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Translational reprogramming is part of the unfolded protein
response (UPR) during endoplasmic reticulum (ER) stress,
which acts to the advantage of cancer growth and development
in different stress conditions, but the mechanism of ER stress-
related translational reprogramming in colorectal carcinoma
(CRC) progression remains unclear. Here, we identified that
Kriippel-like factor 16 (KLF16) can promote CRC progression
and stress tolerance through translational reprogramming. The
expression of KLF16 was upregulated in CRC tissues and asso-
ciated with poor prognosis for CRC patients. We found that ER
stress inducers can recruit KLF16 to the nucleolus and increase
its interaction with two essential proteins for nucleolar
homeostasis: nucleophosminl (NPM1) and fibrillarin (FBL).
Moreover, knockdown of KLF16 can dysregulate nucleolar
homeostasis in CRC cells. Translation-reporter system and
polysome profiling assays further showed that KLF16 can effec-
tively promote cap-independent translation of ATF4, which
can enhance ER-phagy and the proliferation of CRC cells.
Overall, our study unveils a previously unrecognized role for
KLF16 as an ER stress regulator through mediating transla-
tional reprogramming to enhance the stress tolerance of CRC
cells and provides a potential therapeutic vulnerability.

INTRODUCTION

The endoplasmic reticulum (ER) is an essential organelle for protein
homeostasis (proteostasis). ER stress is caused by intracellular or
extracellular stress, such as hypoxia, nutrient deprivation, oxidative
stress, low pH, and high metabolic demand. Stresses disturb the pro-
tein folding capacity of the ER, and in response, cells elicit an
unfolded protein response (UPR) to restore proteostasis.” Binding-
immunoglobulin protein (BIP) functions as a master regulator of
the UPR. During ER stress, BIP is sequestered by unfolded proteins
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and thus activates three ER stress sensors: protein kinase RNA
(PKR)-like ER kinase (PERK), inositol requiring enzymel (IRE1),
and activating transcription factor 6 (ATF6).> These sensors alter
both transcriptional and translational programs in stressed cells.
PERK signaling initiates an immediate adaptive translation regulation
by phosphorylating eukaryotic translation initiation factor 2
subunit-o (e[F2a), which reduces protein synthesis by restricting 5’
cap-dependent translation.” Concomitantly, a set of UPR-related
proteins translates in a cap-independent mode, including ATF4.”
ATF4 subsequently induces the expression of a variety of cytoprotec-
tive genes acting in particular on amino acid metabolism, oxidative
stress damage, and ER-phagy."® IRE1-XBP1s and ATF6 pathways
also affect almost every step of protein turnover, which includes
protein folding, trafficking, and degradation.” When the UPR is
insufficient for the proteostasis, the cell will undergo terminal UPR,
culminating in cell death.”

The deregulation of stress response pathways plays a central role in
cancer initiation and malignant expansion, because cancer cells
must balance high metabolic demands for proliferation and nutrient
deficiency in the new environment.” This hostile living condition
provokes a sustained UPR, which can make cancer cells more
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tumorigenic, highly aggressive, and drug resistant.”” Colorectal
carcinoma (CRC) is ranked as the third most common cancer world-
wide.'” Great efforts have been dedicated to understanding the rela-
tionship between ER stress and the carcinogenesis and progression
of CRC."" For instance, ATF4 upregulates RNASET2-mediated uracil
generation, which impairs exogenous 5-fluorouracil (5-FU) uptake
and leads to decreased 5-FU therapeutic sensitivity in CRC.'* Specific
expression of the active form of ATF6 in intestinal epithelial cells of
mice promotes dysbiosis and microbiota-dependent tumorigenesis.'?
Moreover, multiple studies have shown that the inhibition of the UPR
decelerates cancer growth."*™'® You et al. identified potential genes
involved in regulating UPR through a genome-wide CRISPR screen
in the CRC cell line HT-29.° However, the underlying mechanism
of pro-tumorigenic UPR in CRC remains unknown.

Kriippel-like factors (KLFs) belong to the family of zinc finger-con-
taining TFs. Approximately 17 members of the KLF family have
been identified, and most of them are involved in embryogenesis,
development, and homeostasis, as well as carcinogenesis and cancer
progression.” One of the best-known members is KLF4, which can
reprogram somatic cells into induced pluripotent stem cells (iPSCs)
together with three other TFs.'"® Numerous studies have reported
that KLFs serve as tumor suppressors or oncogenes depending on
the specific cellular context. Deletion of KLF4 inhibits the localization
of p53 to the centrosome in mouse embryonic fibroblasts (MEFs) and
induces more colon adenomatous polyps and carcinomas in situ in
mouse models.'” KLF5 is an independent prognostic factor for
CRC and plays a critical role in regulating cancer stemness by
increasing the expression of cyclin D1 and ¢-MYC.***' KLF16 is
involved in the metabolism and regulation of the endocrine system
and plays different roles in different cancers.”” >> A hepatic KLF16
knockout mouse model revealed that KLF16 closely links hepatic lipid
homeostasis and redox balance by regulating the transcriptional ac-
tivity of peroxisome proliferator-activated receptor alpha (PPARa.).”?
Perturbation of cellular redox status is one of the causes of ER stress.*®
However, whether the KLF family can regulate UPR in cancer re-
mains unknown.

By screening databases and the literature concerning the UPR in
CRC, we identify KLF16 as a potential UPR regulator in CRC patho-
genesis. In this study, we highlight a new role for nucleolar KLF16 in
programming cap-independent translation by interacting with essen-
tial nucleolar proteins nucleophosminl (NPM1) and fibrillarin (FBL),
and consequently, enhancing cellular stress tolerance and pathogen-
esis of CRC.

