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Abstract

Adenosine N6-methylation (m6A) and N6,20-O-dimethylation
(m6Am) are regulatory modifications of eukaryotic mRNAs. m6Am
formation is catalyzed by the methyl transferase phosphorylated
CTD-interacting factor 1 (PCIF1); however, the pathophysiological
functions of this RNA modification and PCIF1 in cancers are
unclear. Here, we show that PCIF1 expression is upregulated in col-
orectal cancer (CRC) and negatively correlates with patient sur-
vival. CRISPR/Cas9-mediated depletion of PCIF1 in human CRC cells
leads to loss of cell migration, invasion, and colony formation
in vitro and loss of tumor growth in athymic mice. Pcif1 knockout
in murine CRC cells inhibits tumor growth in immunocompetent
mice and enhances the effects of anti-PD-1 antibody treatment by
decreasing intratumoral TGF-β levels and increasing intratumoral
IFN-γ, TNF-α levels, and tumor-infiltrating natural killer cells. We
further show that PCIF1 modulates CRC growth and response to
anti-PD-1 in a context-dependent mechanism with PCIF1 directly
targeting FOS, IFITM3, and STAT1 via m6Am modifications. PCIF1
stabilizes FOS mRNA, which in turn leads to FOS-dependent TGF-β
regulation and tumor growth. While during immunotherapy, Pcif1-
Fos-TGF-β, as well as Pcif1-Stat1/Ifitm3-IFN-γ axes, contributes to
the resistance of anti-PD-1 therapy. Collectively, our findings
reveal a role of PCIF1 in promoting CRC tumorigenesis and resis-
tance to anti-PD-1 therapy, supporting that the combination of
PCIF1 inhibition with anti-PD-1 treatment is a potential therapeu-
tic strategy to enhance CRC response to immunotherapy. Finally,
we developed a lipid nanoparticles (LNPs) and chemically modified
small interfering RNAs (CMsiRNAs)-based strategy to silence PCIF1
in vivo and found that this treatment significantly reduced tumor
growth in mice. Our results therefore provide a proof-of-concept
for tumor growth suppression using LNP-CMsiRNA to silence target
genes in cancer.
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Introduction

Despite advances in the diagnosis and treatment of colorectal cancer

(CRC), it is estimated that it will account for 10% of all new cancer

diagnoses and 9.4% of cancer-related deaths worldwide in 2020,

placing CRC third and second, respectively, in those categories

(Sung et al, 2021). Bioinformatics analyses of CRC patients have

identified four robust molecular subtypes of CRC: microsatellite

instable, canonical oncogene alteration, metabolic activation, and

transforming growth factor beta (TGF-β)-dependent (Guinney

et al, 2015). Although TGF-β signaling plays a role in several molec-

ular CRC subtypes, the TGF-β-dependent subtype is strongly associ-

ated with tumor angiogenesis, stromal invasion, and poor prognosis

(Ikushima & Miyazono, 2010; Colak & Ten Dijke, 2017; Jung

et al, 2017). Physiologically, TGF-β plays important regulatory roles

in tissue homeostasis through several key cellular processes, includ-

ing proliferation, differentiation, and apoptosis. However, the func-

tions of TGF-β in cancer depend on the context; thus, TGF-β
signaling inhibits tumorigenesis in normal epithelial cells but pro-

motes growth and metastasis of established tumor cells (Colak &

Ten Dijke, 2017). The tumor-promoting properties of TGF-β include

positive effects on intratumoral stromal cell function and angiogene-

sis, as well as suppression of tumor-infiltrating effector cells such as

T cells and natural killer (NK) cells.

Immune checkpoint blockade (ICB) has revolutionized our

approach to cancer immunotherapy. However, while antibodies tar-

geting inhibitory receptor–ligand interactions between T cells and

tumor cells, such as those mediated by programmed cell death

receptor 1 (PD-1), its ligand programmed cell death ligand 1 (PD-

L1), and cytotoxic T lymphocyte-associated protein 4 (CTLA-4) can

elicit durable remission in some cancers, and they are ineffective

against other tumor types, such as CRC (Kim et al, 2014).
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Furthermore, not all patients with ICB-responsive tumors have good

outcomes to targeted therapy, and identification of tumor and host

factors that determine the outcomes of ICB is therefore an active

area of research. For example, exclusion of certain immune cell sub-

sets and elevated TGF-β signaling in the tumor microenvironment

(TME) are recognized as determinants of poor responses to anti-PD-

1/PD-L1 therapy in some tumors, including CRC (Calon et al, 2015;

Ganesh & Massague, 2018), which has raised the possibility that

suppression of TGF-β signaling could be used to amplify tumor

responses to anti-PD-1/PD-L1 therapy.

Posttranscriptional RNA modification is emerging as an impor-

tant epigenetic regulatory circuit in multiple pathophysiological con-

texts. N6-methyladenosine (m6A) is the most abundant mRNA

modification in mammals and is generally located at the 50- and 30-
untranslated regions (UTRs) and stop codons (Dominissini

et al, 2012; Meyer et al, 2012; Schwartz et al, 2014). The abundance

of m6A in cellular RNA metabolism is regulated by the activity of

the methyltransferases METTL3/14 (Liu et al, 2014) (“writers”), the

YTH family of m6A-binding proteins (Wang et al, 2014, 2015; Xiao

et al, 2016; Li et al, 2017) (“readers”), and demethylases such as

ALKBH5 (Zheng et al, 2013) (“erasers”). Recent studies have identi-

fied roles for m6A in various diseases (Hess et al, 2013; Satterlee

et al, 2014) including cancer (Barbieri et al, 2017; Vu et al, 2017; Su

et al, 2018; Han et al, 2019; Paris et al, 2019; Yang et al, 2019), and

in the response of cancer to immunotherapy. For example, knock-

down of YTHDF1 and the demethylase FTO were shown to enhance

the response of melanoma tumors to anti-PD-1 therapy (Han

et al, 2019; Yang et al, 2019). In addition, we recently showed that

deletion of ALKBH5 sensitized melanoma tumors to immunotherapy

and prolonged mouse survival through a mechanism involving

modulation of lactate levels in the TME, which, in turn, regulated

accumulation of immunosuppressive T regulatory lymphocytes

(Tregs) and myeloid-derived suppressor cell (MDSCs) in the TME

(Li et al, 2020). We also found that inhibition of m6A modification

by depletion of Mettl3 and Mettl14 enhanced the response of

pMMR-MSI-L CRC and melanoma to anti-PD-1 treatment (Wang

et al, 2020). Consequently, inhibitors targeting enzymes regulating

m6A pathways are being developed as potential new therapeutics to

treat multiple cancers (Li et al, 2020; Huff et al, 2021, 2022;

Yankova et al, 2021).

Another abundant RNA modification located near the mRNA cap

structure is the dimethylated N6,20-O-dimethyladenosine (m6Am)

(Wei et al, 1975; Keith et al, 1978). m6Am is located at the first tran-

scribed nucleotide in ~ 30% of cellular mRNAs and thus can have a

major influence on the transcriptome (Wei et al, 1975). Recent stud-

ies identified the methylase phosphorylated CTD-interacting factor 1

(PCIF1) as the enzyme that catalyzes m6A methylation of 20-O-
methylated adenosine at the 50-end of mRNAs (Akichika et al, 2019;

Boulias et al, 2019; Sendinc et al, 2019; Sun et al, 2019). However,

the pathophysiological roles of m6Am and PCIF1 are unclear. Two

recent studies revealed the function of PCIF1 in modulating HIV and

VSV pathogenesis and immune responses (Tartell et al, 2021; Zhang

et al, 2021). During HIV infection, viral protein Vpr degrades PCIF1

and reprograms human T cells m6Am methylome. In VSV, PCIF1

modifies viral mRNA cap structure and attenuates the antiviral

effects of interferon-beta (Tartell et al, 2021). In the present study,

we set out to determine the role of m6Am modification in CRC and

its response to anti-PD-1 immunotherapy. We found that PCIF1 is

highly expressed in human CRC tumors and correlates with poor

patient prognosis and that PCIF1-mediated m6Am modification of

the classical oncogene FOS promotes CRC malignant behaviors and

suppresses the response to anti-PD-1 immunotherapy in mouse

tumor models. Thus, our results identify a novel role for m6Am in

tumor biology and also raise the possibility that m6Am-regulating

pathways could serve as therapeutic targets for cancer both directly

and by sensitizing refractory tumors to ICB therapy.

