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ABSTRACT

Background Despite advances in B7 homolog 3
protein (B7-H3) based immunotherapy, the development
of drug resistance remains a major clinical concern.
The heterogeneity and emerging loss of B7-H3
expression are the main causes of drug resistance

and treatment failure in targeted therapies, which
reveals an urgent need to elucidate the mechanism
underlying the regulation of B7-H3 expression. In this
study, we identified and explored the crucial role of the
transcription factor SPT20 homolog (SP20H) in B7-H3
expression and tumor progression.

Methods Here, we performed CRISPR/Cas9-based
genome scale loss-of-function screening to identify
regulators of B7-H3 in human ovarian cancer cells.
Signaling pathways altered by SP20H knockout were
revealed by RNA sequencing. The regulatory role and
mechanism of SP20H in B7-H3 expression were validated
using loss-of-function and gain-of-function assays in
vitro. The effects of inhibiting SP20H on tumor growth and
efficacy of anti-B7-H3 treatment were evaluated in tumor-
bearing mice.

Results We identified SUPT20H (SP20H) as negative

and elF4E as positive regulators of B7-H3 expression in
various cancer cells. Furthermore, we provided evidence
that either SP20H loss or TNF-o stimulation in tumor
cells constitutively activates p38 MAPK-elF4E signaling,
thereby upregulating B7-H3 expression. Loss of SP20H
upregulated B7-H3 expression both in vitro and in vivo.
Additionally, deletion of SP20H significantly suppressed
tumor growth and increased immune cells infiltration in
tumor microenvironment. More importantly, antibody—drug
conjugates targeting B7-H3 exhibited superior antitumor
performance against SP20H-deficient tumors relative to
control groups.

Conclusions Activation of p38 MAPK-elF4E signaling
serves as a key event in the transcription initiation and
B7-H3 protein expression in tumor cells. Genetically
targeting SP20H upregulates target antigen expression and
sensitizes tumors to anti-B7-H3 treatment. Collectively,
our findings provide new insight into the mechanisms
underlying B7-H3 expression and introduce a potential
synergistic target for existing antibody-based targeted
therapy against B7-H3.

WHAT IS ALREADY KNOWN ON THIS TOPIC

= As a famous pan-cancer antigen and immune
checkpoint, B7-H3 is a very attractive target for
cancer therapeutics.

WHAT THIS STUDY ADDS

= For the first time, we applied pooled CRISPR screen-
ing to investigate the molecular mechanisms that
support B7-H3 expression and identified SP20H as a
potential synergistic target in anti-B7-H3 treatment.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE, OR POLICY

= This work uncovered the critical molecular mecha-
nism underlying B7-H3 expression and provided a
basis for development of future therapeutic strate-
gies targeting B7-H3.

BACKGROUND
B7 homolog 3 protein (B7-H3, also known
as CD276), a member of the immunoglob-
ulin family, is characterized as a pan-cancer
antigen that is aberrantly overexpressed in
various types of cancer. It was initially charac-
terized as a T cell stimulating protein, which
binds to an unknown counter-receptor on
activated T cells and increases the produc-
tion of IFN-y during T cell activation,1 while
an increasing number of recent studies have
reported its negative regulatory function
in both human and mouse T cell immune
responses by suppressing T cells activation.””
Aberrant protein expression of B7-H3
is detected in many types of malignancies,
while limited protein level is detected in
normal human tissues. Whereas transcripts
of B7-H3 ubiquitously express in human
nonlymphoid and lymphoid organs, these
indicate that strict post-transcriptional regu-
lation happens.* ° Highly expressed B7-H3
can promote tumor progression through
immunological and non-immunological
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mechanisms. Accumulated evidence demonstrates that
high levels of B7-H3 affect tumor progression by activating
the JAK/STATS,°” PISK/Akt/mTOR,*" and TLR4/NF-xB
pathwaysm and increasing the expression of IL8, MMP-
2/9 and STAT3.!! 12 Moreover, B7-H3 is also reported to
reprogram cancer glucose metabolism by regulating HK2
and HIFo, levels.'® ' Collectively, abnormal expression of
B7-H3 correlates with poor prognosis, increased tumor
grade and metastasis, resistance to therapy, and decreased
overall survival.'” '°

The immunosuppressive role of B7-H3 in the tumor
microenvironment makes it an appealing immuno-
therapy target in cancer therapy. A large number
of preclinical assessments of the efficacy and speci-
ficity of B7-H3-targeted antibody monotherapy and
combination therapies have obtained encouraging
outcomes in different cancer types, including hepa-
tocellular carcinomas,17 colon carcinoma, ovarian
cancer,” central nervous system cancer,”’ and renal
cell and bladder carcinoma.”’ Clinical trials testing the
efficacy of B7-H3-targeted therapies involved mono-
clonal antibodies (mAbs) (NCT02982941), CAR-T cells
(NCT04483778; NCT04185038), antibody-conjugated
drugs (NCT03729596), and synergistic therapies
(NCT04634825; NCT04637503). Among them, enoblitu-
zumab (MGA271; anti-B7-H3 antibody) and radioiodin-
ated anti-B7-H3 murine mAb I-omburtamab have been
reported to be well tolerated with minimal toxicities in
phase I studies and feasible for further combinatory ther-
apies.”*

