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Recently, cytoophidium, a nonmembrane-bound intracellular
polymeric structure, has been shown to exist in various organ-
isms, including tumor tissues, but its function and mechanism
have not yet been examined. Examination of cytoophidia-
assembled gene inosine monophosphate dehydrogenase
(IMPDH) and cytidine triphosphate synthetase (CTPS)
mRNA levels showed that only IMPDHI levels were signifi-
cantly higher in the clear cell renal cell carcinoma (ccRCC).
IMPDH1 was positively correlated with the metastasis-related
gene Y-box binding protein 1 (YB-1) and served as an indepen-
dent prognostic factor in ccRCC. Kaplan-Meier analysis indi-
cated that patients with tumors that expressed high IMPDH1
levels had a shorter overall survival (OS) and disease-free sur-
vival (DFS). Furthermore, detection of cytoophidia by immu-
nofluorescence staining in ccRCC tissues showed that
IMPDH1-assembled cytoophidia are positively associated
with tumor metastasis. Mechanistically, IMPDH1 and YB-1
formed an autoregulatory positive feedback loop: IMPDH1
maintained YB-1 protein stabilization; YB-1 induced IMPDH1
expression by binding to the IMPDH1 promoter motif. Func-
tionally, IMPDH1-assembled cytoophidia physically interacted
with YB-1 and translocated YB-1 into the cell nucleus, thus
correlating with ccRCC metastasis. Our findings provide the
first solid theoretical rationale for targeting the IMPDH1/
YB-1 axis to improve metastatic renal cancer treatment.

INTRODUCTION

Renal cell carcinoma (RCC), which accounts for 80%-90% of renal ma-
lignancies and 2%-3% of adult malignancies, is mainly composed of
clear cell renal cell carcinoma (ccRCC).! Techniques to understand
ccRCC tumorigenesis and progression are centered on the concept
that ccRCC is a metastatic and metabolic disease, whereby ccRCC cells
are inclined toward specific gene mutations that empower metastatic
and metabolic-related phenotypes. Cancer metastasis is predicted to ac-
count for more than 90% of tumor-related deaths.” The ccRCC, which
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is surrounded by extensive vascularization, possesses a special advan-
tage for local invasion and distant metastasis.” Notwithstanding the
progress in the understanding of the mechanisms involved in metastatic
progression, the specific molecular mechanisms of ccRCC metastasis
remain unclear. Despite aggressive surgical treatment, molecular-tar-
geted therapy, and multidisciplinary treatment, prognosis of metastatic
and advanced ccRCC remains formidable.

In 2010, three independent study groups*® found that cytidine
triphosphate synthetase (CTPS), a rate-limiting enzyme in the de
novo synthesis of nucleotide cytidine triphosphate (CTP), can
assemble filamentous structures named cytoophidia (Greek, meaning
cellular snakes). This structure is not membrane bound and not
associated with any known organelle in mammalian cells. Inosine
monophosphate dehydrogenase (IMPDH), a rate-limiting enzyme
of guanosine triphosphate (GTP) de novo synthesis,” can also form
a filamentous structure similar to the CTPS-assembled cytoophidia.®
IMPDH has two diffusely expressed isozymes: IMPDHI1 and
IMPDH2.” As a pivotal regulator of the intracellular GTP pool,
IMPDH is required for DNA and RNA synthesis and for signal trans-
duction in almost all organisms.'® The morphological structure of cy-
toophidia includes “rods and rings,” “long and linear,” and “spicule or
dot” in human cells. However, in tumor tissues, the morphological
structure of cytoophidia is mainly dot like or filamentous depending
on the tumor tissue type.'”'" The cytoophidia might be associated
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with the tumor cell proliferation rate and metabolic preference and
limited blood supply in hepatocellular carcinoma.'' A recent study''
has shown that cytoophidia exist in various tumor tissues, but their
function and mechanism in renal cancer therein remain unclear.

Y-box binding protein 1 (YB-1), which belongs to the cold-shock
domain (CSD) protein family, has been highly conserved during evolu-
tion.'” Eukaryotic YB-1 proteins are implicated in a wide range of cellular
biological functions, such as orchestrating transcription, as well as RNA
translation by binding DNA or RNA'*'* and playing proto-oncogenic
roles in epithelial-mesenchymal transformation (EMT), cell migration,
and drug resistance in various malignancies."” "’ In particular, YB-1
increases the transcription of cyclin A, topoisomerase IIa, and androgen
receptor (AR).2** Translationally, YB-1 activates Snaill and other
developmentally regulated transcription factors to promote epithelial-
mesenchymal transformation.'> It also activates hypoxia-inducible
factor-lo. (HIFla) to promote sarcoma metastasis.'® Regarding the
expression levels of YB-1 in tumors, YB-1 was reported to be upregulated
in breast cancer and associated with a drug-resistance phenotype.”> As
for other malignant tumors, YB-1 was also reported to be overexpressed
in prostate cancer, colorectal carcinoma, medulloblastoma, pancreatic
adenocarcinoma, and ovarian carcinoma.** Additionally, a recent study
demonstrated that YB-1 overexpression promotes RCC cell invasion.”
However, how YB-1 enters the nucleus to promote the metastasis of
kidney cancer remains unclear.