Results

PCIF1 is overexpressed in CRC and correlates with poor survival

To determine whether m6Am, like m6A, may play a role in cancer

development and response to therapy, we first examined the expres-

sion level of PCIF1 in multiple cancers by analyzing RNA-seq data

sets using TIMER2.0 database. This analysis showed that PCIF1 was

significantly elevated in several tumors, including CRC (n = 457),

compared with adjacent normal tissues (n = 41; Fig EV1A). To ver-

ify these results, we performed immunohistochemical (IHC) staining

of PCIF1 protein in 27 matched pairs of CRC and normal tissues. We

found that PCIF1 was expressed at much higher levels in tumor cells

compared with normal colon cells and was mainly localized to the

nucleus (Fig 1A). Moreover, of those 27 patients, 19 patients whose

tumors were classified as having low PCIF1 expression survived sig-

nificantly longer than did the eight patients with high PCIF1 levels

(Fig 1B). However, PCIF1 staining intensity did not correlate with

stage, pathology grade, gender, or age in 70 patients with CRC

(Fig EV1B). These results therefore demonstrate that PCIF1 is over-

expressed in CRC and that high expression correlates with poor sur-

vival.

We further investigated the PCIF1 expression level in multiple

established CRC cell lines and a normal human colon cell line.

Western blot and qRT-PCR analysis revealed that PCIF1 is expressed

at higher levels in CRC cell lines compared with normal colon cells

at both the protein and mRNA levels (Fig 1C and D). Moreover,

PCIF1 was localized predominantly in the nucleus of HCT116 and

HT29 CRC cells, as measured by immunofluorescence staining

(Fig 1E) and subcellular fractionation followed by immunoblotting

(Fig 1F). These results confirm that the human CRC cells lines effec-

tively phenocopy human CRC tissues in both the elevated expres-

sion and nuclear localization of PCIF1.

PCIF1 depletion suppresses the malignant behavior of CRC cells
in vitro and in vivo

Because the functional role of PCIF1 in CRC is not known, we exam-

ined the growth and malignant behaviors of cell lines subjected to

PCIF1 knockout by CRISPR/Cas9 editing with PCIF1-specific single-

guide RNA (sgRNA). Western blot analysis of HCT116 and HT29

cells showed that PCIF1 protein was effectively reduced by infection

with PCIF1 sgRNA compared with control sgRNA (Fig 2A). Notably,

assays of cell proliferation (Fig EV1C and D), invasion (Fig 2B),

fibronectin adhesion (Fig 2C), colony formation (Fig 2D), and

migration (Fig 2E) revealed that PCIF1 depletion significantly

reduced all of these malignancy-associated behaviors compared

with the control cells. To confirm that the effect of PCIF1 depletion
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Figure 1. PCIF1 is upregulated in CRC.

A Representative images of IHC staining of PCIF1 in three CRC tissues and adjacent noncancerous tissues. Scale bar, 50 μm (left). Analysis of the PCIF1 protein
expression in normal and CRC tissues. Each dot represents one sample (right). Data are the mean � SEM. **P < 0.01, by Student’s t-test.

B Kaplan–Meier plots of overall survival of 27 CRC patients with low tumor PCIF1 expression (0–4.5 staining score, n = 18) or high tumor PCIF1 expression (4.6–9.0
staining score, n = 9). Data are the mean � SEM. ***P < 0.001 by Student’s t-test.

C Western blot analysis of PCIF1 in normal colon cells (CCD841CON) and various CRC cell lines. GAPDH served as a loading control.
D qRT-PCR analysis of PCIF1 mRNA in the indicated cell lines. Levels were normalized to GAPDH expression. Data are the mean � SD of n = 3 biological replicates.

*P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t-test.
E Representative immunofluorescence images of HT29 and HCT116 cells stained for endogenous PCIF1 protein (green). Nuclei were stained with DAPI (blue). Scale bar,

30 μm.
F Western blot analysis of PCIF1 in whole extract (W), cytosolic (C), and nuclear (N) fractions of HCT116 and HT29 cells. Tubulin and lamin A/C served as cytosolic and

nuclear markers, respectively.

Source data are available online for this figure.
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Figure 2.
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on CRC growth was not restricted to the in vitro conditions, PCIF1-

depleted HCT116 tumor cells were injected subcutaneously into

athymic nude mice. Indeed, PCIF1-depleted tumors grew signifi-

cantly more slowly than control tumors (Fig 2F) and mice bearing

the PCIF1-depleted tumors survived significantly longer than control

tumor-bearing mice (Fig 2G). Furthermore, IHC staining of the pro-

liferation marker Ki-67 in sections of tumors confirmed significantly

reduced Ki-67 expression levels in PCIF1-depeled tumors compared

with control tumors (Fig EV1E). Collectively, these results indicate

that PCIF1 plays a pivotal role in promoting the growth of CRC. To

further determine whether the methyltransferase activity of PCIF1 is

required for enhancing CRC tumor growth, we performed rescue

experiments by overexpressing either sgRNA resistant (sgRNA R)

wild-type PCIF1 or catalytically inactive PCIF1 (APPA) mutant

(Zhang et al, 2021) in the control sgRNA and PCIF1 knockout cells

(Fig EV1F) and analyzed the tumor growth. In the control sgRNA

group, overexpression of wild-type PCIF1, but not APPA mutant,

enhanced tumor growth and shortened the mice survival (Fig 2F

and G). Accordingly, in PCIF1-deficient group, only the overexpres-

sion of wild-type PCIF1, and not the APPA mutant, rescued the

tumor suppression caused by PCIF1 depletion and shortened the

animal survival (Fig 2F and G). These results demonstrate that cat-

alytically active PCIF1 contributes to promoting tumor growth.

Identification of potential target genes of PCIF1 in CRC

To understand the molecular mechanisms by which PCIF1 promotes

the growth and malignant behaviors of CRC, we first determined

whether PCIF1 mediates deposition of m6Am in CRC cell RNA.

Using an LC–MS/MS protocol (Li et al, 2020; Huff et al, 2021), we

examined the ratios of m6A and m6Am to unmethylated adenosine

(m6A/A and m6Am/A, respectively) in total mRNA from control

and PCIF1-depleted HCT116 cells. We found that PCIF1 silencing

significantly reduced the ratio of m6Am/A, but not m6A/A, com-

pared with control cells, which is consistent with previous findings

(Fig 3A; Sendinc et al, 2019). Next, we performed RNA sequencing

(RNA-seq) and m6Am-exo-Seq (Sendinc et al, 2019) to identify

genome-wide changes in total mRNA and m6Am-modified mRNA,

respectively. From the m6Am-exo-seq analysis, we found a clear

enrichment of 50 ends around transcription start sites (TSS) in con-

trol mRNA rather than PCIF1-depleted mRNA by metagene plots of

m6Am enrichment analysis, indicating that these transcripts are

likely m6Am modified (Fig 3B). The RNA-seq analysis identified 464

genes that were significantly downregulated in PCIF1-depleted cells

compared with control cells, and the m6Am-exo-seq data identified

3,585 significantly decreased m6Am peaks in PCIF1 depleted

compared with control cells. By comparing overlap between the two

gene sets, we identified a total of 76 candidate genes whose expres-

sion was regulated by PCIF1-mediated m6Am modification (Figs 3C

and EV2A; Dataset EV1–EV3). Gene Ontology analysis of the func-

tion of these 76 genes revealed enrichment in pathways relevant to

“regulation of epithelial cell proliferation,” “cell-cell signaling by

WNT,” “regulation of cell adhesion,” and other pathways relevant

to tumor growth (Fig 3D). Of particular interest, the 76 PCIF1-

regulated genes were particularly highly enriched in the “response

to transforming growth factor beta (TGF-β)” pathway.