RESULTS

KLF16 is upregulated in CRC and related to UPR

To screen potential KLF family members related to CRC carcinogen-
esis, we assessed the expression of KLFs between 41 pairs of CRC tu-
mors and their paracancerous tissues in The Cancer Genome Atlas
(TCGA) database. We found that KLF1, KLF7, and KLF16 are signif-
icantly upregulated and that most of the other members are signifi-
cantly downregulated in CRC (Figure S1A). You et al. performed a

genome-scale screen in CRC cell line HT-29 to identify the regulators
of the UPR pathway.® By comparing KLFs with hits from the UPR-
related CRISPR screen, we found that KLF5, KLF8, and KLF16
were listed as potential genes regulating the UPR® (Figure S1B).
Combining these two results, we focused on KLF16, which is upregu-
lated in CRC cancer tissues and may be an important oncogene for
the pathogenesis of CRC.

To investigate whether KLF16 is involved in the UPR, we initially
examined the expression levels of several ER stress markers after
KLF16 knockdown or overexpression. Stress was induced using the
ER stress inducer, thapsigargin (Tg). In agreement with our hypoth-
esis, the UPR was significantly attenuated by KLF16 knockdown and
enhanced by KLF16 overexpression (Figures 1A and S2A). After
treatment with Tg or another ER stress-inducing agent, tunicamycin
(Tm), we found that KLF16 knockdown also reduced the tolerance of
CRC cells against ER stress (Figures 1B and S2B). Although there was
no significant proliferative difference between siKLF16 cells and con-
trol cells in normal culture conditions (Figures S2C and S2D), KLF16
knockdown suppressed the proliferation (Figures S2C and S2D) and
the expression of ER stress markers (Figure S2E) under serum-starva-
tion and glucose-starvation conditions in CRC cells. Moreover, the
UPR inhibitor GSK2606414 could attenuate the effects of KLF16 on
cellular proliferation in glucose-starvation conditions (Figure S2F).
These data collectively implied that KLF16 promotes cell proliferation
in CRC by regulating the UPR. In addition, we examined the expres-
sion of KLF16 in CRC tissues. As shown in Figures 1C-1E, compared
with matched paracancerous tissues, both the mRNA and protein
expression levels of KLF16 were dramatically higher in CRC tissues.
Correlation analysis demonstrated that the high expression of
KLF16 was positively correlated with aggressive clinicopathological
characteristics (Table S1). Meanwhile, Kaplan-Meier analysis showed
that CRC patients with higher levels of KLF16 expression had shorter
survival (Figure 1F), and KLF16 was proved to be an independent pre-
dictor using Cox regression analysis (Table S2).

KLF16 interacts with the nucleolar proteins NPM1 and FBL

To gain molecular insight, we next performed anti-KLF16 imm-
unoprecipitation (IP) assays followed by liquid chromatography-
tandem mass spectrometry (LC-MS/MS) analysis. The enrichment
analysis of LC-MS/MS results (accession number: IPX0004
454000) suggested that KLF16 coprecipitated with many proteins
associated with ribosome biogenesis in eukaryotes. It is worth
noting that, of the 286 genes required for pre-rRNA processing in
the nucleolus,”” 14 were identified in the KLF16 LC-MS/MS dataset
(Figure S3A). Of particular interest are NPM1 and FBL, which are
regarded as markers and essential regulators of the nucleolus.”®

IP assays verified that KLF16 can interact with NPM1 and FBL
(Figures 2A and 2B). We further examined the subcellular localization
of KLF16 by immunofluorescence (IF) and observed that ER stress
induced an accumulation of endogenous KLF16 in nucleoli and
increased colocalization between KLF16 and either NPM1 or FBL
in SW480 cells (Figures 2C and 2D). Both NPM1 and FBL are
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Figure 1. KLF16 regulates UPR activity and its expression in CRC
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(A) KLF16 expression was knocked down by specific siRNA. After 48 h of the transfection, siNC and siKLF16 SW480 cells were treated with 100 nM thapsigargin (Tg) for
the indicated time points, followed by western blotting (WB) assays, with B-actin as loading control. (B) KLF16 expression was knocked down by specific SiRNA. After 24 h
of the transfection, sINC and siKLF16 SW480 cells were treated with tunicamycin (0, 5, 5 x 10, 5x10%, 5x10% and 5 x 10*ng) or Tg (0, 5 x 107", 5,5 x 10, 5x10°, and
5 x 10° nM) for 72 h, and the cell growth rate was tested by the CCK-8 assay. Data represent the mean + SD from n = 3 biologically independent experiments. Statistical
significance was determined by a 2-way ANOVA. (C) Quantitative real-time-PCR analysis of KLF16 mRNA expression in 30 CRC tissues and matched paracancerous tissues.
Statistical significance was determined by a 2-tailed paired Student’s t test. (D) WB assays of KLF16 protein expression in 12 CRC tissues and matched paracancerous
tissues. B-Actin was used as loading control. (E) Representative IHC staining for KLF16 in CRC tissues and matched paracancerous tissues. Scale bar, 100 um (20 pm
for insets). (F) Kaplan-Meier analysis of OS in patients with stages Il to Il CRC with low versus high expression of KLF16 protein from SYSUCC cohorts (n = 145). Statistical

significance was determined by a log rank test.

upregulated in CRC based on the GEPIA database (Figure S3B).
Moreover, knockdown NPMI or FBL can significantly reduce the
proliferation of CRC cells (Figure S3C), which further supports a
role for NPM1/FBL in the biological function of KLF16 in CRC.

