumor tissues com-
pared to normal tissues in most tumor types (Fig. S2A). The 
MSI subtype had significantly higher CHAF1A mRNA expres-
sion than the MSS subtype in colorectal cancer and uterine 
corpus endometrial carcinoma, both of which have a higher 
MSI frequency than other tumors (Fig. S2B). TMB (Fig. S2C), 

and TNB (Fig. S2D) were positively correlated with CHAF1A 
mRNA expression in most tumor types, whereas a contrasting 
result was observed in thymoma. For immune infiltration, 
CHAF1A mRNA expression was significantly positively corre-
lated with the abundance of Th1 cells in all tumor types but was 
negatively correlated with the abundance of fibroblasts and 
macrophages M2 in most tumor types (Fig. S3).

In the IMvigor210 cohort, patients with mUC who 
responded to atezolizumab exhibited significantly higher 
CHAF1A mRNA expression than those who did not respond 
(Figure 4(i)). The AUC for the prediction of CHAF1A expres-
sion to response was 0.644 (Figure 4(j)). High CHAF1A 
expression resulted in a better ORR than low expression (49% 
vs. 17.4%, p = 0.001; Figure 4(k)). Furthermore, StromalScore, 

Figure 3. CHAF1A expression and immune infiltration. (a) CHAF1A mRNA expression in GC by immune phenotype in TCGA. (b) correlation of CHAF1A mRNA expression 
with the abundance of infiltrating immune cells. (c) typically microscopic image of surface biomarkers of immune cells by multiplexed immunohistochemistry staining in 
AHJU. 1: CD8; 2: CD56; 3: CD68 (green) and HLA-DR (red); 4: the reconstructed image for all surface biomarkers. (d) correlation of CHAF1A mRNA expression with the 
densities of immune cells in the tumor parenchyma. (e) correlation of CHAF1A mRNA expression with the effective infiltration score of immune cells. GC: gastric cancer; 
ACRG: Asian cancer Research Group; AHJU: Affiliated Hospital of Jiangsu University; TCGA: the cancer genome atlas.
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ImmuneScore, and ESTIMATEScore may impact ICI efficacy 
and were calculated.28 In this cohort, the immune phenotype, 
TMB, and TNB were available, and PD-L1 expression on 
immune cells (IC) and tumor cells (TC) was assessed and 
scored as IC0/TC0 (<1%), IC1/TC1 (≥1% and < 5%), or IC2/ 
TC2 (≥5%). The predictive ability of CHAF1A expression for 

response was not affected by these indexes or by sampling 
locations (primary lesion or metastasis), and the response 
superiority associated with high CHAF1A expression existed 
in all stratifications (Table 1 and S5). Furthermore, patients 
with high CHAF1A expression displayed significantly better 
OS than those with low expression (HR = 0.18, 95% CI:0.09– 

Figure 4. CHAF1A expression and immunotherapy outcome. (a) CHAF1A mRNA expression by response status in the NCT#02589496 cohort. (b) the ROC curve for 
response prediction by CHAF1A mRNA expression. (c) objective response rate (ORR) by CHAF1A expression level. (d) the IHC score of CHAF1A protein by response in the 
AHJU immunotherapy cohort. (e) the ROC curve for response prediction by CHAF1A IHC score. (f) ORR by CHAF1A protein expression. (g,h) progression-free survival 
(g) and overall survival (h) by CHAF1A protein expression. (i) CHAF1A mRNA expression by response status in the IMvigor210 cohort. (j) the ROC curve for response 
prediction by CHAF1A mRNA expression. (k) objective response rate by CHAF1A expression level. (l) overall survival by CHAF1A expression level. GC: gastric cancer; IHC: 
Immunohistochemistry; AHJU: Affiliated Hospital of Jiangsu University; ROC: receiver operating characteristic curve; AUC: the areas under the ROC curves. HR: hazard 
ratio; CI:confidence interval.
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0.37, p < 0.001; Figure 4(l)). Such OS superiority associated 
with high CHAF1A expression also existed in all stratifications 
by above indexes (Fig. S4 and S5).