Because mutations in TGF-β receptors and aberrant TGF-β signal-

ing are strongly associated with certain CRC subtypes (Xu &

Pasche, 2007), we examined the involvement of PCIF1 in regulation

of the TGF-β pathway in more detail. We first performed qRT-PCR

analysis of all of the genes included in the TGF-β pathway in PCIF1-

depleted and control CRC cells. This analysis confirmed the differen-

tial regulation of TGF-β-associated genes by PCIF1 and identified the

proto-oncogene FOS as the most significantly downregulated gene in

PCIF1-depleted HCT116 and HT29 cells (Fig EV2B and C). In agree-

ment with the qRT-PCR results, western blot analysis of CRC cells

(Fig 3E) and IHC staining of HCT116 tumors from Fig 2F (Fig EV2D)

confirmed that FOS protein expression was reduced by PCIF1 deple-

tion in CRC. Analysis of the m6Am-exo-seq data, which showed

m6Am on 50 ends immediate to TSS had a clear decreased peak in

PCIF1-depleted cells, indicating FOS is a m6Am-modified gene

(Fig 3F). We further validated this result by m6Am-exo-qPCR show-

ing significant decrease in FOS mRNA levels in PCIF1-deficient cells,

which is consistent with sequencing results (Fig 3G). These findings

suggest that FOS expression is regulated by PCIF1-mediated m6Am

modification. One of the functions of 50-cap-located m6Am is to con-

trol mRNA stability (Boulias et al, 2019); therefore, we analyzed the

half-life of FOS mRNA upon PCIF1 knockout in CRC cells. Control or

PCIF1-depleted HCT116 and HT29 cells were incubated with actino-

mycin D to inhibit new RNA synthesis, and FOS mRNA levels were

quantified by qRT-PCR at various times thereafter. The results

showed that FOS mRNA was significantly less stable in PCIF1-

depleted cells than in control cells (Fig 3H). Collectively, these

results demonstrate that PCIF1 controls FOS mRNA stability in CRC

cells via m6Am deposition.

Next, we determined whether FOS mediates the effects of PCIF1

on CRC cell function by examining whether restoration of FOS

expression can overcome the functional deficits of PCIF1 depletion.

Control and PCIF1-depleted HCT116 and HT29 cells were trans-

fected with a FOS overexpression vector, and restoration of FOS

protein expression was confirmed by western blot analysis

(Fig EV2E). We then examined the effects of FOS overexpression on

◀ Figure 2. PCIF1 depletion reduces CRC tumorigenesis.

A Western blot analysis of PCIF1 in HT29 and HCT116 cells depleted of PCIF1 using four different sgRNAs. GAPDH served as a loading control.
B–E Matrigel invasion assay (B), fibronectin adhesion assay (C), colony formation assay (D), and wound healing migration assay (E) of the indicated control and PCIF1-

depleted CRC cell lines. Representative images and quantification of cells are shown at the left and right, respectively, of each panel. Data are the mean � SD of
n = 3 replicates/condition. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t-test.

F Growth of the indicated HCT116 tumors after subcutaneous injection into athymic nude mice. Tumor volume was recorded on the indicated days. Data are the
mean � SEM of the number of mice/group indicated on each panel. n, the numbers of mice. *P < 0.05, **P < 0.01 by Student’s t-test.

G Survival analysis of mice injected bearing the indicated HCT116 tumors. Data are the mean � SEM of the number of mice/group indicated on each panel. n, the
numbers of mice. **P < 0.01, ***P < 0.001 by Student’s t-test.

Source data are available online for this figure.
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CRC cell growth in vitro and in vivo. Notably, overexpression of

FOS essentially overcomes the inhibitory effects of PCIF1 depletion

on HCT116 and HT29 cell proliferation in vitro (Fig EV2F) and

tumor growth in vivo (Fig 3I). Furthermore, FOS overexpression

alone promotes tumor growth compared with control cells (Fig 3I).

These data confirm that FOS plays a role in mediating the CRC

growth-promoting effects of PCIF1.

FOS suppression inhibits CRC tumorigenesis

FOS, a proto-oncogene, is required in malignant progress of multiple

cancer types including head and neck squamous cell carcinoma

(Muhammad et al, 2017) and skin cancer (Saez et al, 1995). How-

ever, little is known about the role of FOS in CRC, thus we initially

explored the expression of FOS in a normal human colon cell line

and numerous established human CRC cell lines and found that FOS

is expressed at higher levels in CRC cell lines compared to normal

colon cells at both the protein and mRNA levels determined by

Western blot and qRT-PCR analyses, repectively (Fig EV3A and B).

Thereafter, FOS-depleted HCT116 and HT29 cells via CRISPR/Cas9

editing was generated to investigate its function. Western blot analy-

sis confirmed the near-complete loss of FOS protein in cells express-

ing FOS-targeted sgRNAs compared with control sgRNA (Fig 4A).

Moreover, cell proliferation (Fig 4B), migration (Fig 4C), and colony

formation (Fig 4D) were all markedly reduced in FOS-depleted CRC

cells compared with control cells. Consistent with these in vitro

analyses, tumors formed by FOS-depleted HCT116 cells grew signifi-

cantly more slowly than control tumors (Fig 4E), and accordingly,

mice bearing FOS-depleted tumors survived significantly longer than

the control mice (Fig 4F). Taken together, these data indicate that

FOS promotes CRC malignant behavior, consistent with a role in

mediating the effects of PCIF1. Finally, we asked whether FOS

expression was dysregulated similarly to PCIF1 in CRC tumor tis-

sues. Indeed, IHC staining of tumors from 29 patients with CRC

identified a significant positive correlation between PCIF1 and FOS

protein levels (Fig 4G). Collectively, these data support a role for

FOS in PCIF1-mediated regulation of CRC growth.

FOS is a primary member of the AP-1 family of transcription fac-

tors, is known to regulate transcription of TGF-β (Pandey

et al, 2012; Zhou et al, 2020), and TGFβ has a well-characterized

role in promoting CRC (Xu & Pasche, 2007). Given the known role

of FOS in TGF-β transcription, and the link between TGF-β and CRC,

we next asked whether FOS regulates TGF-β expression in CRC, and

if so, whether that occurs in a PCIF1-dependent or -independent

manners. To this end, we first examined expression of the three

TGF-β isoforms (TGFβ1-3) in FOS-deficient HCT116 cells and tumors

from Fig 4E by qRT-PCR and immunoblot analysis, respectively.

Compared with control, we found that all three isoforms were sig-

nificantly reduced in FOS-depleted cells and tumors (Fig EV3C and

D), indicating that FOS regulates TGF-β transcription in CRC.

Notably, similar reductions in TGF-β mRNA and protein levels were

also observed in PCIF1-depleted CRC cells (Fig EV3E and F), but the

effects were reversed by concomitant overexpression of FOS

(Fig EV3F). Thus, PCIF1 regulates TGF-β expression in CRC through

FOS.