However, despite significant advances in B7-H3-
targeted immunotherapies, the mechanisms underlying
the regulation of B7-H3 expression in cancer cells are not
fully understood. Existing studies have reported discrep-
ancies in the mechanisms underlying the induction and
maintenance of B7-H3 expression within immune cells
and tumor cells. Scholars such as Chapoval e/ al have
confirmed that inflammatory cytokines such as GM-CSF
and IFN-y, LPS, and the phorbol myristate acetate+iono-
mycin combination can induce the expression of B7-H3
on dendritic cells and monocytes." ** In tumor cells,
limited studies have reported that B7-H3 expression can
be upregulated by ILT4 via PISK/AKT/mTOR activa-
tion in non-small cell lung cancer (NSCLC) cells,”® and
BRD4 regulates B7-H3 expression at the transcriptional
level in PDAC cells.”* In addition, microRNA-29/187/143
are reported to directly interact with the 3"-untranslated
regions of B7-H3 mRNAs, further suppressing their
protein translation.?’

Improving the understanding of the mechanistic basis
of B7-H3 expression is still needed to develop novel strat-
egies that enhance or act in concert with B7-H3-targeted
therapy. Hence, we performed genome-wide CRISPR
knockout screening to identify regulators of B7-H3 in
human tumor cells and seek alternative approaches to
augment antitumor efficacy.

METHODS
Antibodies and reagents
The following antibodies were used: anti-B7-H3

(Proteintech #66481-1-Ig); antiphospho-p38 MAPK
(Thr180/Tyr182) (CST #4511); anti-p38 (CST #9212);
antiphospho-eIF4E  (5209) (HUABIO #ET1608-66);
anti-elF4E  (Proteintech ~ #66655-1-Ig); anti-HER2
(Proteintech ~ #18299-1-AP); anti-o-tubulin  (Beyo-
time Biotechnology #AF5012); anti-f-actin (Protein-
tech #6009-1-Ig); anti-PDL1 (CSB-MA878942A1 m);
anti-EGFR (ZENBIO# 201012); HRP conjugated goat
antirabbit IgG goat polyclonal antibody (HUABIO
#HA1001); and HRP-conjugated goat antimouse IgG
goat polyclonal antibody. Antibodies for flow cytometry,
including PerCP-Cyb.5-antimouse CD45, FITC-antimouse
CD11B, APC-antimouse B7-H3, APC-Cy7-antimouse
CD3, FITC-antimouse CD4, BV510-antimouse CD8, APC-
antimouse F4-80, BV421-antimouse CD86, PE-antimouse
CD206, and PE-antthuman B7-H3, were all purchased
from Biolegend.

Cells were treated with the following reagents: SB203580
(Beyotime Biotechnology# S1863); recombinant human
TNF-alpha protein (Sinobiological# 10602-HNAE); and
lipopolysaccharide (LPS) (Biosharp#BS904).

Cell culture

Human HEK293T, SK-OV-3, and HeLa cell lines were
all cultured in DMEM, mouse 4T1 and human A375,
and DU145 cell lines were cultured in RPMI 1640 media
(Gibco), and both were supplemented with 10% FBS
(Gemini), 100pg/mL penicillin and 100 U/mL strepto-
mycin (HyClone). Experiments were all started when cells
reached log phase at 37°C and 5% CO,. For p38 MAPK
pathway activation, vehicle control, or elF4E, MNKI-
knockout cells were treated with (0-500ng/mL) recom-
binant human TNF-alpha protein for 16 hours. For p38
MAPK pathway inhibition, 125ng/mL TNF-o pretreated
or SP20H-knockout cells were treated with 25pM
SB203580 for 2hours before detection. For H,O, treat-
ment, DU145 cells were incubated with 0, 50, 150, 250,
500, and 800 pM H2O2 for 2hours, respectively. For LPS
stimulation, a series of concentrations of LPS (0~500ng/
mL) were added for 16 hours at 37°C. All cellular experi-
ments were repeated at least three times.

Library virus production and determination of virus titration

The Human CRISPR Knockout Pooled Library (Brunello)
was purchased from Addgene (Pooled Library #73179).
Library viruses were produced by cotransfecting pooled
library plasmids with packaging plasmids (psPAX2 and
pMD2. G) into HEK293T cells in a 4:3:2 ratio using PEI
reagent. Fresh medium was replaced 12hours after incu-
bation. Lentiviral supernatants were harvested 48 and
72hours post-transfection, and cell debris was removed by
centrifugation (400x g, 300 min) and filtration (0.45pm).
Supernatants were then concentrated and purified by
centrifugation at 20000x g and 4°C for 2hours. The
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pellet was resuspended in serum-free medium, aliquoted,
and stored at —-80°C until use.

B7-H3-positive SK-OV-3 cells were transduced by a serial
dilution of concentrated virus with 8 pg/mL polybrene
(Sigma-Aldrich) at 30~40% confluence in 24-well plates
for 8 hours before fresh medium replacement. Cells were
subjected to 3pg/mL puromycin selection 48 hours after
transfection for 3days, and the dilution ratio that gave a
30~40% cell survival rate (corresponding to a multiplicity
of infection (MOI) of 0.3~0.5) was selected as the optimal
large-scale transduction condition.