CHAF1A knockdown and anti-PD-1 effect in vivo

CHAF1A knockdown was previously reported to inhibit cell 
proliferation in tumors, including GC,16,29,30 but our results 
indicated that low CHAF1A expression was harmful to 
immunotherapy. Thus, the impact of CHAF1A knockdown 
(Figure 5(a)) on the anti-PD-1 effect was investigated in 
B16F10 tumors of immunocompetent C57bl/6 mice 
(Figure 5(b)). Compared with the IgG isotype control, anti- 
PD-1 antibody significantly inhibited tumor growth in the 
vehicle group (Figure 5C). This result was also observed in 
the shCHAF1A group, while the ability of the anti-PD-1 
antibody to shrink tumors was obviously impaired by 
CHAF1A knockdown (Figure 5(d) and S6 [all curves over-
laid]), which was validated by the comparison between the 
vehicle and shCHAF1A groups for tumor volume reduction 
induced by the anti-PD-1 antibody especially after post- 
treatment day 9 (Figure 5(e)). Furthermore, T/C was used 
to evaluate the relative tumor proliferation, which was higher 
in the shCHAF1A group than that in the vehicle group, after 
post-treatment day 7, especially on day 9 (Figure 5(f)). The 
mean T/C at the endpoint time, post-treatment day 13, in the 
shCHAF1A group was 42.8%, which failed to reach the effec-
tive threshold of 40%, which was 34.3% in the vehicle group 
(Figure 5(f)). These findings again indicate that CHAF1A 
knockdown damages the effect of the anti-PD-1 antibody. 
Moreover, in the survival experiment, although the anti-PD 
-1 antibody significantly improved the post-treatment survi-
val of animals compared with the IgG isotype control in both 
the vehicle and shCHAF1A groups, the survival benefit 
obviously decreased in the shCHAF1A group, the prolonged 
median survival were 5 and 2 days in these two groups, 
respectively (Figure 5(g)).

Association of CHAF1A with the inhibition of TGF-β 
signaling

Differentially expressed genes between the high and low sub-
groups (upper and lower quartiles) of CHAF1A mRNA expres-
sion were determined in ACRG (Figs. S7A and S7B). Gene set 
enrichment analysis (GSEA) based on GO biological processes 
(BP) was performed (Fig. S7C). GO BP terms involving tumor 
development and immune inhibition were enriched in the low 
expression group, such as angiogenesis, epithelial to mesenchy-
mal transition, TGF-β receptor signaling pathway, and Ras pro-
tein signal transduction. The GO BP terms involving immune 
response and genetic fidelity were enriched in the high expres-
sion group, such as defense response to viruses, interaction with 
hosts, chromatin assembly or disassembly, DNA repair, DNA 
replication, and cell cycle checkpoint. Specifically, genes 
involved in TGF-β-associated signaling were generally down-
regulated in the high-expression group (Figure 6(a)).

Because TGF-β signaling has been proven to inhibit anti- 
tumor immune responses and cause tumor resistance to 
immunotherapy,22,31 we further investigated the potential 
inhibition of CHAF1A on TGF-β signaling. First, TGF-β 
scoring was conducted based on the transcriptome and sev-
eral well-established gene signatures using the PGSEA 
R package.17 In both ACRG and TCGA, CHAF1A mRNA 

Table 1. Immunotherapy response by CHAF1A mRNA expression.