PCIF1 sensitizes CRC to anti-PD-1 therapy

The sensitivity of tumors to anti-PD-1 therapy appears to be influ-

enced by a number of factors, including the composition of immune

cells and cytokines within the TME (Li et al, 2020; Wang

et al, 2020). Therefore, we next asked whether PCIF1 and/or FOS

suppression influence anti-PD-1 effects on CRC in vivo, and if so,

whether the effects are mediated by alteration of the TME. We first

performed CRISPR/Cas9-mediated deletion of Pcif1 in the murine

CRC cell lines CT26 and MC38 and examined tumor growth in syn-

geneic immunocompetent mice. Efficient depletion of Pcif1 protein

in the two cell lines was confirmed by western blot analysis

(Fig EV4A and B). Control and Pcif1-depleted CT26 and MC38 cells

were injected subcutaneously into BALB/c or C57BL/6J mice,

respectively, and groups of mice were then either untreated or

treated with 200 μg anti-PD-1 antibody as described in methods.

Intriguingly, Pcif1 depletion alone and anti-PD-1 treatment alone

both significantly inhibited the growth of CRC tumors; however, an

additive effect of both treatments was observed such that tumor

growth was virtually abolished in anti-PD-1 antibody-treated ani-

mals bearing Pcif1-depleted tumors (Fig 5A and B). These results

indicate that Pcif1 depletion further sensitizes CRC tumors to the

growth inhibitory effects of anti-PD-1 therapy in immunocompetent

mice.

To identify the potential mechanisms by which Pcif1 depletion

enhanced the effects of anti-PD-1 on CRC tumor growth, we per-

formed flow cytometry to analyze the composition of tumor-

infiltrating cells in CT26 tumors after subcutaneous injection into

◀ Figure 3. PCIF1 target genes identified by RNA-seq and m6Am-exo-seq.

A LC–MS/MS quantification of m6Am or m6A levels in mRNA from control and PCIF1-depleted HCT116 cells. Data are presented as the enrichment of methylated vs
unmethylated mRNA. Data are the mean � SD of n = 3 biological replicates. **P < 0.01 by Student’s t-test.

B Metagene plots analysis of m6Am enrichment around the transcription start site (TSS) of all expressed genes in control and PCIF1-depleted HCT116 cells.
C Venn diagram of PCIF1 peaks number, downstream genes, and identified genes from m6Am-exo-seq and RNA-seq.
D Meta-enrichment analysis summary for the 76 genes identified as PCIF1 targets in HCT116 cells.
E Western blot analysis of FOS and PCIF1 in control and PCIF1-depleted HCT116 and HT29 cells. GAPDH served as a loading control.
F Genome browser views of FOS with m6Am sites. Read coverage of input sample and IP sample are shown in blue and red, respectively, and green rectangle indicates

the m6Am peaks located near the TSS.
G m6Am-exo-qPCR analysis of m6Am enrichment in FOS mRNAs from the indicated HCT116 cells. GAPDH served as a negative control. Data are the mean � SD of n = 3

biological replicates. **P < 0.01 by Student’s t-test.
H qRT-PCR analysis of FOS mRNA stability in control and PCIF1-depleted HCT116 and HT29 cells treated with actinomycin D for the indicated times. Data are the mean

� SD of n = 3 biological replicates. *P < 0.05, **P < 0.01 by Student’s t-test.
I Growth of tumors after subcutaneous injection of the indicated HCT116 cells into athymic nude mice. Tumor volumes were recorded on the indicated days. Data are

the mean � SEM of n = 5. *P < 0.05 by Student’s t-test.

Source data are available online for this figure.
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Figure 4. Functional role of FOS in CRC.

A Western blot analysis of FOS in control and FOS-depleted HCT116 and HT29 cells. GAPDH served as a loading control.
B–D MTS cell proliferation assay (B), wound healing migration assay (C), and colony formation assay (D) of control and FOS-depleted HCT116 cells. Representative

images and quantification of colonies are shown to the left and right, respectively. Data are the mean � SD of n = 3 biological replicates. *P < 0.05, **P < 0.01,
***P < 0.001 by Student’s t-test.

E Growth of control and FOS-depleted HCT116 tumors after subcutaneous injection into athymic nude mice. Tumor volume was recorded on the indicated days. Data
are the mean � SEM of n = 10 mice/group. **P < 0.01 by Student’s t-test.

F Survival analysis of mice bearing control and FOS-depleted HCT116 tumors. Data are the mean � SEM of n = 5 mice/group. *P < 0.05 by Student’s t-test.
G Positive correlation between FOS and PCIF1 protein levels in tumors from 29 patients with CRC (R2 = 0.6902, P < 0.001).

Source data are available online for this figure.
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BALB/c mice. Tumors formed by control and Pcif1-depleted CT26

cells showed no significant differences in the numbers of tumor-

associated total tumor infiltrated CD45+ lymphocytes, CD4+ T cells,

CD8+ T cells, polymorphonuclear myeloid-derived suppressor cells

(PMN-MDSCs), dendritic cells (DCs), or macrophages (Figs 5C and

EV4C–E). However, Pcif1-depleted tumors contained significantly

higher numbers of NK cells and significantly lower numbers of

mononuclear MDSCs (M-MDSCs) compared with control tumors

(Fig 5C). Moreover, the same specific increase in NK cells and

reduction in M-MDSCs were observed in Pcif1-depeleted compared

with control tumors formed by MC38 cells (Fig EV5A). Consistent

with these findings, IHC staining of CT26 tumors indicated markedly

higher staining with the NK cell marker anti-NK1.1 and lower stain-

ing with the MDSC marker anti-Ly6G/Ly6C compared with control

tumors (Fig 5D). Given that NK cells and M-MDSCs promote and

inhibit antitumor immunity, respectively, these findings suggest that

alterations in the abundance of these cell types may play a role in

the growth-suppressive effects of PCIF1 depletion. To assess this,

we injected mice with anti-NK1.1 or anti-Ly6G/C antibodies twice

weekly starting on day 5 after tumor cell inoculation to deplete the

mice of NK cells or MDSCs, respectively. Notably, the tumor-

suppressive effects of Pcif1 knockout was completely reversed in

mice depleted of NK cells, whereas enhanced response to

immunotherapy by Pcif1 loss was not abolished by MDSCs deple-

tion (Fig 5E). These results are consistent with a crucial role for NK

cells in mediating the antitumor effects of PCIF1 knockout.

The mechanisms of Pcif1 in modulating CRC tumor
microenvironment during immunotherapy

Finally, we asked whether Fos activity might contribute to the addi-

tive effects of Pcif1 depletion on anti-PD-1 treatment of Pcif1-

depleted CRC tumors. Fos mRNA levels and protein levels were

reduced in Pcif1-depleted CT26 tumors compared with control

tumors excised from anti-PD-1-treated mice (Figs 6A and EV5B).

Moreover, decreased m6Am levels of Fos were detected in Pcif1 null

tumors by m6Am-exo-qPCR experiments as well (Fig 6B), indicating

that Pcif1 continues to regulate Fos under immunotherapy. Since

TGF-β is closely connected to immunotherapy, where exposure to

TGF-β ligand limits the activity of NK cells, while TGF-β signaling

suppression preserves highly activated NK cells to kill cancer cells

(Otegbeye et al, 2018; Itatani et al, 2019). Therefore, we continued

to assess the expression of TGFβs using qRT-PCR analysis. Evalua-

tion of Tgfbs expression showed that Tgfb1-3 were all downregu-

lated in Pcif1-depleted tumors (Fig EV5C), and, interestingly, this

was accompanied by a significant reduction in intratumoral levels,

but not serum levels, of Tgfb1-3 secretion (Figs 6C and EV5D). To

further investigate if the mechanism of enhanced immunotherapy

response of Pcif1-deficient tumors relies on the decreased Fos, we

overexpressed Fos in Pcif1-depleted and parental CT26 cells

(Fig EV5E), and then compared the tumor growth of these cell with

Pcif1 knockout tumors only under immunotherapy. Mice bearing

Pcif1-depleted tumors with Fos overexpression reversed the

observed effects on Pcif1 null tumor growth (Fig 6D). Furthermore,

the reduced production of TGF-βs from Pcif1 null tumors was

restored as well (Fig 6E). Accordingly, FOS overexpression alone

significantly increased tumor size (Fig 6D) and TGFβs’ secretion

compared to control (Fig 6E). Taken together, these results suggest

that Pcif1-mediated regulation of the tumor response to anti-PD-1

antibody therapy is mediated via m6Am modification of Fos mRNA,

Fos-regulated TGF-β production, and recruitment/retention of NK

cells in the TME.