To explore the relationships between KLF16/NPM1/FBL, we silenced
NPM1 or FBL with small interfering RNA (siRNA). NPM1 knock-
down significantly attenuated the interaction between KLF16 and
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FBL, whereas FBL knockdown had little effect on the interaction be-
tween KLF16 and NPM1 (Figure 2E). Moreover, NPM1 knockdown
significantly decreased the nucleolar localization of KLF16 (Fig-
ure S3D). The translocation of KLF16 was also observed in the pres-
ence of BMH21, an inhibitor of ribosome biogenesis that also triggers
the translocation of NPM1 into the nucleoplasm29 (Figure S3D).
These data suggest that NPM1 is necessary for the formation of the
KLF16/NPM1/FBL complex.
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Figure 2. KLF16 interacts with NPM1 and FBL
(A) FLAG-KLF16 overexpression plasmids (OE-KLF16) and normal controlled plasmids (NC) were transfected into 293T cells. After 48 h of the transfection, cells were
subjected to IP assay. Silver staining was carried out after IP assays. The arrows indicate the additional band present in OE-KLF16 cell extracts. (B) Anti-KLF16 antibody was

(legend continued on next page)
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Reciprocal IP of NPM1 revalidated the KLF16/NPM1/FBL interac-
tion, and KLF16 knockdown significantly decreased the NPM1-FBL
interaction (Figure 2F). The oligomerization of NPM1 is critical for
its participation in rRNA synthesis, processing, and quality
control.’ > We therefore conducted IP assays of exogenously ex-
pressed FLAG-tagged NPM1 and myc-tagged NPM1 and found
that KLF16 knockdown disrupted NPMI1 oligomerization (Fig-
ure 2G). Our data collectively revealed that KLF16 binds NPM1
and FBL in the nucleolus.

N-terminal oligomerization domain (NTD) of KLF16 is necessary
to nucleolus-nucleoplasm shuttling of KLF16

There are three highly conserved Cys2-His2 zinc fingers (C2H2) in
KLF family members that are recognized as DNA-binding
domains.””* The C2H2 domains are also involved in the nuclear
localization of these proteins.”**”
domains can recruit differential cofactors and perform different bio-
logical functions.™*

In contrast, the variable N-terminal

We constructed three deletion-mutant KLF16 plasmids (Figure 3A).
As shown in Figure 3B, KLF16AC2H2 failed to bind with NPM1,
whereas KLF16ACTD (C-terminal nucleic acid-binding domain)
and KLF16ANTD could still bind NPM1 with much reduced affinity.
It is worth noting that none of the fragments can bind with FBL.
KLF16AC2H2 indeed did not localize to the nucleolus, while
KLF16ANTD accumulated in the nucleolus compared with the full-
length (FL) protein (Figure 3C). The result revealed that the NTD
of KLF16 is important to nucleolus-nucleoplasm shuttling of
KLF16. The formation of KLF16/NPM1/FBL complex depends on
much more than only molecular localization of KLF16 as
KLF16ANTD accumulated in the nucleolus but with lower affinity.

We next sought to determine which domain of NPM1 is vital for the
formation of KLF16/NPM1/FBL complex. NPM1 possesses an NTD,
an intrinsically disordered region (IDR), and a CTD**** (Fig-
ure S4A). Truncated mutants of NPM1 were transfected into 293T
cells for IP assays. Apart from NPM1ACTD, all truncated mutants
and FL NPM1 could interact with KLF16 and FBL (Figure S4B).
Only NPM1ACTD was unable to localize to the nucleolus (Fig-
ure S4C). These findings suggest that the CTD domain of NPM1 is
essential for the formation of the KLF16/NPM1/FBL complex and
NPMI nucleolar localization.

KLF16ANTD accumulated in the nucleolus, but lost the ability of the
KLF16/NPM1/FBL complex formulation. As NPM is reported to be

Molecular Therapy

nucleolus-nucleoplasm shuttling proteins,”” we then tested the effect
of KLF16ANTD overexpression on localization of NPM1 and FBL. IF
microscopy showed that neither KLF16-OE (overexpression) nor
KLF16ANTD-OE cells affect the localization of NPM1 and FBL
(Figures S4C and $4D).

KLF16 modulates nucleolar homeostasis

The nucleolus is a central response hub for stress.
can modify nucleolar size, shape, and protein subcellular location.
NPML1 is the most abundant protein in the nucleolus and is critical for
fundamental nucleolar processes such as rRNA synthesis, rRNA
modifications, and ribosome assembly, as well as nucleolar structure
and stress response.”****>**> Therefore, we performed a series of

40 .
Various stresses

28,41

experiments examining whether KLF16 affects nucleolar homeosta-
sis. The main function of the nucleolus is rRNA production.”” As
shown in Figures 4A and 4B, similar to the result of NPM1 and
FBL, knockdown of KLF16 decreased the rRNA production of
nascent 47S rRNA and cytoplasmic mature rRNA expression levels.
A 5-ethynyluridine (EU) labeling assay revealed that KLF16 knock-
down suppressed nascent RNA synthesis in the nucleolus (Figure 4C).
Furthermore, KLF16-altered nucleolar morphology resembles the
effect of NPM1. KLF16 knockdown increased the frequency of cells
(Figure 4D). Consistently, Tg
treatment-induced ER stress also affected nucleolar functions
(Figures 4E and 4F). These results inform us that KLF16 regulates
rDNA transcription. Interestingly, the promoter of rDNA is GC
rich,">** and GC-rich genomic regulatory regions serve as potential
binding sites for KLFs.”* Using a dual-luciferase reporter system of
the rDNA promoter, we found that ER stress inhibited rDNA pro-
moter activity, and that this effect was reversed by KLF16-OE (Fig-
ure 4G). Together, these experiments confirm the essential role of
KLF16 in the nucleolar homeostasis of stressed cells.

with nucleolar abnormalities

KLF16 promotes cap-independent translation during ER stress

The nucleolus is the factory of ribosome biogenesis.** Dysregulation of
nucleolar homeostasis affects ribosome biogenesis and results in
translational reprogramming.”>™* NPM1 and FBL regulate cap-
independent translation by modulating rRNA 2'-O-Me modifica-
tions.** ! During ER stress, cap-dependent translation is inhibited
by phosphorylated elF2a and cap-independent translation activates
concomitantly.” We thus proposed that KLF16 functions with NPM1
and FBL to modulate cap-independent translation during ER stress.