CRISPR knockout (KO) library screening and next-generation
sequencing (NGS) analysis

A total of 1.5x10" cells were initially infected with pooled
CRISPR knockout virus to achieve 400-fold sgRNA
coverage. Genomic DNA of 1x10 resistant cells collected
on day 0 after puromycin withdrawal was served as a base-
line control, and an equal count of cells collected before
sorting was used as unsorted control. Sorted samples
were obtained by gating on 1% cells with extremely high
and low expression of B7-H3 and followed by FACS after
7days of incubation. Overall, a total of ~3x10® infected
cells were sorted, ~2x10° B7-H3'" cells and ~3x10° B7-H-
3"8" cells were collected, respectively.

For sgRNA amplicon sequencing, sorted cells were
directly subjected to genomic DNA extraction using
QuickExtrac  Solution (Epicentre, QE09050), and
genomic regions containing sgRNA-targeted sites were
amplified by two rounds of PCR. First round PCR ampli-
fied in 25 reactions with the following primers: outer
F: b'-aatggactatcatatgcttaccgtaacttgaaagta-3’; outer R:
5’-aacgttcacggcgactactgeacttatatacggttcte-3'; second
round PCR amplified using 2pL products of first round
PCR as templates with the following primers: P5: 5-ttgtg-
gaaaggacgaaacaccg-3’; P7: 5’ ccaattcccactectttcaagacct-3'.
Four groups were set: day 0, unsorted control, sorted
B7-H3high, and sorted B7-H3low, giving approximately
7million reads in each sample. Purified PCR products
were pooled into libraries and subjected to NGS with a
dual-end read of 150bp. Read mapping, normalization,
quality control (QC), hit identification and functional
analysis of our screen data were performed using the
MAGeCKFlute R package.™

Gene knockdown and overexpression

The designed sgRNAswere cloned into the lentiCRISPRv2-
puro vector (Addgene plasmid #98290) using the BsmBI
site, while all shRNAs were cloned into the EcoRI-
digested and Pacl-digested pLKO.3G vector (Addgene
plasmid #14748) individually. Synthesized SUPT20H
and FAM118A cDNA were cloned into a modified pLenti
CMV GFP Puro vector (Addgene#17448) for fusion with
C-terminal or N-terminal GFP. The detailed sequence
information is listed in the online supplemental informa-
tion. Stable gene knockout or overexpression cells were
generated by lentivirus infection and puromycin selec-
tion as previously described, while pLKO.3G-transduced

cells were identified by GFP'. To control for sgRNA-
specific effects, two sgRNAs or shRNAs were used for
each targeted gene. Additional sequence information is
provided in online supplemental table S1.

RNA sequencing (RNA-seq) and analysis

For transcriptome sequencing (RNA-seq), all of our
libraries were sequenced in a paired-end 150-base (PE150)
strategy on an Illumina NovaSeq 6000 system by Guang-
zhou Huayin Health Medical Group Co, Ltd (Guang-
zhou, China). Control (Cas9 alone), SP20H-knockout,
and F118A-knockout cells collected 3 days and 7 days post-
selection were lysed in TRIzol (Invitrogen, 15506026).
RNA-seq libraries were generated from triplicate samples
per condition. The expression level of mRNA was calcu-
lated using RSEM (RNA-Seq by Expectation Maximiza-
tion) (V.1.3.1) and normalized to fragments per kilobase
per million (FPKM) reads.” The differentially expressed
mRNAs were screened using the edgeR package (https://
bioconductor.org/packages/release/bioc/html/edgeR.
html) in R.* llog2Foldchangel>1and p value <0.05 were
considered significant. Gene Ontology (GO) enrichment
analysis, KEGG pathway enrichment analysis, and gene set
enrichment analysis (GSEA) were completed using the
cluster profiler package in R.** Unless otherwise noted,
all data analyses were performed in R, and the data were
visualized using TBtools and the online tools available at
https://hiplot.com.cn.

Flow cytometry analysis

Cultured cells were digested with 0.25% trypsin-EDTA
into single cells. For tumor tissues obtained from sacri-
ficed mice, single-cell suspensions were prepared on a
gentleMACS Octo Dissociator (Miltenyi Biotec) using
gentleMACS C tubes with the m_impTumor_01 program
and filtered through 70 pm cell strainers. After blocking
with 5% BSA in PBS, cell surface markers such as B7-H3,
CD45, CD11B, CD3, CD4, CD8, F4_80, and CD86 were
stained first with antibodies diluted at 1:200 for 40 min
on ice, accompanied by Live/Dead staining using Fixable
Viability Stain 700 (BD Biosciences) for 15min. Stained
cells were fixed with 4% paraformaldehyde (PFA) for
15 min and permeabilized with 0.1% Triton X-100 in PBS
for bmin at room temperature, followed by intracellular
CD206 staining for 30min. Labeled cells were washed
once with PBS and resuspended in 500 pL. PBS for further
analysis. All FACS data were collected on BD FACSym-
phony Ab and analyzed using FlowJo software.