In order to obtain further mechanistic insight into how Pcif1

depletion remodels the TME, we performed RNA-seq in Pcif1-

depleted CT26 depleted and control tumors with anti-PD-1 treat-

ment. Our RNA-seq analysis identified 560 genes were upregulated

and 514 genes were downregulated in Pcif1 depleted tumors com-

pared with control tumors (Fig 6F; Dataset EV4). According to Gene

Ontology (GO) classification, these genes were enriched in the path-

ways associated with innate immune response, response to cyto-

kine, interferon-gamma (IFN-γ) signaling and regulation of cell

death, cellular proliferation, migration, adhesion etc. (Fig 6G).

Given that IFN-γ signaling is a critical contributor to adaptive resis-

tance mechanisms of the checkpoint blockade therapy and has sub-

stantial effects on antitumor immune responses (Sharma

et al, 2017), upregulated genes involved in the interferon γ pathway

(Irf1, Stat1, Stat2, Jak2, Ciita, Ifitm3, Gbp6, Irgm1 and Faslg) were

further confirmed by qRT-PCR. We found that Irf1, Stat1, Ciita and

Ifitm3 are the common upregulated genes in both Pcif1-depleted

CT26 and MC38 tumors compared to control (Fig EV5F and G), sug-

gesting that Pcif1 depletion is involved in enhancing IFN-γ response.
Further m6Am-exo-qPCR experiments showed that Ifitm3 and Stat1

were m6Am-modified genes by Pcif1 (Fig 6H). Above findings sup-

port that Ifitm3 and Stat1 are the specific targets of Pcif1 under

immunotherapy. We next investigated whether depleting IFN-γ
influence the effect of Pcif1 deletion on tumor growth during

immunotherapy. To address this question, we treated the BALB/c

mice with anti-IFN-γ-antibody during anti-PD1 treatment of control

sgRNA and Pcif1 sgRNA tumors. Our results showed that blocking

of IFN-γ reversed the inhibition of tumor growth by loss of Pcif1

under immunotherapy (Fig EV5H). These results suggest that IFN-γ
is essential to suppress tumor growth by Pcif1 depletion during anti-

PD-1 treatment. Since IFN-γ and TNFα as two of the most potent

effector cytokines secreted by NK cells play a key role in antitumor

◀ Figure 5. Depletion of Pcif1 sensitizes mouse CRC to anti-PD-1 treatment.

A, B Growth of control and Pcif1-depleted CT26 (A) and MC38 (B) tumors in BALB/c and C57 BL /6J mice, respectively, untreated or injected intraperitoneally with 200 μg
anti-PD-1 antibody. n, number of mice. Data are the mean � SEM of the number of mice/group indicated on each panel. *P < 0.05, **P < 0.01, ***P < 0.001 by Stu-
dent’s t-test.

C Flow cytometric analysis of the percentage of total CD45+ lymphocytes, CD4+ T cells, CD8+ T cells, NK cells, MDSCs, DCs, and macrophages in extracts of control
and Pcif1-depleted CT26 tumors as indicated. Each spot represents individual mice. Data are the mean � SEM of the number of mice/group as indicated. *P < 0.05;
***P < 0.001 by Student’s t-test.

D Representative images of IHC staining of NK and MDSC cells in control and Pcif1-depleted CT26 tumors. n = 3 mice/group. Scale bars, 25 μm.
E Growth of control and Pcif1-depleted CT26 tumors in BALB/c mice injected with 200 μg anti-PD-1 antibody with/without depleted of NK or MDSC cells as indicated.

Data are the mean � SEM of the number of mice/group indicated on each panel. *P < 0.05, **P < 0.01 by Student’s t-test.
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activity (Paul & Lal, 2017), therefore, we then assessed the produc-

tion of IFN-γ and TNFα in both mouse serum and tumors by ELISA.

Our results suggested that compared to control, the production of

IFN-γ and TNFα was significantly increased in mouse tumors with

Pcif1 depletion, whereas no differences in serum were observed

(Fig EV5I). Thus, these results indicated the increased production of

IFN-γ and TNFα in the TME also contributed to the enhanced effi-

cacy of immunotherapy in Pcif1-depleted tumors. Collectively, our

findings revealed a context depended mechanisms of PCIF1 in CRC

tumorigenesis and response to anti-PD-1 treatment. In summary,

the PCIF1-FOS-TGF-β axis regulates CRC tumors growth, whereas,

during the immunotherapy, the Pcif1-Fos-TGF-β and Pcif1-Stat1/

Ifitm3-IFN-γ mechanisms play essential roles in the interactions

between the tumor and immune system (Fig 7H).

Formulation and characterization of LNP-CMsiRNA as advanced
tools for clinical translational application

Our results demonstrated that loss of m6Am methyltransferase

PCIF1 inhibits tumor malignancy and potentiates anti-PD-1 response

during immunotherapy. In order to investigate the clinical transla-

tional potential of our findings, we developed efficacious

nanoparticle-mediated siRNA delivery system. To obtain an effective

PCIF1 silencing in vivo, we chemically modified siRNAs

(CMsiRNAs) to enhance their loading into RISC (RNA-induced

silencing complex) assembly, stability, lipophilicity, and cell perme-

ability. RNA sequences were modified with 50-end phosphorylation,

20-O-methyl U, and conjugated with cholesterol at the 30 end

(Fig 7A). PCIF1 silencing activities of modified siRNAs were ana-

lyzed by transfecting cells with varying amounts of siRNAs. Com-

pared to control, PCIF1 expression was effectively reduced by the

two designed siRNAs at the both mRNA and protein levels in a

dose-dependent manner (Fig 7B and C). Further, the effect of PCIF1

siRNA on cell survival was determined, and the results showed that

PCIF1 siRNAs significantly inhibited cellular viability (Fig 7D). We

next formulated siRNAs in LNPs at varying ratios from 16:1 to 4:1

(weight ratio of LNP: siRNA) for size analysis using the Zetasizer

system. The estimated mean diameter of the LNP-siRNA formula-

tions with LNP: siRNA weight ratio at 8:1 was 125 nm, and this

ratio was selected as the formulation for in vivo LNP-siRNA admin-

istrations (Fig 7E). To further assess the efficiency of PCIF1 silencing

by LNP-siRNA formulation in vivo, 1 mg/kg of LNP-siRNAs were

injected intratumorally into the athymic nude mice twice a week.

Our results showed that the tumor size was significantly reduced in

mice treated with LNP-PCIF1 siRNAs as compared with control

siRNA (Fig 7F), and efficient silencing of PCIF1 in tumors was also

observed by immunoblotting (Fig 7G). Altogether, these results sug-

gest a new possibility to improve therapeutic methods for patients

with CRC through the suppression of PCIF1 using siRNA therapy.