There are two upstream open reading frames in the 5’ untranslated
region (5'UTR) of ATF4 that guarantee its upregulation during ER

used for endogenous IP assays in cell extracts from exponentially growing SW480, DLD-1, or 293T cells. Mouse immunoglobulin G (IgG) was used as a negative control. (C)
Immunofluorescence (IF) staining of SW480 cells treated with DMSO or Tg and stained with anti-NPM1 (green) and anti-KLF16 (red) antibodies. DAPI staining shows nuclei.
Line graphs represent signal intensity along the arrow bars for each protein. Scale bar, 20 pum (5 um for insets). (D) IF staining of SW480 cells treated with DMSO or Tg and
stained with anti-FBL (green) and anti-KLF16 (red) antibodies. DAPI staining shows nuclei. Line graphs represent signal intensity along the arrow bars for each protein. Scale
bar, 20 um (5 um for insets). (E) OE-KLF16 and NC plasmids were transfected into 293T cells. After 48 h of the transfection, cells were subjected to IP assay followed by WB
assays with the indicated antibodies. (F) Endogenous IP of NPM1 antibody in siNC and siKLF16 SW480 cells followed by WB assays with the indicated antibodies. (G) After
12h of the transfection with FLAG- and myc-tagged NPM1-expressing plasmids, 293T cells were transfected with siRNA. After 36 h of the transfection, cells subjected to IP
assay of the exogenously expressed FLAG-NPM1 to show the interactions between NPM1 proteins in siNC and siKLF16 cells.
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KLF16-GFP
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(A) Domain organization of the KLF16 protein and its truncated mutants. (B) KLF16 or KLF16-mutant plasmids were transfected into 293T cells. IP assays were carried out
48 h after transfection and followed by WB assays with the indicated antibodies. (C) Laser scanning confocal microscopy was used 48 h after transfection to monitor the
distribution of GFP-tagged KLF16 with full-length or truncated mutants. Scale bar, 20 pm.

stress.”> BIP and c-MYC are also reported to translate in a cap-
independent manner through the internal ribosome entry site
(IRES).>® Therefore, we constructed a translation-reporter plasmid
and inserted the 5UTR of ATF4 as well as IRES elements of BIP
or ¢-MYC to test their translational activity’™' (Figure 5A).
Compared with the control group, the Fluc/Rluc ratio that reflects
ATF4, BIP, and ¢-MYC translational activity was significantly
decreased upon KLF16 knockdown during ER stress (Figures 5B,
S5A, and S5B). Ectopic OE of NPM1 and FBL increased translational
activities, and this effect was reversed by KLF16 knockdown
(Figures 5C and S5C).

We then arranged time-dependent IRES-reporter assays and IP as-
says. In IRES-reporter assays, KLF16-knockdown affected the
translational activity of CRC cells immediately (Figure S5D).
NPM1/FBL/KLF16 complex formed within 30 min after cells
were exposed to ER stress (Figure S5E). Together, these
experiments provide some evidence to support the idea that
KLF16 can regulate translation as soon as cells are exposed to
ER stress.

Polysome profiling assays were performed to further validate the reg-
ulatory role of KLF16 on translational regulation. KLF16 knockdown
resulted in a lower abundance of the mRNA of ATF4, BIP, and c-
MYC in heavy polysome (HP) fractions, which indicates reduced

translational activity (Figures 5D, 5E, S5G, and S5H). The distribu-
tion of those mRNAs was visualized by DNA agarose gel
(Figures 5D, 5E, S5D, and S5E), and there was no significant change
in cells cultured under normal conditions (Figure S6). These results
strongly suggest that KLF16 enhanced cap-independent translational
activity of target mRNAs during ER stress. Moreover, polysome
profiling assays and puromycylation assays showed that KLF16
knockdown reduced global protein synthesis during ER stress
(Figures 5F and 5G). Indeed, FBL or NPM knockdown reduced the
protein level of ATF4, BIP, and ¢c-MYC in stressed CRC cells
(Figure 5H).

KLF16 increases stress tolerance of CRC by enhancing ATF4-
dependent ER-phagy

To maintain cellular proteostasis in response to ER stress, cells
emerge ER-phagy to recycle large amounts of misfolded proteins
and membranous compartments.”*>® To investigate whether
KLF16 regulates ER-phagy, we next carried out an ER-phagy reporter
assay. Using an ssRFP-GFP-KDEL plasmid, in which red fluorescent
protein (RFP) and GFP fluorescence are detected in ER lumina but
GFP fluorescence is quenched inside acidic lysosomes (Figure 6A),”®
we examined the ER-phagic flux by measuring the number of spots
that showed only RFP fluorescence. KLF16 knockdown reduced the
number of RFP*GFP ™ spots, indicative of decreased ER-phagic flux
during ER stress (Figure 6B).
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Figure 5. KLF16 regulates cap-independent translation activity of specific genes in the UPR

(A) Diagram of the translation-reporter plasmid testing cap-independent translation. (B) ATF4 translation-reporter plasmids were transfected into SW480 cells or DLD-1 cells.
After 12 h of the first transfection, the indicated siRNAs were transfected. Cap-independent translation activity of ATF4 was measured 36 h after the second transfection by
using dual-luciferase assays. Data represent the means + SDs from n = 3 biologically independent experiments. Statistical significance was determined by a 2-tailed Stu-
dent’s t test. (C) ATF4 translation-reporter plasmids and OE plasmids were co-transfected into SW480. After 12 h of the first transfection, the indicated siRNAs were trans-
fected. Then, cap-independent translation activity of ATF4 was measured 36 h after the second transfection by using dual-luciferase assays. Data represent the means + SDs

(legend continued on next page)
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ATF4 is essential for ER-phagy.” Moreover, upregulated ATF4 can
promote CRC initiation, progression, and chemotherapy resis-
tance.””*’ We next assessed whether ATF4 mediates the biological
function of KLF16. As shown in Figures 6C and 6D, ATF4 knock-
down reversed the oncogenic effect of KLF16-OE.