Biomarker (response rate, %) Response

CHAF1A expression

P valueLow (%) High (%)

In the NCT#02589496 cohort

Microsatellite status
MSS (17.9) No 22 (95.7) 10 (62.5) 0.008

Yes 1 (4.3) 6 (37.5)
MSI (83.3) No 1 (33.3) 0 (0.0) 0.273

Yes 2 (66.7) 3 (100.0)

Tumor mutation burden*
Low (14.7) No 20 (95.2) 9 (69.2) 0.037

Yes 1 (4.8) 4 (30.8)
High (63.6) No 3 (60.0) 1 (16.7) 0.137

Yes 2 (40.0) 5 (83.3)

PD-L1 combined positive score (CPS)
<1 (0) No 13 (100.0) 6 (100.0) -
≥1 (50) No 7 (77.8) 4 (30.8) 0.030

Yes 2 (22.2) 9 (69.2)

In the IMvigor210 cohort

Tumor mutation burden*
Low (16.4) No 166 (86.0) 17 (65.4) 0.008

Yes 27 (14.0) 9 (34.6)
High (40.5) No 38 (70.4) 9 (36.0) 0.004

Yes 16 (29.6) 16 (64.0)

Tumor neoantigen burden*
Low (14.7) No 184 (88.0) 19 (65.5) 0.001

Yes 25 (12.0) 10 (34.5)
High (55.0) No 20 (52.6) 7 (31.8) 0.118

Yes 18 (47.4) 15 (68.2)

PD-L1 expression on immune cells (IC)
IC0 (15.7) No 62 (89.9) 8 (57.1) 0.002

Yes 7 (10.1) 6 (42.9)
IC1 (17.9) No 82 (86.3) 10 (58.8) 0.006

Yes 13 (13.7) 7 (41.2)
IC2 (34.3) No 59 (72.0) 8 (40.0) 0.007

Yes 23 (28.0) 12 (60.0)

PD-L1 expression on tumor cells (TC)
TC0 (22.3) No 163 (82.3) 22 (55.0) <0.001

Yes 35 (17.7) 18 (45.0)
TC1 (29.4) No 10 (100.0) 2 (28.6) 0.001

Yes 0 (0.0) 5 (71.4)
TC2 (23.8) No 30 (78.9) 2 (50.0) 0.196

Yes 8 (21.1) 2 (50.0)

Immune phenotype
Inflamed (30.6) No 36 (76.6) 7 (46.7) 0.029

Yes 11 (23.4) 8 (53.3)
Desert (20.3) No 47 (83.9) 8 (61.5) 0.071

Yes 9 (16.1) 5 (38.5)
Excluded (24.8) No 78 (80.4) 7 (43.8) 0.002

Yes 19 (19.6) 9 (56.2)

StromalScore*
Low (28.3) No 95 (79.8) 24 (51.1) <0.001

Yes 24 (20.2) 23 (48.9)
High (15.9) No 109 (85.2) 2 (50.0) 0.058

Yes 19 (14.8) 2 (50.0)

ImmuneScore*
Low (21.4) No 152 (84.0) 24 (55.8) <0.001

Yes 29 (16.0) 19 (44.2)
High (27.0) No 52 (78.8) 2 (25.0) 0.004

Yes 14 (21.2) 6 (75.0)

ESTIMATEScore*
Low (27.3) No 88 (80.0) 21 (52.5) 0.001

Yes 22 (20.0) 19 (47.5)
High (18.2) No 116 (84.7) 5 (45.5) 0.001

Yes 21 (15.3) 6 (54.5)

*Based on the optimal threshold of these biomarkers for the maximum ROC curve 
values, the patients were dichotomized into high and low subgroups.
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expression was significantly negatively correlated with all 
TGF-β scores (Figure 6(b)). Next, siCHAF1A-treated AGS 
and HGC-27 cells were generated. CHAF1A siRNA signifi-
cantly promoted the expression of TGF-β1 and its down-
stream effector, phosphorylated SMAD3 (pSMAD3) 
(Figure 6(c,d)). A TGF-β receptor inhibitor (TGFβRI), SB- 
431542 (MCE, USA), was used to treat shCHAF1A-treated 
AGS and HGC-27 cells. The upregulation of TGF-β1 and 
pSMAD3 through CHAF1A knockdown was significantly 
inhibited by TGFβRI (Figure 6(e,f)).