Discussion

In the present study, we sought to determine whether m6Am RNA

modification by PCIF1 plays a role in CRC growth and response to

ICB. The results reveal several new findings: First, PCIF1 is upregu-

lated in CRC and correlates inversely with survival, suggesting that

it plays an oncogenic role. Second, PCIF1 regulates the expression

of genes associated with pathways involved in tumor malignancy

and controls those cell behaviors in vitro and in vivo. Third, PCIF1-

mediated deposition of m6Am regulates FOS mRNA stability and

transcription of TGF-β. Fourth, Pcif1 regulates recruitment and/or

retention of NK cells and Tgfβ1-3, IFN-γ, and TNF-α levels in the

tumor microenvironment. Finally, downregulation of Pcif1 signifi-

cantly increases the sensitivity of CRC tumors to anti-PD-1 therapy

in vivo through regulating Pcif1-mediated Fos-Tgf-β and Stat1/

Ifitm3-IFN-γ axes, establishing this methyltransferase as a contribu-

tor to CRC resistance to this therapy. Overall, our study demon-

strates a key role for PCIF1 and the m6Am modification in

regulating the balance between pro- and anti-proliferative conditions

in the CRC TME and the response to anti-PD-1 immunotherapy.

Our findings suggest that components of the PCIF1-FOS-TGF-β
pathway may serve as therapeutic targets not only for cancer ther-

apy directly but also as modulators of ICB responses. The promoting

role of m6Am in CRC development demonstrated in this study indi-

cated the abolishment of this modification could be beneficial to

cancer treatment. Here, we developed a LNPs packaging system for

intratumoral chemically modified siRNA delivery and a significantly

reduced tumor growth was found in mice treated with LNP-PCIF1

siRNA as compared to control. These results provide a proof-of-

concept for siRNA-mediated silencing of target genes for potential

clinical applications. Besides, it has been reported that the loss of

PCIF1 in mice does not affect viability or fertility (Pandey

et al, 2020), thus, we are expecting the development of PCIF1

◀ Figure 6. Pcif1-depletion alters the CRC tumor microenvironment during anti-PD-1 immunotherapy.

A qRT-PCR analysis of Fos mRNA expression in control and Pcif1-depleted CT26 tumors after anti-PD-1 antibody injection. Data are the mean � SEM of n = 5.
**P < 0.01 by Student’s t-test.

B m6Am-exo-qPCR analysis of m6Am enrichment in Fos mRNA in control and Pcif1-depleted CT26 tumors. Gapdh served as a negative control. Data are the mean �
SEM of n = 3. **P < 0.01 by Student’s t-test.

C ELISA quantification of Tgfb1-3 secretion levels in tumor extracts from BALB/c mice injected with control and Pcif1-depleted CT26 cells. Data are the mean � SEM of
n = 5. Symbols represent individual mice. *P < 0.05, ***P < 0.001 by Student’s t-test.

D Tumor growth with the indicated gene edited CT26 cells in BALB/c mice treated with anti-PD-1 antibody. n, mouse number. Data are the mean � SEM of the indi-
cated mice in each group. *P < 0.05, **P < 0.01 by Student’s t-test.

E Production of Tgfb1-3 was measured by ELISA from the indicated tumors. Data are the mean � SEM of n = 5. Symbols represent individual mice. *P < 0.05,
**P < 0.01, ***P < 0.001 by Student’s t-test.

F Volcano plot of differentially expression genes analyzed using DESeq2 in Pcif1-depleted tumors compared with control. Significantly up or downregulated genes are
plotted in red and blue points, respectively. n.s, nonsignificant.

G Meta-enrichment analysis summary for the significant up and down-regulated genes identified as Pcif1 targets in CT26 tumor with PD-1 treatment.
H m6Am enrichment in the indicated mRNA was assessed in control and Pcif1-depleted CT26 tumors by m6Am-exo-qPCR. Data are the mean � SEM of n = 3. *P < 0.05

by Student’s t-test.
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inhibitor could open-up the possibility to enhance the performance

of immunotherapy for CRC through the suppression of m6Am modi-

fication. Similarly, inhibitors of methyltransferase METTL3 have

been recently developed to treat myeloid leukemia (Bedi et al, 2020;

Yankova et al, 2021). Taken together, our study delineates the role

of m6Am in both CRC tumors and its response to immunotherapy,
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which provides broader mechanistic insight for our understanding

and the potential clinical application value of RNA modification in

cancer patients’ treatment.

Materials and Methods

Immunohistochemical staining

Human colorectal cancer tissues were obtained from US Biomax.

The staining procedure for paraffin-embedded mouse and human

tissues were as previously described (Mu et al, 2018). Tissue stain-

ing was semi-quantitatively scored on a 0–9 scale by multiplying the

score for the proportion of positively stained tumor cells (0, < 10%;

1, 10–25%; 2, 26–50%; 3, > 50%) by the staining intensity score

(0–3) as previously defined (Wang et al, 2021). For the comparison

of low/high PCIF1 expression and patient survival, overall survival

was defined as the time between date of diagnosis and death. Pri-

mary antibodies used in IHC include anti-PCIF1 (Invitrogen, PA5-

61996), anti-FOS (Abcam, ab222699), anti-Ki-67 (Cell Signaling

Technology, 12202T), anti-Ly-6G/Ly6C (Invitrogen, 14-5931-81),

and anti-NK1.1 (Invitrogen, MA1-70100).

Western blot analysis

Cells or tumor tissues were lysed in RIPA buffer supplemented with

protease inhibitors (Life Technologies, 87786), sonicated, and cen-

trifuged. Protein concentrations in the supernatants were measured

using a BCA protein assay kit (Bio-Rad). Total protein samples were

resolved on 4–12% NuPAGE Bis-Tris or Tris-Glycine gels (Fisher

Scientific) and transferred to PVDF membranes (Bio-Rad). Mem-

branes were blocked with 5% (w/v) nonfat dry milk in PBS and

incubated with primary antibodies against GAPDH (Proteintech,

HRP-60004), PCIF1 (Proteintech, 16082-1), FOS (Abcam, ab222699),

TGFB1 (Abcam, ab179695), TGFB2 (Proteintech, 19999-1-AP),

TGFB3 (Proteintech, 18942-1-AP), tubulin (Santa Cruz Biotechnol-

ogy, sc-5286), or lamin A/C (Santa Cruz Biotechnology, sc-6215)

overnight at 4°C. Membranes were then incubated with HRP-

conjugated secondary antibodies for 15 min at 25°C (Thermo Scien-

tific, Pierce Fast Western Blotting Blot Kit). Protein bands were visu-

alized using the enhanced chemiluminescence (ECL) detection

system (Thermo Scientific) followed by imaging of X-ray film (Gene-

see Scientific, 30-100).

RNA purification and quantitative reverse-transcription PCR
(qRT-PCR)

RNA was extracted from cultured cells using Quick-RNA Miniprep

Kit (Zymo Research, R1055) and from fresh mouse tumors using

Direct-zol RNA MiniPrep Kit (Zymo Research, 11-331) according to

the manufacturer’s instructions. Aliquots of 1 μg RNA were reverse-

transcribed using an iScript cDNA Synthesis Kit (Bio-Rad, 1708841),

and qPCR was performed with SsoAdvanced Universal SYBR Green

PCR SuperMix (Bio-Rad, 1725270) on an LightCycler480 PCR sys-

tem. All qPCR primers are listed in Table EV1.

Immunofluorescence microscopy

Cells were grown in 24-well tissue culture plates, washed with PBS,

fixed with 4% formaldehyde for 10 min, permeabilized with PBS

containing 0.5% Triton X-100 for 10 min, blocked with 10% goat

serum for 60 min, and incubated with primary anti-PCIF1 antibody

(Proteintech, 16082-1) for 1 h. The cells were then washed, incu-

bated with a secondary antibody conjugated to anti-Rabbit Alexa

Fluor 488 dye (Thermo Scientific, A-11034) for 1 h, and counter-

stained with 40,6-diamidino-2-phenylindole (DAPI) for 10 min.