We next determined whether NPM1 and FBL can regulate ER-phagy.
ER-phagic flux assay was performed after silencing NPM1 or FBL.
The results showed that NPM1 and FBL knockdown reduced the
ER-phagic flux, which can be reversed by KLF16-OE (Figure 6E).

In addition, lentivirus-mediated stable knockdown of KLF16 greatly
inhibited the growth of subcutaneous transplanted tumors in nude
mice (Figure 7A), whereas its overexpression conferred a significant
growth advantage to the transplanted tumors (Figure 7B). We de-
tected the expression of ATF4 in xenograft tumor tissue samples
and demonstrated that the expression of ATF4 was significantly
increased in the KLF16-OEgroup (Figure 7C).

Finally, we measured the protein levels of KLF16 and ATF4 in cases of
early-stage CRC by immunohistochemistry (IHC). Correlation anal-
ysis showed a positive correlation between KLF16 and ATF4
(Figures 7D and 7E). These data suggest that ATF4-mediated ER-
phagy is critical for KLF16-driven carcinogenesis of CRC.

DISCUSSION

Growing evidence demonstrates the importance of translational re-
programming in carcinogenesis and cancer progression.’ Stress in-
hibits cellular cap-dependent translation and cancer cells rely on
alternating translation mode for the upregulation of stress-related
genes to accommodate unremitting proliferation and maintain their
competitive advantage.”®> In CRC, an integrated proteogenomic
analysis illustrated that mRNA transcript abundance does not reliably
predict protein abundance.®® The research highlights the importance
of translation steps in shaping the proteome of cancer cells. The
current understanding of how KLF16 contributes to the malignant
progression of cancers has focused on its ability to transcriptional
regulation.”****> We show here that KLF16 also plays a critical role
in translational regulation during ER stress. Mechanistically, KLF16
was recruited to the nucleolus during ER stress. By strengthening
the interaction between NPM1 and FBL, KLF16 dysregulates nucle-
olar homeostasis and cap-independent translation of ATF4, BIP,
and c-MYC, and thus enhances cellular stress tolerance of CRC cells.
Our findings identify KLF16 as a key regulator of translational re-
programming, linking nucleolar homeostasis with ER stress.

Molecular Therapy

Upstream signaling pathways, such as WNT, MAPK, and PI3K/
AKT, play an important role in translational reprogramming
in CRC,®" but the contribution of ribosomes is relatively underap-
preciated. Our present work shows that KLF16 promotes rDNA
transcription and knockdown KLF16 downregulates mature
rRNA production and induces abnormal nucleolar morphology.
Although we did not observe a significant change in cell prolifer-
ation under normal conditions after KLF16 knockdown, we
noticed that the difference becomes appreciable under conditions
that cause stress to cells and better mimic in vivo environments.
Ribosome biogenesis is a major energy-consuming process and
therefore it is well orchestrated but vulnerable to various stresses.**
Some previous studies have suggested that UPR is interconnected
with nucleolar homeostasis. PERK/p-elF2a activation not only can
inhibit Pol I activity activation but it can also increase free ribo-
somal proteins, which in turn regulate UPR and stress response
in the nucleolus.®”™®° Here, we investigated the contribution of
KLF16 in translational control and nucleolar homeostasis during
ER stress, and established an unrecognized stress/KLF16/nucle-
olus/translation regulatory axis.

The exquisite manipulation of translational regulation reflects a
powerful means for adaption in cancers.”” Rapid technological ad-
vances have raised our understanding that the intrinsic translational
control of ribosomes is modulated through rRNA modification.*’
Previous reports have proposed that NPMI1 and FBL regulate
cap-independent translation by modulating rRNA 2'-O-Me modifi-
cations””” and that NPMI is reported to recruit other partners
into the nucleolus to facilitate nucleolar homeostasis.’® While we
do not define the precise mechanism, our data show that ER stress
can induce KLF16 recruitment to the nucleolus, and therefore accu-
mulation of the KLF16/NPM1/FBL complex in CRC cells and the
transformation of translation mode. TF EZH2 is involved in can-
cer-related translational regulation via direct interaction with
FBL.”' Together with our findings, these reports exemplify a model
in which TFs can modulate translational reprogramming by interact-
ing with nucleolar proteins.