Discussion

Recently, epigenetic alterations are found to play a critical role 
in tumor immune escape. Epidrugs against epigenetic altera-
tions, such as histone deacetylase (HDAC) inhibitors, which 
can activate the anti-tumor immune response, had been stu-
died in the combinations with immunotherapy.32,33 

Meanwhile, genes that compose or regulate chromatin have 
demonstrated a promising prospect for guiding cancer therapy 
as biomarkers.14,15 In this study, we screened hub genes asso-
ciated with chromatin in GC and found that CHAF1A could be 

Figure 5. CHAF1A knockdown and anti-PD-1 effect. (a) CHAF1A knockdown in B16F10 cells. (b) tumors in vivo on the 20th day after subcutaneous injection of B16F10 
cells treated by vehicle and shCHAF1A into C57bl/6 mice. (c,d) The inhibited effects of anti-PD-1 antibody on tumor growth and the tumor growth curves in the vehicle 
(c) and shCHAF1A (d) groups, respectively. (e) tumor volume reduction induced by anti-PD-1 antibody between the vehicle and shCHAF1A groups. (f) The relative tumor 
proliferation rate T/C. (g) survival curves of mice in the vehicle and shCHAF1A groups, respectively.

10 L. YING ET AL.



a candidate biomarker for immunotherapy with ICIs. 
Importantly, the role of CHAF1A spanned across tumor 
types and subtypes defined by other biomarkers such as MSI, 
TMB, PD-L1, immune phenotype, or immune-associated 
scores. Interestingly, CHAF1A was previously reported as an 
oncogene that promotes GC growth16; its inhibition, however, 
impeded anti-PD-1 therapy in vivo potentially through the 
activation of TGF-β signaling. These results will contribute to 
the development of precise immunotherapies.

CHAF1A, encoding protein p150, is the largest subunit of 
human chromatin assembly factor 1 (CAF-1), which is a three- 
subunit protein complex including p150, p60, and p48.34 As 
a histone chaperone, CAF-1 is crucial for nucleosome assem-
bly, chromatin silencing, and heterochromatin integrity.35 

Through a leading role in CAF-1 functions, CHAF1A is 
involved in gene expression and regulation, DNA replication 
and repair, cell differentiation and death, cell cycle and pro-
liferation, and so on.36,37 However, the role of CHAF1A in 
immune regulation remains unclear. In this study, CHAF1A 
was overexpressed in tumors with MSI, high TMB, and high 
TNB, characterized by dynamic anti-tumor immune reactions. 
CHAF1A was also positively correlated with the expression of 
immune effector genes and anti-tumor immune infiltration. 
These results indicate a role for CHAF1A in the immune 
response, which was further stressed by the potentially inhibi-
tion of CHAF1A on TGF-β signaling. It is well known that 
TGF-β signaling is the key driver for immune inhibition and 
immune cell exclusion, which causes resistance to 

Figure 6. CHAF1A expression and TGF-β signaling. (a) Gene set enrichment analysis by CHAF1A expression levels indicated that signaling associated with TGF-β were 
down-regulated in the high expression group. (b) correlation of CHAF1A mRNA expression with TGF-β scores (signature authors are shown) based on transcriptome. (c) 
CHAF1A siRNA (siCHAF1A) up-regulates the expressions of TGF-β1 and phosphorylated SMAD3 (pSMAD3). (d) quantization of grayscale values in figure C. (e) the TGF-β 
receptor inhibitor (TGFβRI) SB-431542 inhibits the up-regulation of TGF-β1 and pSMAD3 by CHAF1A shRNA (shCHAF1A). (f) quantization of grayscale values in figure 
e. ACRG: Asian Cancer Research Group; TCGA: the Cancer genome atlas.
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immunotherapy.22,31 Thus, the close relationship between 
CHAF1A expression and therapeutic response and prognosis 
of patients treated with ICIs may be partly explained.