Cell culture and viral infection

The normal human colon cell line CCD841CoN (CRL-1790) and human

CRC cell lines HCT116 (CCL-247), DLD-1 (CCL-221), WiDr (CCL-218),

LS123 (CCL-255), LS174T (CL-188), and HT29 (HTB-38) were pur-

chased from American Type Culture Collection (ATCC; Manassas,

VA). The murine CRC cell lines CT26 (CRL-2638) and MC38 (ENH204-

FP) were obtained from the ATCC and Kerafast, Inc., respectively.

293T (CRL-3216) cells were obtained from ATCC. Cells were grown in

EMEM (ATCC), DMEM, or RPMI (Gibco) supplemented with 10% fetal

bovine serum (Gibco) and were maintained at 37°C in a 5% CO2

atmosphere according to ATCC’s culture methods, respectively.

For lentiviral production, 293T cells were co-transfected with the

packaging plasmids psPAX2 and pMD2.G, CRISPRV2, and the indi-

cated sgRNAs in 10 cm dishes using Lipofectamine (Life Technolo-

gies, 11668027) in Opti-MEM medium (Gibco). The medium was

replaced with fresh complete DMEM after 4–6 h, and the cells were

incubated at 37°C for an additional 48 h. Culture supernatants were

then removed and used to infect cells by spin transduction.

SgRNAs for targeting human genes were PCIF1-sgRNA1:

◀ Figure 7. On-target efficacy of LNP-siRNA in vitro and in vivo.

A Structures of siRNAs utilized in this study.
B mRNA expression of PCIF1 was quantified by qRT-PCR in the HCT116 cells transfected with gradient amount of control and PCIF1 siRNAs. Data are the mean � SD of

n = 3 biological replicates. *P < 0.05, **P < 0.01, ***P < 0.001 by Student’s t-test.
C Western blot analysis of PCIF1 in HCT116 cells with control and PCIF1 siRNAs. GAPDH served as a loading control.
D Cell viability assays were performed in in the HCT116 cells transfected with 100 pmol control and PCIF1 siRNAs. Data are the mean � SD of n = 3 biological

replicates. ***P < 0.001 by Student’s t-test.
E Size of LNP-siRNA formulations were analyzed by Zetasizer. Data are the mean � SD of n = 3 biological replicates.
F Tumor growth of HCT116 cells treated with 1 mg/kg control and PCIF1 LNP-siRNAs starting on day 9 and mice were intratumorally treated twice a week. Data are

the mean � SEM of n = 5 mice/group. *P < 0.05, **P < 0.01 by Student’s t-test.
G Immunoblots of PCIF1 and FOS were carried out from the indicated tumors in four replicates with GAPDH as a loading control.
H Schematic of the proposed function of PCIF1-mediated m6Am modification in CRC.

Source data are available online for this figure.
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CGGTTGAAAGACTCCCGTGG; PCIF1-sgRNA2: TTCGGCGTGGGCCT

CTACGA; PCIF1-sgRNA3: GATCCGTTTGACGTACTCCA; PCIF1-

sgRNA4: ATTCACCAACCAGTCCCTGT. FOS-sgRNA1: CTGCAGC-

CAAATGCCGCAAC; FOS-sgRNA2: CTTCGTCTTCACCTACCCCG;

and FOS-sgRNA3: AACCGCCACGATGATGTTCT. SgRNAs for target-

ing mouse genes were: Pcif1-sgRNA1: TGAAGCTCCGCCAGCACTA

C; Pcif1-sgRNA2: CACGTCGTGCTGACCCAGCA; Pcif1-sgRNA3: GC

TTCAAGATGAGCTGCGAG; and Pcif1-sgRNA4: CTCTGAGAGCTG

TCGCTTTC.

Transwell invasion assay

Cells were plated at 2 × 105/well into Transwell chambers containing

8-μm pore size filters (BD Biosciences) in serum-free medium, and

the assay was performed as previously described (Wang et al, 2021).

After 24 h, invaded cells were stained with crystal violet solution

(bioWORLD, 30430001-1) and enumerated under a light microscope.

Wound healing and migration assay

Cells at 5 × 104 cells/ml were added to Culture-Insert 3 wells (Ibidi,

80366) in complete medium according to the manufacturer’s

instructions. Briefly, after cell attachment (12–24 h), the culture-

insert 3 well was gently removed by using sterile tweezer and the

dish was filled with cell medium. The dishes were subsequently

washed with cell medium and cells were analyzed using a micro-

scope at 0 and 48 h.

Cell adhesion assay

DMEM containing fibronectin (10 μg/ml; R&D Systems, Min-

neapolis, MN) was added to 48-well plates and incubated at 4°C for

12 h. The wells were washed and 5 × 104 cells/well were added and

the plates were incubated for 15 min at 37°C. Nonadherent cells

were then rinsed away with PBS, and adherent cells were fixed with

4% paraformaldehyde, stained with 0.1% crystal violet solution,

and enumerated.

Colony formation assay

Aliquots of 1 × 103 cells/well were added to 6-well plates and incu-

bated for 14 days. Cells were fixed with 4% paraformaldehyde,

stained with 0.1% crystal violet solution, and photographed. Colo-

nies, defined as foci contained ≥ 50 cells, were enumerated.

Animal experiments

Protocols were approved by the Institutional Animal Care and Use

Committee at the University of California, San Diego, and studies

were performed in accordance with Committee guidelines. BALB/c

and C57BL/6J mice at 6–8 weeks of age and athymic nude mice at

4–5 weeks of age were purchased from The Jackson Laboratory.

CT26 or HCT116 cells with two independent control and PCIF1/FOS

sgRNAs subjected to the indicated treatments were resuspended at

2 × 106 in 200 μl of 1:1 PBS: Matrigel (Corning) and injected subcu-

taneously into the flanks of BALB/c mice (CT26) or athymic nude

mice (HCT116). Mice were injected intraperitoneally with 200 μg
(10 mg/kg) of anti-PD-1 antibody (Bio X Cell, clone 29F.1A12) on

days 11, 14, 17, 20, and 23 after tumor injection as previously

described (Wang et al, 2020). MC38 cells with two independent con-

trol and Pcif1 sgRNAs subjected to the indicated treatments were

resuspended at 5 × 105 in PBS and injected into the flanks of

C57BL/6J mice. The mice were injected intraperitoneally with

200 μg (10 mg/kg) anti-PD-1 antibody on days 1, 4, and 7 after

tumor injection.

For in vivo depletion of NK cells and MDSCs, CT26 tumor-

bearing mice were injected intraperitoneally with 200 μg (10 mg/kg)

of anti-NK1.1 (Bio X Cell, clone PK136) or anti-Ly6G/Ly6C (Bio X

Cell, clone RB6-8C5) antibodies twice weekly starting on day 5.

Tumor sizes were measured on the indicated days and tumor vol-

umes were calculated as: volume (mm3) = (long diameter × short

diameter2)/2. For the in vivo IFN-γ blocking experiments, BALB/c

mice bearing the control and Pcif1-depleted tumors were treated i.p.

with 200 μg (10 mg/kg) of anti-IFN-γ antibody (Bio X Cell, Clone:

XMG1.2) every 2 days starting on day 7 and injected i.p. with

200 μg (10 mg/kg) of anti-PD1 antibody as indicated.

MTS proliferation assay

2 × 103 cells were seeded into each well of 96-well plates and then

processed at the indicated time using a CellTiter AQueous One Solu-

tion Cell Proliferation Assay Kit (Promega, G3580) according to the

manufacturer’s instructions. Absorbance at 490 nm was recorded.