We constructed three mutants of KLF16, none of which could
form the KLF16/NPM1/FBL complex. Since KLF16ANTD and
KLF16ACTD still can be detected in the nucleolus, we speculate
that the formation of the KLF16/NPM1/FBL complex is partly depen-
dent on the nucleolar localization of KLF16. The KLFI6ANTD
mutant showed increased accumulation in the nucleolus compared
to FL-KLF16. Clearly, further studies are needed to investigate the

from n = 3 biologically independent experiments. Statistical significance was determined by a 2-tailed unpaired Student’s t test. (D and E) Polysome of the SW480 (D) and
DLD-1 (E) cells with Tg treatment were extracted and subjected to a 10%-50% sucrose gradient by ultracentrifugation. Twelve polysome fractions were collected from top to
bottom, followed by RNA extraction. ATF4 and GAPDH mRNA expression in each fraction was determined by quantitative real-time-PCR (upper) and visualized by DNA
agarose gel (lower). The relative amounts of non-polysome (fractions 1-4), light polysome (fractions 5-8), and heavy polysome (fractions 9-12) were derived from 3 indepen-
dent experiments and shown as means + SDs. Statistical significance was determined by a 2-tailed unpaired Student’s t test. (F) The overview of polysome profiling assays.
KLF16 expression was knocked down by specific siRNA. After 36 h of the transfection, siNC and siKLF16 SW480 cells were exposed to Tg treatment or not. (G) SW480 cells
were transfected with indicated siRNAs. After 48 h of transfection, global protein synthesis was quantified by puromycylation assay. (H) SW480 cells transfected with the
indicated siRNAs. After 48 h of transfection, cells were treated with or without Tg and followed by WB assays.
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(A) Diagram of ssRFP-GFP-KDEL reporter of ER-phagy. (B) After 12 h of the transfection with ssRFP-GFP-KDEL plasmids, SW480 cells were then transfected with indicated
siRNA. After 24 h of the transfection, cells were exposed to glucose starvation conditions for 30 h. Representative images and number of ssRFP*/GFP~ spots in siNC and
SiIKLF16 SW480 cells during ER stress. The means + SDs of the quantification of 30 cells from 3 biologically independent experiments are shown. Statistical significance was
determined by a 2-tailed unpaired Student’s t test. Scale bar, 10 um. (C) ssRFP-GFP-KDEL plasmids and OE-KLF16 plasmids were transfected into SW480 cells. After 12 h
of the first transfection, cells were then transfected with indicated siRNA. After 24 h of the second transfection, cells were exposed to glucose starvation conditions for 30 h.
Representative images and number of ssRFP*/GFP~ spots in NC or OE-KLF16 SW480 cells with or without ATF4 knockdown during ER stress. The means + SDs of the
quantification of 30 cells from 3 biologically independent experiments are shown. Statistical significance was determined by a 2-tailed unpaired Student’s t test. Scale bar,
10 um . (D) CCK-8 assays assessed the proliferative capacity of NC or OE-KLF16 SW480 cells with or without ATF4 knockdown. Data represent the means + SDs fromn =4

(legend continued on next page)
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specific molecular mechanisms that regulate the KLF16/NPM1/FBL
complex and the nucleolar recruitment of KLF16 during stress.

Abundant endogenous stress-sensitive proteins reversibly enter the
nucleolus upon stress and associate with NPM1.*' NPM1 knockdown
decreased the nucleolar localization of KLF16, but our data do not
determine that the translocation is directly mediated by NPM1 or
simply the result of nucleolar dyshomeostasis. The NTD of NPM1
mediates its oligomerization and interaction with arginine-rich pro-
teins.””*” The CTD of NPMI is required for binding with nucleotides
as well as nucleolar localization.”®”" Each domain of NPMI is crucial
for its roles in nucleolar organization and liquid-liquid phase separa-
tion.””** We found that the NPMACTD mutant failed to localize to
the nucleolus, whereas the other mutants and the FL NPM1 were en-
riched in the nucleolus. Moreover, NPMACTD failed to interact with
KLF16 and FBL. Therefore, the CTD of NPM1 is essential for the for-
mation of the KLF16/NPM1/FBL complex.

Recognizing translational regulators that are preferentially overex-
pressed in cancers can be envisioned to provide potential therapeutic
targets.”” In this study, we revealed that upregulated KLF16 serves as a
predictive factor of poor prognosis in CRC patients and may be
accompanied by significant cellular stress adaptation. We show that
KLF16 interacts with NPM1 and FBL to regulate nucleolar homeosta-
sis and translational reprogramming during ER stress, and thus to
enhance stress tolerance and pathogenesis in CRC. Importantly, we
also valued the contribution of ATF4-dependent ER-phagy to
KLF16-driven CRC carcinogenesis. These findings provide insight
into the role of ER stress and nucleolar homeostasis in CRC patho-
genesis and identify possible targets for therapy.

MATERIALS AND METHODS

Cell culture

Cell lines were purchased from American Type Culture Collection
(ATCC) and maintained in a humidified incubator with 5% CO, at
37°C. SW480 and DLD-1 cells were cultured in Roswell Park Memo-
rial Institute 1640 (#C11875500BT Invitrogen, Waltham, MA, USA),
and 293T cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (#C11995500BT, Invitrogen). For the glucose starvation as-
says, cells were cultured in DMEM, not glucose medium (#11966025,
Invitrogen). All of the media were supplemented with 10% fetal
bovine serum (FBS) (PAN, Adenbach, DER, #ST30-3302) and
1 x penicillin-streptomycin  solution (#BL505A, Biosharp, Hefei,
China).

Patients and samples

All of the tissues were collected from patients who underwent opera-
tions between 2006 and 2012 at the Sun Yat-sen University Cancer
Center (SYSUCC), Guangzhou, China. A total of 145 cases of II/III
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CRC tissue samples (including adjacent healthy tissues) and another
cohort of 106 cases of stage I/II CRC tissue samples were used. The
CRC cases were selected as following inclusion criteria: clear patho-
logical diagnosis, complete follow-up data, and the absence of previ-
ous local or systemic treatment. The tumor grade and stage were
defined according to the criteria of the World Health Organization
(WHO) and the sixth edition of the TNM classification of the Inter-
national Union Against Cancer. The institutional review board of
SYSUCC approved this study.