Western blot analysis

Treated or transfected cells were scraped off the plates
and collected by centrifugation at 4°C. Cell pellets were
lysed in RIPA buffer with protease/phosphatase inhib-
itors (Beyotime Biotechnology, PO013B) on ice. After
centrifugation, the supernatant protein content was
determined using a BCA Protein Assay Kit (Beyotime
Biotechnology, P0010). Equal amounts of total protein
were loaded, subjected to 10% SDS-PAGE, and transferred
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to polyvinylidene difluoride (PVDF) membranes. The
membranes were blocked in 5% non-fat milk for 1hour
at room temperature and then incubated with specific
primary antibodies at 4°C overnight. After washing in
TBS/T (TBS with 0.1% Tween-20), the membranes
were exposed to secondary antibodies for 1hour. The
blots were stripped and reprobed for total protein after
phosphorylated protein detection. All antibodies were
diluted as recommended ratios according to the manu-
facturer’s instructions. Signals were visualized by the
enhanced chemiluminescence method using Super ECL
Plus substrate (Uelandy, S6009 M) and imaged on a Dako
REALTM EnVision Detection System.

Preparation and characterization of antibody—drug conjugates
To prepare a mouse mAb against human B7-H3 protein,
hybridoma cells expressing anti-B7-H3 antibody were
transferred into Balbc mice, and ascites fluid was
harvested after 9~14 days. The mAbs were further puri-
fied from ascites fluid by protein G affinity purification.
Conjugation of mAbs and DM1-MCC was conjugated at
a molar ratio of 1:9 in reaction buffer (50 mM potassium
phosphate, 50 mM sodium chloride, 2mM EDTA, pH 7.2)
and then left at 25°C with stirring (220rpm) overnight.
The drug-to-antibody ratios were determined based on
the absorbance of conjugates at 280nm and 252nm,
calculated as previously described.” The DAR of each
batch was kept in the range of 2.2~3.0. The integrity and
purity of conjugated and unconjugated antibodies were
confirmed by SDS-PAGE and Coomassie staining.

For the in vitro cytotoxicity assay of oB7-H3-DMI,
1.5x10% control or edited cancer cells per well were
seeded in 96-well plates for 24hours and subjected to
treatment with serially diluted MCC-DM1 conjugated or
free antibodies targeting B7-H3. Triplicate experiments
were performed at each concentration. Follow-up was
performed with 72 hours of continuous monitoring using
the IncuCyte live-cell imaging system (Essen BioScience).

Immunofluorescence and immunohistochemistry analysis

For indirect immunofluorescence staining, cells were
seeded in 8well chamber slides. GFP N-terminal-tagged
or C-terminal-tagged SUPT20H-overexpressing or
FAM118A-overexpressing cells were fixed prior to staining
for surface antigens. We labeled surface B7-H3 protein
using our homemade mouse antithuman B7-H3 antibody
diluted at 1:500 for l1hour at room temperature. The
cells were then washed in PBS, followed by Alexa Fluor
594-conjugated secondary antibody (Huabio #HA1112)
staining for 45min, and nuclei were stained with DAPI
for 2~3min. Confocal imaging was performed on an LSM
880 microscope (Carl Zeiss).

For immunohistochemistry staining, tumor tissues were
fixed in 4% PFA, embedded in paraffin and sectioned at
3pm. Dewaxed and rehydrated sections were boiled in
10mM sodium citrate buffer (pH 6.0) for heatinduced
epitope retrieval. After cooling, the slides were blocked
in 2% BSA in TBST and then incubated with primary

antibodies diluted in 1% BSA in TBST at 4°C overnight.
The endogenous peroxidase blocking, HRP secondary
antibody incubation, and DAB substrate-chromogen
reaction were performed using the Polymer HRP
(mouse/rabbit) THC kit (ZSGB-BIO, PV-6000 and ZLI-
9019) according to the manual. After counterstaining of
nuclei with hematoxylin (Beyotime, C0107), the slides
were dehydrated and sealed. Images were acquired on a
Pannoramic MIDI (3DHISTECH Ltd).

In vivo experiments

All experiments were performed on female mice at 7-8
weeks. A total of 2x10° SK-OV-3 (control, SP20H-KO, or
B7-H3KO) cells and 2x10° 4T1 (control or SP20H-KO)
cells were subcutaneously injected into the right flanks
of NOD/SCID and BALB/c mice, respectively. Tumor
sizes were measured by calipers every 3~5days. Tumors
were measured at the indicated times and volume was
calculated as volume (mm?®) = (width [mm])? x (length
(mm))?. For in vivo monitoring of tumor growth, control
and SP20H-knockout SK-OV-3 cells were transduced with
lentivirus stably expressing luciferase-GFP (SK-OV-3-
eGFP.Luc). A total of 2x10° sorted GFP-positive cells were
inoculated into NOD-SCID mice and followed by two
injections of 10 mg/kg aB7-H3-DM1 at day 15 and day 20,
respectively. Bioluminescence imaging and analysis were
performed on an IVIS imaging system. Mice were all sacri-
ficed to collect tumors when the control tumor volume
reached 1500 mm”,

Statistics

All statistical analyses were performed using Prism
(GraphPad, V.8.2.1) or Excel (Microsoft). Statistical
analysis was performed using Student’s t-test for single
comparisons and two-way analyses of variance followed by
Dunnett’s for multiple comparisons. Data are shown as
the means+SD unless otherwise indicated, and p values
are indicated by *p<0.05, **p<0.01, and ***p<0.001,
*HEFPp<0.0001.