Currently, the most commonly used predictive biomarkers 
for ICI efficacy include MSI status, TMB level, and PD-L1 
expression. However, the advantageous population defined by 
these biomarkers still has many non-responding patients, while 
the corresponding disadvantageous population still presents 
a certain efficacy. In this study, the combination of these 
biomarkers with CHAF1A expression significantly improved 
patient selection. The redefined advantageous population 
obtained substantially better ORR; meanwhile, patients with 
response potential among the previously disadvantaged popu-
lation have been largely identified. Similar results were 
observed in the combination of CHAF1A with immune phe-
notype and signature scoring based on the transcriptome. 
Moreover, the CHAF1A expression assay among different 
metastatic locations showed its robustness for the prediction 
of ICI efficacy in the IMvigor210 cohort. These findings sug-
gest that CHAF1A is a key upstream modulator of the immune 
response and may act as a favorable chaperone of existing 
biomarkers to predict immunotherapy efficacy.

It would be interesting to find an unexpected dual role for 
CHAF1A in tumorigenesis and anti-tumor immunoreaction. 
Previously, CHAF1A was found to be oncogenic and growth- 
promoting in many tumors, such as colon cancer,29 

neuroblastoma,30 breast cancer,38 and GC.16 In this study, 
CHAF1A knockdown still inhibited tumor growth in vivo, 
but it impaired the effect of anti-PD-1 antibody to reduce 
tumor size and prolong the survival of tumor-carrying mice. 
Actually, genes with double-sided roles have been widely 
reported, whose specific functions are determined by disease 
development, the local microenvironment, mutations or func-
tional status of other genes, and other factors.39–42 Nonetheless, 
to our knowledge, this is the first study to reveal an association 
between an oncogene and an active anti-tumor immune 
response. Beyond the potential TGF-β signaling suppression, 
another possible explanation is that CHAF1A overexpression 
induces hyperactive DNA replication, as indicated by previous 
evidences35,37 and our GSEA. It is well-known that increased 
replication stress in tumor cells activates an intrinsic immune 
response based on cGAS-STING signaling through replication- 
stress-induced cytosolic DNA accumulation.43 In addition, it 
has been established that replication stress is a major contri-
butor to genome instability in cancer cells,44 which may 
explain the close relationship between CHAF1A overexpres-
sion and MSI and high TMB.

This study had several limitations. First, the association of 
CHAF1A expression with ICI efficacy needs further validation 
in prospective studies with larger samples. Second, the mole-
cular mechanisms of CHAF1A to potentially inhibit TGF-β 
signaling and other potential mechanisms of CHAF1A to acti-
vate the immune response require further investigations. 
Especially, the impact of TGF inhibitors on the role of 
CHAF1A knockdown needs to be explored. Third, we pre-
ferred to built an immunotherapy model for GC instead of 
melanoma, while our attempts failed due to technical pro-
blems. Moreover, cell lines chosen in this study may be con-
troversial, because of the different responsiveness of AGS cells 

to CHAF1A knockdown predicted by databases, and the het-
erogeneous B16F10 responsiveness to ICIs reported by 
studies.45,46 Furthermore, both mRNA and protein expression 
of CHAF1A can predict ICI efficacy, but the optimal detection 
methods and standards still need to be established. Finally, an 
inconsistent prognostic role of CHAF1A has been previously 
reported in GC and other tumors,16,29,38 although multiple 
pieces of evidence for its favorable role in prognosis from 
several cohorts were provided in this study.

In conclusion, CHAF1A may be a novel biomarker for 
predicting immunotherapy efficacy in GC and other tumors. 
Importantly, the predictive role of CHAF1A was independent 
of classic biomarkers such as MSI, TMB, and PD-L1, even if 
they were closely related, which highlights the key role of 
CHAF1A in upstream signaling of the immune response and 
provides the potential to improve patient selection in immu-
notherapy. Further validation and mechanistic studies are 
needed.
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