Animal study

Athymic nude mice were purchased from Vital River Laboratories
(Beijing, China), housed under standard conditions in the animal
care facility at the Center of Experimental Animal of SYSCC. A total
of 3 x 10° DLD-1 cells with lentivirus-mediated stable knockdown or
stable overexpression of KLF16 were injected subcutaneously into
the dorsal flanks of 4- and 5-week-old female athymic nude mice
(n = 6/group). After 2 weeks, mice were sacrificed, and tumors
were excised and weighed.

All of the procedures were approved by the Sun Yat-sen University
Animal Care and Use Committee.

siRNA and plasmid transfection

The siRNAs specifically targeting KLF16, NPM1, FBL, and ATF4,
and normal control siRNA (siNC) were synthesized by RiboBio
(Guangzhou, CHN). The siRNAs transfected with
LIPOFECTAMINE 2000 (#11668019, Invitrogen) or with
INTERFERin (#409-10, Polyplus Transfection, Strasbourg, France).

were

The short hairpin RNAs (shRNAs) of KLF16, rDNA promoter-re-
porter, and translation-reporter plasmids modified by
FulenGene (Guangzhou, China). For the construction of the transla-
tion reporter, we modified a pGL3-Rluc-X-luciferase plasmid, which
can transcribe a single mRNA both encode renilla luciferase and firefly
luciferase, and the translational regulatory sequence of target genes are
inserted in between. The sequence of IRESs was obtained from
IRESbase (http://reprod.njmu.edu.cn/cgi-bin/iresbase/index.php).

were

KLF16 and NPM1 FL or truncated mutant plasmids were purchased
from GeneCreate Biotech (Wuhan, China). The ER-phagy reporter
pCW57-CMV-ssRFP-GFP-KDEL was obtained from Addgene
(128257; Watertown, MA, USA). LIPOFECTAMINE 2000 or
jetPRIME (#114-15, Polyplus Transfection) were used for plasmids
transfection.

Western blotting (WB) and IP assay
Cells were harvested and lysed by IP lysis buffer (25 mM Tris-HCI,
150 M NaCl, 1 mM EDTA, 1% NP40, 5% glycerin) supplemented

biologically independent experiments. Statistical significance was determined by a 2-way ANOVA. (E).ssRFP-GFP-KDEL plasmids and indicated plasmids were transfected
into SW480 cells. After 12 h of the first transfection, cells were then transfected with indicated siRNA. After 24 h of the second transfection, cells were exposed to glucose
starvation condition for 30h. Representative images and number of ssRFP+/GFP- spots in SW480 cells. The mean + SD of the quantification of 30 cells from 3 biologically
independent experiments is shown. Statistical significance was determined by a two-tailed unpaired Student’s t test. Scale bar, 10 um.
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tumors are presented. Data represent the means + SDs of the tumor weight. Statistical significance was determined by a 2-tailed unpaired Student’s t test. (B) 3 x 1 0°DLD-1
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with protease inhibitor cocktail. Equal amounts of protein lysates
were resolved by 10% SDS-PAGE gels and then transferred on a
polyvinylidene fluoride (PVDF) membrane (#3010040001, Roche,
Basel, Switzerland). After blocking using 5% milk, the membrane
was incubated with the primary antibody at 4°C overnight, then
hybridized with a secondary antibody at room temperature (RT)
for 1 h. The immunoreactive signals were visualized by High-sig
ECL Western Blotting Peroxide Buffer (#180-5001W, Tanon,
Shanghai, China).

For IP experiments, cell extracts were pre-cleared by incubation with
Dynabeads protein A/G (#10002D/10004D, Invitrogen) for 1 h at 4°C
in a roll shaker. Thereafter, antibodies were mixed into the lysates
with newly added Dynabeads and incubated at 4°C overnight. Immu-
nocomplexes were collected on a magnetic separator, washed five
times with IP lysis buffer, and eluted in 1x SDS sample buffer for
WB analysis. The antibodies used in this study are listed in Table S3.

Silver staining and LC-MS/MS analysis

Silver staining was performed using the Fast Silver Stain Kit
(#P0017S, Beyotime, Shanghai, China) as the protocol described,
while LC-MS/MS and protein identification and quantification were
accomplished by BGI (Shenzhen, China). Gel electrophoresis is
used to separate the sample proteins, and then the peptides were ex-
tracted from protein gel strips after enzymatic digestion. LC-MS/MS
(UltiMate 3000 UHPLC [ultra-high performance liquid chromatog-
raphy] and Q-Exactive HF X, Thermo Fisher Scientific, Waltham,
MA, USA) is used to obtain the mass spectrum of the proteins in these
gel strips, and finally the protein identification software is used to
identify the proteins in the samples.

Puromycylation assay

To analysis global protein synthesis, cells were pretreated with the
elongation inhibitor cycloheximide (CHX) (100 pg/mL) for 10 min.
Then, 10 pg/mL puromycin was incorporated in the culture medium
for 30 min at 37°C. The whole-cell protein extracts were immediately
prepared, and the nascent polypeptide chain was detected by WB
assay using a specific anti-puromycin antibody.

RNA extraction and quantitative real-time PCR analysis

Total RNA extraction was performed using the TRIzol reagent
(#15596018, Invitrogen) following the manufacturer’s instructions.
The obtained RNA was then reverse transcribed into complemen-
tary DNA using a Prime Script RT Reagent Kit (#RR036A Takara
Bio, Dalian, China) and diluted 1:10 in double-distilled water to
use as a template for quantitative real-time PCR, which was carried
out with iTaq Univer SYBR Green Supermix (#1725122Bio-Rad
Laboratories, Hercules, CA, USA). The primer sequences are listed
in Table S4.