RESULTS

A pooled genome-wide CRISPR screen to identify regulators
of B7-H3

Here, we employed SK-OV-3, a B7-H3 endogenously high
expressed cell line, to perform an unbiased genome-
wide CRISPR/Cas9 loss-of-function screen for B7-H3
regulators. The experimental workflow was illustrated in
figure 1A. Four thousand five hundred and eighty-two and
1540 candidates (of 19060 mapped genes) were upregu-
lated in B7-H3"8" and B7-H3"" population, respectively.
Candidates enriched in sorted B7-H3"#" and B7-H3""
populations were ranked, and top hits were plotted in
figure 1B,C, respectively. At least two sgRNAs per gene,
with log,FC>1, were highly enriched (figure 1D). GO
annotation of 41 genes enriched in the B7-H3' popu-
lation shows significant enrichment for signal recog-
nition particle (SRP)-dependent ER translocation and
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Figure 1 A genome-wide CRISPR-Cas9 screen identifies regulators of B7-H3 in human cancer cells. (A) Schematic
representation of the in vitro loss-of-function screen for regulators of B7-H3 using the human CRISPR Brunello lentiviral

pooled library in cancer cells. (B and C) Candidates enriched in B7-H3"" and B7-H3°" populations were plotted (measured

by B-score), respectively. Y-axis indicates the distribution of normalized enrichment scores (sorted vs unsorted) of each gene
enrichment. Top-ranked genes were marked in orange, and genes highlighted in red were selected for validation. The plots were
generated using the R package ggplot2. (D) Density plots show the distribution of the log,-fold change of individual sgRNAs
counts (sorted vs unsorted) enriched in B7-H3"9" (green curve) and B7-H3"" (gray curve) populations. sgRNAs targeting
selected genes were denoted by a red line. (E) Gene ontology (GO) analysis of genes enriched in B7-H3"" population. (F) Flow
cytometry analysis of surface B7-H3 expression on SK-OV-3 cells expressing Cas9 alone (vehicle) or sgRNA targeting CD276,
GTF3C4, SUPT20H, or FAM118A. Experiments were repeated three times with similar results.
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RNA transcription processes (figure 1E). No significantly
enriched GO terms were found in B7-H3"8" group. Top
hits were validated with their most frequently enriched
sgRNA in vitro, and surface B7-H3 expression levels of
each sgRNA-edited SK-OV-3 cells were analyzed individ-
ually. Results showed that targeting both positive hits
(SRP72 and GTF3C4) and negative hits (SUP20H and
FAMI118A) have varying degrees of regulatory effects
on B7-H3 expression (figure 1F). These results were
also confirmed in another human melanoma cell line
(online supplemental figure SIA). Bulk PCR and Sanger
sequencing confirmed genomic edits in each sgRNA
construct transduced clones (online supplemental figure
S1B). Thus, these results together confirmed the validity
of our screen setup and its capacity to identify gene
expression regulators.

SP20H negatively regulates B7-H3 expression in cancer cells
Given that we aimed to search for synergistic therapeutic
targets in B7-H3-targeting therapies, we were particularly
interested in validation of negative hits. Indeed, we found
that highly scored SUP20H (SP20H) had two targeting
sgRNAs enriched, whereas FAMI18A (F118A) was lowly
scored, with only one targeting sgRNA strongly enriched
(data not shown). Differential regulatory effects of SP20H
(67.0%) and F118A (40.8%) on B7-H3 expression were
confirmed in figure 1F. We next investigated the effects of
SP20H and I'118A knockout on SK-OV-3 cells and another
B7-H3 moderately expressed cell line-Hela. Through
continuous monitoring of B7-H3 expression on SP20H
and F118A knockout cells by flow cytometry, we observed
stable upregulation of B7-H3 in both SP20H-KO SK-OV-3
and Hela cells but not in F118A-KO cells (figure 2A). We
speculated that the regulation of B7-H3 expression medi-
ated by F118A is time and cell type dependent. Therefore,
specific attention was dedicated to SP20H in subsequent
studies.

We further identified upregulation of B7-H3 in SP20H-
knockout cells at both mRNA and protein levels by gPCR
and western blot (figure 2B,C). Particularly, the level of
phospho-p38 had significant increased, which demon-
strated the potential regulatory role of SP20H on p38
activity. Similar results obtained in SP20H knockdown
cells, which were transduced with control or SP20H-
targeted pLKO.3-shRNA constructs (figure 2D). Immu-
nofluorescence staining and flow cytometry analysis were
performed in cells infected with lentiviruses that direct
the expression of GFP or GFP-fusion protein containing
full-length SP20H and F118A. Confocal imaging showed
that F118A was mainly located in the intermediate fila-
ments in the cytosol and that B7-H3 was located in the
cell membrane, whereas the C-terminal GFP-fused SP20H
protein was only found as a punctate cytosolic pool largely
excluded from the nucleus with limited expression levels,
and N-terminal GFP-fused SP20H was highly expressed in
the nucleus (online supplemental figure S2), which are in
line with previous studies.” In addition, overexpression
of SP20H exhibited varying degrees of B7-H3 inhibition

(figure 2E,F). These results together demonstrated the
regulatory role of SP20H on B7-H3 expression.