Flow cytometry

Control and Pcif1-depleted mice tumors were weighed, diced

mechanically, and then digested with 2 mg/ml collagenase P

(Sigma-Aldrich) and 50 μg/ml DNase I (Sigma-Aldrich) for 30 min

at 37°C. The cells were filtered through a 70-μm cell strainer and

stained as previously described (Wang et al, 2020) with antibodies

against CD45 (clone 30-F11), CD3e (clone 145-2C11), NK1.1 (clone

PK136), CD4 (clone RM4-5), CD8 (clone 53-6.7), MHC class II (clone

M5/114.15.2), CD24 (clone M1/69), F4/80 (BM8), and CD11b/Ly-

6C/Ly-6G (Mouse MDSC Flow Cocktail 2, clones M1/70, 1A8, and

HK1.4), all from BioLegend.

RNA-seq

RNA was extracted from PCIF1-depleted and control HCT116 cells

(four biological replicates per group) using Quick-RNA Miniprep Kit

(Zymo Research, R1055). RNA-seq library preparation and sequenc-

ing were performed at the IGM Genomics Center, UCSD, using an

Illumina HiSeq 4000. Single-end reads were trimmed using cutadapt

(v1.18) and mapped to human genome (hg38) through HISAT2

(v2.1.0). Transcripts were quantified via HTSeq (0.11.2), and differ-

entially expressed genes were then determined by DESeq2. Genes

with a P value < 0.05 and fold change < 1 were considered down-

regulated and selected for further analysis.

m6Am-exo-seq and m6Am-exo-qPCR

m6Am-exo-Seq was performed according to previously described

protocols (Sendinc et al, 2019). Briefly, mRNA was purified from

control and PCIF1-depeleted HCT116 cells using a Magnetic mRNA

Isolation Kit (New England Biolabs, S1550S). mRNA was then
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fragmented with a Fragmentation Reagents Kit (Invitrogen,

AM8740), phosphorylated with T4 PNK (NEB, M0201S), and treated

with Terminator 50-Phosphate-Dependent Exonuclease (Lucigen) to

remove phosphorylated transcripts. Lastly, Cap-Clip (CellScript) was

used to remove capped transcripts. A sample equivalent to 10% of

the 50-uncapped mRNA fragments was reserved as input, and the

remainder was immunoprecipitated with anti-m6A antibody

(Abcam, ab151230). Library generation and sequencing were per-

formed at IGM Genomics core, UCSD on an Illumina NovaSeq 6000.

For m6Am-exo-qPCR, mRNA was extracted from freshly excised

control and Pcif1-depeleted tumors and processed using the proce-

dures described above. Reserved input and anti-m6Am immunopre-

cipitated samples were reverse-transcribed and analyzed by qPCR as

described above.

m6Am-exo-seq analysis

Paired-end reads generated from the m6Am-exo-seq data were

trimmed by cutadapt and then mapped to the human genome

(hg38) using HISAT2. Reads that fell within 100 bp upstream/down-

stream of TSS sites were considered TSS reads, which were then

quantified by featureCount in Rsubread package and normalized by

sequencing depth. For each gene, normalized TSS reads from

immunoprecipitates or input samples from control or PCIF1-

depleted cells were subjected to a hypergeometric test, and the fold-

change enrichment was defined as

fold change ¼ KO PCIF1 IP=KO PCIF1 Input
WT IP=WT Input

. Genes with P < 0.05 and fold

change < 1 were defined as cap-m6Am-modified genes.

HPLC–MS/MS

mRNA was purified from control and PCIF1-depleted cells using a

Magnetic mRNA Isolation Kit (New England Biolabs, S1550S)

according to the manufacturer’s protocol. Aliquots of 0.5 μg mRNA

were de-capped with 1 U Cap-Clip (CellScript) at 37°C for 1 h and

digested with 0.5 U of nuclease P1 (Sigma) at 37°C for 2 h. Ammo-

nium bicarbonate and alkaline phosphatase (Sigma) were added

and the mixture was incubated at 37°C for 2 h. The samples were

then filtered (0.22-μm pore, Millipore) and analyzed by LC–MS/MS

as previously described (Li et al, 2020; Huff et al, 2021).

mRNA stability

mRNA stability was assessed as previously reported (Wei

et al, 2018). In brief, PCIF1-depleted and control HCT116 and HT29

cells were treated with 5 μg/ml actinomycin D (Alfa Aesar,

AAJ67160XF) for 0, 30, 60, or 120 min, and FOS mRNA levels were

then quantified by qRT-PCR. Primers are listed in Table EV1.

Cytokine ELISA

Mouse serum samples and CT26 tumor extracts were prepared as

described previously (Wang et al, 2020). The secretions of Tgfb1,

Tgfb2, Tgfb3, IFN-γ, and TNFα were quantified using a TGF beta-1

Human/Mouse ELISA Kit (Fisher Scientific, 88-8350-22), a mouse

TGFB2 ELISA Kit (Aviva Systems Biology, OKEH00309), a Tgfb3

mouse ELISA Kit (Boster Biological Technology, EK1104), an IFN-γ

mouse ELISA Kit (Fisher Scientific, 88-7314-22), and a TNFα mouse

ELISA Kit (Fisher Scientific, 88-7324-22), respectively, according to

the manufacturers’ protocols.

Formulation of LNP-siRNAs

The LNP-siRNA was formulated using previous protocols as

described (Jayaraman et al, 2012). Briefly, LNPs were formed by

mixing lipids (Selleckchem, S6683), 1, 2-distearoyl-sn-glycero-3-

phosphocholine (DSPC) (Avanti Polar Lipids, 850365p-200mg),

cholesterol (Sigma, C3045), and DMG-PEG2000 (Avanti Polar

Lipids, 880151p-1g) at a molar ratio of 50:10:38.5:1.5 in ethanol.

siRNA solutions were diluted in 50 mM sodium citrate (pH = 4)

such that the final weight ratio of lipid: siRNA was achieved from

16:1 to 4:1, accordingly, the mixture was incubated for 15 min at

37°C to encapsulate the siRNAs. LNP-siRNAs were diluted in PBS

and analyzed further. siRNAs used in this study are listed below:

control siRNA: 50-U.U.G.U.A.G.G.C.C.A.G.C.U.G.U.G.A.G.U.A.G-
30 (Sense);

50-C.U.A.C.U.C.A.C.A.G.C.U.G.G.C.C.U.A.C.A.A-30 (Antisense).
PCIF1 siRNA1: 50-U.U.A.U.A.C.C.G.G.A.U.G.C.A.G.A.C.C.A.C.G-

30 (Sense);
50-C.G.U.G.G.U.C.U.G.C.A.U.C.C.G.G.U.A.U.A.A-30 (Antisense).
PCIF1 siRNA2: 50-A.U.G.A.C.A.G.C.A.U.U.G.G.U.C.U.G.G.A.U.G-

30 (Sense);
50-C.A.U.C.C.A.G.A.C.C.A.A.U.G.C.U.G.U.C.A.U-30 (Antisense).

Cell viability assay

5 × 103 cells were seeded into each well of 96-well plates and per-

formed the experiment using a CellTiter-Glo® Luminescent Cell Via-

bility Assay kit (Promega, G7570) according to the manufacturer’s

instructions. Briefly, a volume of CellTiter-Glo Reagent equal to the

volume of cell culture medium present in each well was added and

mixed for 2 min. After 10 min, luminescence was recorded.

Statistical analysis

Data were analyzed using Prism 5.0 software (GraphPad) and are

presented as the mean � standard deviation (SD) or standard error

(SEM) as indicated. P values were determined using Student’s t-test

and were considered to be significant at < 0.05.

Data availability

RNA-seq and m6Am-exo-seq data were deposited at the Gene

Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo/)

under accession number GSE175803.

Expanded View for this article is available online.
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