Isolation of cytoplasmic and nuclear RNA

Cytoplasmic and nuclear RNA fractions were isolated by using the re-
agents supplied in the PARIS Kit (#AM1556, Thermo Fisher Scienti-
fic). Briefly, cells were lysed in cell fraction buffer on ice for 10 min.
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After centrifugation at 500 x g for 3 min at 4°C, the supernatant
was collected as the cytoplasmic fraction. For nucleolus isolation,
the pellet was dissolved in cell disruption buffer. Then, the RNA isola-
tion followed the manufacturer’s instructions.

Polysomal fractionation

For polysome preparation, cells were incubated with CHX
(100 pg/mL) for 10 min and then washed with ice-cold PBS contain-
ing CHX (100 pg/mL). Thereafter, cells were scraped and collected in
polysome extraction buffer (10 mM Tris-HCl, 5 mM MgCl,,
and 100 mM KCl, 100 pg/mL CHX, 2 mM DTT [#707265ML,
Invitrogen], 20 U/mL RNase inhibitor (#¥N8080119, Invitrogen],
EDTA-free protease inhibitors [#4693132001-1, Roche], 1% Triton
X-100). The nuclei and debris were discarded after a 16,000 x g,
10-min centrifugation. Then, 500 uL supernatant fluid was loaded
on a 10%-50% sucrose gradient (20 mM HEPES-KOH, 5 mM
MgCl,, 100 mM KCI, 100 pg/mL CHX, 2 mM DTT, and 10 U/mL
RNase inhibitor) and centrifuged for 2 h at 36,000 rpm at 4°C in a
Beckman SW41Ti rotor. Polysome profiles were reordered using a
UA-6 absorbance detector connected to the fraction collector and
measuring absorbance at 260 nm. RNA from each fraction was sub-
sequently extracted with TRIzol. The cDNA was separated by 2%
agarose gel electrophoresis and visualized by ethidium bromide stain-
ing or subjected to quantitative real-time PCR assay for further
analysis.

Cell Counting Kit-8 (CCK-8) assay

We used the CCK-8 (HY-K0301, MCE, Monmouth Junction, NJ,
USA) to measure the proliferation of DLD-1 and SW480 cells. A total
0f 1200 cells were cultured in 4 replicate wells in a 96-well plate. Then,
10 pL CCK-8 reagent was added to 90 uL FBS free medium to
generate a working solution, 100 pL of which was added per well
and incubated for 2 h. Finally the absorbance was measured at
450 nm.

EU labeling assay

To capture the newly synthesized nascent RNAs, 0.2 mM EU was
added to the culture medium for 2 h at 37°C. EU-incorporated
RNAs were visualized by using the Cell-Light EU Apollo 488
In Vitro Imaging Kit (#C10316-3, RiboBio) in accordance with the
manufacturer’s instructions.

IF staining

The cells were fixed with 4% formaldehyde solution for 20 min and
then washed with PBS solution 3 times at RT. Subsequently, the cells
were permeabilized with 0.5% Triton X-100 in PBS solution for
30 min. After blocking with 5% BSA in PBS at RT for 1 h, the cells
were incubated with primary antibody diluted in blocking solution
at 4°C overnight. The following day, the cells were incubated with
the secondary antibodies for Alexa Fluor 488 (#SA00003, Protein-
tech, Rosemont, IL, USA) and Alexa Fluor 594 at RT for 1 h.
Then, the cells were stained with DAPI for 10 min and washed
3 times for 5 min with PBS. Epifluorescence images were imaged
with a Zeiss LSM880 microscope (Zeiss, White Plains, NY, USA).
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For the RNase R treatment, the living cells were pre-permeabilized
with 0.05% Triton X-100, and then 1 mg/mL RNase A was used
for 10 min at RT before staining.

Reporter luciferase assay

For luciferase reporter assays, cells were transfected with translation-
reporter plasmids or IDNA promoter-reporter. Thirty-six hours after
transfection, luciferase activity was measured using the Dual Lucif-
erase Reporter Assay Kit (#DL101-01, Vazyme Biotech, Nangjing,
China) following the manufacturer’s instructions.

IHC staining

Paraffin-embedded sections were deparaffinized and rehydrated and
were then subjected to antigen retrieval for 8 min in EDTA (pH = 8.0).
After the sections were cooled to RT, 3% H,0, was used to block
endogenous peroxidases. The sections were blocked with 10% BSA
and incubated with the anti-KLF16 or anti-ATF4 primary antibody
ata 1:100 dilution overnight at 4°C. After incubation with the second-
ary antibody, immunodetection was performed with DAB staining
(#DAB-0031MXB, Fuzhou, China,). The immunohistochemical score
(IHS) of KLF16 and ATF4 were determined by combining the
staining intensity score (1, negative; 2, weak staining; 3, moderate
staining; 4, strong staining) and the percentage of positively stained
tumor cells.

Statistical analysis

All of the experiments were carried out at least 3 times and presented
as mean = standard deviation (SD). We have indicated the n values
used for each analysis in the figure captions. Statistical analyses
were performed using GraphPad Prism (version 7.0; GraphPad, San
Diego, CA, USA) or SPSS (version 19.0, SPSS Statistics, Armonk,
NY, USA).

For survival analysis, the median was used as the optimal cutpoint for
KLF16 expression. The correlation between KLF16 and the clinico-
pathological features of patients with CRC was analyzed using the
% test or Fisher’s exact test. For univariate survival analysis, survival
curves were obtained using the Kaplan-Meier method. The Cox pro-
portional hazards regression model was used for multivariate survival
analyses. Pearson’s correlation was used to analyze the relative IHS of
KLF16 and ATF4. Other measurements were analyzed using a two-
tailed Student’s t test or analysis of variance (ANOVA) where
appropriate.
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