TNF-p38 MAPK pathway activation induces upregulation of
B7-H3
To reveal the possible mechanisms that drive B7-H3
upregulation, we performed RNA sequencing (RNA-seq)
of shortterm (3days) and long-term (7days) cultured
SP20H-KO and FI118A-KO ovarian cells, respectively. Anal-
ysis of RNA-seq data revealed a large discrepancy between
long-term and short-term cultured gene-edited cells, espe-
cially multiple proinflammatory pathways, such as the
TNF/NF-xB/MAPK pathways, and several key inflamma-
tory mediators (eg, IL-1B, IL-6, CXCL2 and CCL2) were
significantly upregulated (figure 3A). GO and KEGG
pathway enrichment analysis results of differentially
expressed genes (DEGs) in long-term cultured SP20H-
depleted cells were plotted and revealed an enrichment
of the TNF pathway (figure 3B). The GSEA plotillustrated
the enrichment of DEGs in the KEGG MAPK pathway and
cytokine—cytokine receptor interaction, with FDR g-value
<0.25 (figure 3C,D). Previous publications have reported
that MAP kinases act both upstream and downstream of
TNF-0./TNFR1 signaling.36 In addition, we found that
eukaryotic translation initiation factor 4E (elF4E), which
is known as a downstream effector of p38 MAPK signaling
that mediates translational regulation, was identified as a
positive regulator of B7-H3 in figure 1D. Combining with
the previous observed upregulation of phoshhospho-p38
in SP20H-KO cells, we speculated that the TNF-p38
MAPK-eIF4E pathway is responsible for B7-H3 induction.
To test our idea, we treated SK-OV-3 and DU145 cells
with different concentrations (0, 25, 75, 125, 250, and
500ng/mL) of TNF-o. for 16hours, followed by flow
cytometry and western blot analysis. Consistent upregula-
tion of cell-surface and total B7-H3 protein expression was
observed in a concentration-dependent manner in these
two cell lines (figure 3E,F). Meanwhile, elevated levels of
phospho-p38, phospho-eIF4E and B7-H3 expression were
detected in TNF-o-stimulated tumor cells (figure 3E,F,
right panels), whereas a series concentration of LPS and
hydrogen peroxide (H,O,) stimulation both induced no
detectable changes in B7-H3 expression level on TLR4
highly expressed DU145 cells (online supplemental
figure S3A,B, respectively). Therefore, we demonstrated
that TNF-p38 MAPK pathway activation participates in
the regulation of B7-H3 expression in tumor cells but not
oxidative stress or LPS-TLR4 signaling.

EIFAE acts as a crucial p38 downstream effector responsible
for B7-H3 translation

As we know, SP20H is also known as p38-interacting
protein. So we speculated that SP20H deficiency activated
TNF downstream p38 MAPK-EIF4E axis signaling, which
was responsible for further induction of B7-H3. To prove
our hypothesis, we added 25pmol/L SB203580 (a p38-
selective inhibitor) to SP20H-knockout cells and TNF-o
pretreated WT cells, and the protein expression levels
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protein expression. (D) Cells expressing shRNA against SP20H,
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SP20H-KO SK-OV-3 cells are shown. Error bars show

knockout cancer cells for total B7-H3 and phospho-p38

or control scramble shRNA (shNC) were identified for B7-H3

. Values in histogram plots showed mean MFI +SD of triplicates.

(E) Histograms show flow cytometric analysis of cell surface expression of B7-H3 in SP20H or F118A-overexpressed SK-OV-3
and Hela cells, compared with empty vector control (GFP). (F) Relative B7-H3 MFI of gene overexpressed cells were shown in
bar graph. Error bars show mean+SD (*p<0.05; **p<0.01). All p values were calculated by paired two-tailed Student’s t-test.

Experiments were repeated three times with similar results.

were measured 2hours after treatment. Western blot
analysis showed that inhibition of p38 MAPK activation
successfully blocked both TNF-o stimulation and SP20H

deficiency-induced upregulation of B7-H3 expression by
suppressing phosphorylation of p38 MAPK and EIF4E
(figure 4A).
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To further verify the essential role of eIF4E in p38 MAPK
activation-induced B7-H3 expression, we examined the
protein levels of the B7-H3, phospho-p38, and phospho-
elF4E in TNF-o stimulated MAPKI14-KO, elF4E-KO, and

MNKI-KO SK-OV-3 cells. A significant reduction of B7-H3
was detected in elF4E-knockout cells, but no difference
was observed on p38 phosphorylation; moreover, no
clear effects were detected in MAPKI14-KO and MNKI-KO
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cells on both B7-H3 expression and downstream eIF4E
phosphorylation, which was considered as consequences
of incomplete inhibition of upstream signaling pathways
that acting through p38-eIF4E axis (figure 4B). Similarly,
decreased ratios of the B7-H3"S"/B7-H3' population
in both control and SP20H-depleted SK-OV-3 cells were
detected after delivering of unique shRNA targeting
elF4E, compared with the scramble shRNA control
(figure 4C). Therefore, our data confirmed that B7-H3
expression can be upregulated by two ways: TNF-o stimu-
lation and SP20H knockout (figure 4D). Together, these
results supported our initial hypothesis that loss of SP20H

induces B7-H3 upregulation by activating the p38 MAPK-
EIF4E signaling axis.

SP20H loss strongly suppresses tumor progression in both

immune-compromised and immune-competent mouse models
We next determined whether SP20H deficiency affects
tumor progression in two mouse models under different
immune backgrounds. To evaluate the effect of B7-H3
expression on tumor growth in vivo, the established sgB7-
H3, sgSP20H, and control SK-OV-3 cells were injected
subcutaneously into NOD-SCID mice. Body weight
and tumor volume were monitored until resection. No
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significant body weight changes were observed in the
control and gene knockout groups (figure bA). SP20H-
deficient tumors exhibited superior growth control
compared with vehicle tumors, while B7-H3 loss had no
apparent effect (figure 5B,C). Moreover, significantly
increased expression levels of B7-H3 were detected in
SP20H-deficient tumors (figure 5D,E), while its impact
on other tumor antigens (eg, HER2, PD-L1, and EGFR)
is not apparent (online supplemental figure S4A). These
findings suggest that SP20H negatively regulates B7-H3
expression both in vitro and in vivo.

To further determine the effect of SP20H depletion
on tumor immune microenvironment, we expanded our
studies by subcutaneous injection of either parental or
Sp20h-deficient 4T1 murine mammary carcinoma cells
into immunocompetent BALB/c mice. Encouragingly,
consistent tumor growth inhibitions were observed in
Sp20h-deficient tumors compared with control tumors
(online supplemental figure S4B,C). Moreover, ~6-fold
increase of tumor-infiltrating CD8" T cells and ~3-fold
decrease of M2 tumor-infiltrating macrophages were
detected in Sp20h-deficient tumors compared with
control groups. These data suggested that loss of SP20H
increase the infiltration of immune cells and dramatically
change the immune status of tumor microenvironment
(figure 5F). Representative gating strategies to identify
different cell types from tumor tissues are presented in
online supplemental figure S5. These findings suggest a
consistent regulatory role of SP20H on B7-H3 expression
in vivo and the tumor growth suppression effect of SP20H
depletion.

SP20H inactivation cooperates with anti-B7-H3 to eliminate
tumors in vivo

To investigate whether SP20H deficiency has any cooper-
ative effect on anti-B7-H3 therapy in vivo, we performed
subcutaneous injection of luciferase-GFP-labeled control
SP20H-knockout SK-OV-3 cells in NOD-SCID mice and
monitored tumor development by bioluminescence
imaging, as shown in figure 6A. Prior to this, emtansine
(MCC-DM1) conjugated mAbs against human B7-H3
protein were prepared as described in a previous report.**
The anti-B7-H3 mAbs used for conjugation reaction were
prepared by our lab.”” The integrity and purity of the
anti-B7-H3 and MCC-DM1 conjugates (oB7-H3-DMI1)
were verified by SDS-PAGE, and there was no significant
molecular weight difference between the conjugated and
unconjugated antibodies under both reducing and nonre-
ducing conditions (figure 6B). For the antigen-specific in
vitro killing assay, we tracked cell killing of oB7-H3-DM1
conjugates on GFP-labeled tumor cells using the Incu-
Cyte imaging system, and images after 36 hours of treat-
ment were captured (online supplemental figure S6).
The 72-hour cell growth inhibition rates of aB7-H3-DM1
conjugates were calculated and the cytotoxicity of conju-
gates showed a B7-H3 expression-dependent manner.
IC50 values in control (B7-H3™), SP20H-KO (B7-H3"*"),

and B7-H3KO (B7-H3") SK-OV-3 cells were 2.8, 0.9,
and >1200nM, respectively (figure 6C).

A tolerability experiment preverified a well-tolerated
dose of 30mg/kg conjugated and unconjugated B7-H3
antibody via intravenous injection. Tumor-bearing mice
received systemic injections of aB7-H3-DM1 (10mg/
kg) when control tumors grew to an average size of 300
mm?®. Tumor growth was monitored by bioluminescence
imaging, and emissions were quantified by the average
total flux of each group of mice (figure 6D,E). Signifi-
cantly reduced tumor burden and prolonged overall
survival were observed in oB7-H3-DMltreated groups.
Notably, five (out of nine) mice in the aB7-H3-DM1
treated vehicle group and seven (out of nine) mice in
the oB7-H3-DM1treated SP20H-KO group survived over
58 days (figure 6E,F). Taken together, these data suggest
SP20H inhibition exerts synergistic antitumor effects with
B7-H3 targeted antitumor therapies.

DISCUSSION

In our previous study, we found that heterogeneous
expression and loss of tumor antigen are the major cause
of treatment failure and cancer recurrence.”® * There is
thus a great need to gain a comprehensive understanding
of the intrinsic tumor antigen expression mechanism
and develop novel strategies to improve therapeutic effi-
cacy. To this end, we employed and validated unbiased
high-throughput CRISPR knockout library screening
for B7-H3 regulators. This effort identified the TNF-p38
MAPK pathway as the major signaling process supporting
B7-H3 expression in tumor cells and revealed a novel role
of SP20H in B7-H3 upregulation, acting together with its
downstream effector elF4E. Moreover, SP20H-deficient
tumors exhibit significant inhibition of tumor growth and
extended overall survival in either immunodeficient or
immunocompetent backgrounds, with increasing ratios
of CD8+/CD4+ T cells and decreased M2 macrophage
infiltration in SP20H-deficient tumors in the context of an
immunocompetent. More importantly, SP20H depletion-
induced eIF4E-dependent translation of B7-H3 augments
the antitumor activity of the antibody—drug conjugate in
vivo. In summary, our findings confirm a new signaling
cascade responsible for the upregulation of B7-H3 in
tumor cells and suggest new strategies to enhance immu-
notherapy efficacy.

SP20H, also named p38IP, was first identified in a
yeast two-hybrid screening using a p38a bait (YL and JH,
unpublished data, 1998; NCBI accession #AF093250).
Further investigation demonstrated that it is required
for p38MAPK activation in vivo and critical for gastru-
lation.” SP20H has been reported to be involved in
multiple biological processes, such as autophagy,” ER
stress-responsive gene expression,*' the cell cycle,” and
monocyte-macrophage differentiation.*” P38 mitogen-
activated protein (MAP) kinases are a class of MAPKs
that regulate many biological processes, including
inflammation, the cell cycle, cell death, development,
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Figure 5 SP20H inactivation represses tumor growth in vivo and increases populations of proinflammation T cells and
macrophages. (A-B) Body weight changes and subcutaneous tumor growth curve of SK-OV-3 vehicle, SP20H-KO, or B7-H3-
KO cells in NOD-SCID mice were plotted (n=5; ***p<0.001). (C) Tumors were excised and weighed 30 days after tumor challenge
(n=5; **p<0.01; ns, no significant). (D) Analysis of surface B7-H3 expressions on B7-H3-deficient or SP20H-deficient tumor

cells from SK-OV-3 tumor-bearing NOD-SCID mice by flow cytometry. (E) Statistical analysis of corresponding MFI of B7-H3

in (D); *p<0.05. (F) Flow cytometry analysis of surface B7-H3 expression of tumor cells(upper), frequencies of tumor-infiltrating

T cells (middle) and macrophages (lower) in control or sgSp20h-4T1 tumor-bearing BALB/c mice. Tumor cells were gated on
CD45 CD11B" live cells; the CD45" CD3" live cells were divided into CD4" and CD8* T cells; the CD45* CD11B* F4_80" live
cells were divided into M1-like (CD86" CD206~) and M2-like (CD86~ CD206%) macrophages. Data shown are representative
results. The p values were determined by a two-tailed paired Student’s t-test (n=3; *p<0.05; **p<0.01; ns, no significant).
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cell differentiation, senescence and tumorigenesis.** As
a signal transduction nexus, the p38 MAPK pathway can
be activated by various extracellular stimuli, such as UV
light, heat, osmotic shock, inflammatory cytokines, and
growth factors.** * Unfortunately, multiple commercial
antibodies against SP20H (Abcam#ab122517, Protein-
tech#24 419-1-AP, and Bioworld#BS8867) were employed
in our experiments but failed to identify changes of
SP20H protein expression in our edited cells. Thus, the
depletion of SP20H in this study were confirmed by real-
time PCR and genomic DNA sequencing; future work is
needed to develop SP20H-specific antibodies.

To date, few studies have elucidated the role of p38
MAPK and SP20H in tumorigenesis and development.
Here, we demonstrate that B7-H3 expression on tumor
cells is regulated by p38 signaling. A previous study identi-
fied the role of SP20H as a negative regulator controlling
T cell receptor and LPS-activated NF-kB and p38 signaling
in Jurkat T cells.*® In line with this, activation of the TNF-
p38 MAPK pathway is found in SP20H-knockout tumor
cells, which is responsible for further induction of B7-H3
expression. Perhaps even more importantly, human
eukaryotic translation initiation factor 4E (elF4E), which
interacts with eIF4A and elF4G to assemble an active eIF4F
complex that assumes cap-dependent translation, was
characterized as a positive regulator of B7-H3 expression
in our study.’” ** As a convergent signaling point, e[F4E
activity is regulated in two manners: PI3K/AKT/mTOR-
mediated phosphorylation of 4E-BP liberates eIF4E, and
ERK- or p38MAPK-MNKI/2-mediated phosphorylation
of eIF4E.”! Our findings demonstrate that constitutive
activation of the p38-elF4E signaling axis is responsible
for both TNF-ot stimulation and SP20H depletion-induced
B7-H3 expression, thus providing additional evidence
that eIF4E facilitates abnormal gene expression.

In vivo investigations revealed consistent upregulation
of B7-H3 expression and potent growth inhibition of
SP20H-deficient tumors in immunodeficient mice. More-
over, we observed different distributions of B7-H3 and
HERZ2 antigens in ovarian tumor tissues, which indicates
the probability of HER2 as an actionable target in ovarian
cancers in multitarget collaborative antitumor thera-
pies (online supplemental figure S4A). In addition, the
increasing infiltration of proinflammatory macrophages
and T cells in SP20H-deficient tumors indicates its immu-
nomodulatory functions in the tumor microenvironment.
The synergistic cytotoxic activity of aB7-H3-DM1 observed
in SP20H-deficient tumors shows the promise of SP20H as
a combinatory target in antitumor therapy. Currently, the
main hurdle to this strategy is the lack of small molecule
inhibitors targeting SP20H, thus providing direction for
future research. Alternatively, knockdown of SP20H by
RNA interference using nanoparticles or degradation by
proteolysis-targeting chimera (PROTAC) technology may
be useful methods for further in vivo assays.

Collectively, our findings fill in the knowledge gaps
regarding the mechanisms underlying B7-H3 expres-
sion in cancer cells and provide new insight into the

development of combinatory therapeutic strategy
targeting B7-H3. In the future, more investigations are
needed to translate these findings to clinical practice.
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