In this study, for the first time, we found that IMPDHI1-assembled cy-
toophidia translocated YB-1 into the cell nucleus and correlated with
tumor metastasis. IMPDH]1 and YB-1 formed an autoregulatory pos-
itive feedback loop. Our findings reveal the function and mechanisms
of IMPDHI in tumors. The IMPDH1/YB-1 positive feedback loop
may serve as therapeutic targets in metastatic RCC (mRCC) and
advanced RCC.

RESULTS

IMPDH1-Assembled Cytoophidia Are Positively Associated with
Tumor Metastasis

IMPDH and CTPS are the major metabolic enzymes that assemble
the cytoophidia in mammalian cells, both of which have two iso-
zymes, termed IMPDH1 and IMPDH2 and CTPS1 and CTPS2,
respectively.”® Although cytoophidia exist in various tumor tissues,
the mechanisms and function of cytoophidia in renal tumors have
not yet been examined. We first performed in silico analyses of
IMPDH and CTPS expression using The Cancer Genome Atlas
(TCGA) dataset composed of 534 ccRCC cases, including 72 paired
cases. As shown in Figures 1A and SIA-S1C, only IMPDHI1
mRNA levels were significantly higher in the ccRCC tissues than in
the normal tissues, and the patients with metastasis had a higher
IMPDHI expression than the patients with no metastasis. Further-
more, a Kaplan-Meier analysis was conducted to determine whether
the overall survival (OS) and disease-free survival (DFS) of patients
were associated with IMPDH and CTPS expression in tumors. The
Kaplan-Meier analysis indicated that patients with tumors that only
expressed high IMPDH1 levels had a shorter OS and DFS (Figure 1A;
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Figures SIA-S1C). Then, receiver operating characteristic (ROC)
curves were used to analyze the diagnostic value of IMPDHI for
ccRCC in 72 paired cases from the ccRCC TCGA database. As shown
in Figure 1B, IMPDHI had a high area under the curve (AUC) in
ccRCC patients, which means that IMPDHI1 could effectively distin-
guish ccRCC patients from normal tissues. Next, according to the
deep analysis of TCGA database, we found that high IMPDHI1
expression was positively correlated with tumor stage and grade (Fig-
ure 1C; Table 1) and served as an independent prognostic factor (Ta-
ble 2). To confirm the analysis in TCGA database, we performed in
silico analyses of IMPDHI expression using the Oncomine database.
Similar to our previous results, IMPDH1 mRNA levels were signifi-
cantly higher in ccRCC than in normal tissues (Figure 1D).

A recent study reported that cytoophidia are naturally present in a va-
riety of tumor tissues, including renal cancer tissues.'' After confirming
the upregulation of the cytoophidia-assembled protein IMPDHI1 in
ccRCC and metastatic ccRCC tissues, we performed immunofluores-
cence staining analysis in adjacent normal tissues, ccRCC tissues, and
metastatic ccRCC tissues. As shown in Figures 1E, S1D, and S1E, the
number of IMPDHI1-assembled cytoophidia increased in ccRCC and
metastatic ccRCC. Additionally, the number of IMPDHI-assembled
cytoophidia and the ratio of IMPDHI1-assembled cytoophidia in the
nucleus were also highest in metastatic ccRCC (Figures 1E, SID, and
S1E). The above results indicate that IMPDH]1-assembled cytoophidia
are positively associated with ccRCC metastasis.

IMPDH1 Expression Positively Correlates with EMT Markers and
YB-1 Expression

To further identify the relationship between IMPDH1 and the tumor
metastasis signaling pathways, we performed gene set enrichment
analysis (GSEA) to analyze the gene sets that were altered by
IMPDHLI expression in the ccRCC TCGA dataset. Our results showed
that the metastasis, EMT, and hypoxia signaling pathways were high-
ly associated with IMPDHI1 expression (Figure 2A), suggesting that
IMPDHLI is involved in the regulation of tumor metastasis in ccRCC.
Previous studies have shown that YB-1 activates Snaill and other
developmentally regulated transcription factors to promote EMT"”
and activates HIFla to promote tumor metastasis.'® Then, we
analyzed the correlation between IMPDHI1 and EMT markers. As
shown in Figure 2B, IMPDHI1 was positively correlated with YB-1
and mesenchymal markers, including snail, slug, vimentin, and
TWIST1, whereas a negative correlation was identified between
IMPDHI and epithelial markers, including E-cadherin and Kriip-
pel-like factor 4 (KLF4).

Next, we assessed the clinical significance of YB-1 in the ccRCC TCGA
database and found that the results were all consistent with IMPDHI.
As shown in Figure 2C, YB-1 mRNA levels were significantly higher
in the ccRCC tissues than in the normal tissues. Moreover, in metastatic
ccRCC tissues, YB-1 expression levels were higher compared to no met-
astatic ccRCC tissues. Kaplan-Meier analysis indicated that patients
with tumors that expressed high YB-1 levels had a shorter OS (p =
0.0016) and DFS (p = 0.0002) (Figure 2C). The GSEA analysis also
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Figure 1. IMPDH1-Assembled Cytoophidia Are Positively Associated with Tumor Metastasis

(A) IMPDH1 mRNA levels were significantly elevated in TCGA dataset composed of 534 ccRCC cases, including 72 paired cases (N, normal tissues; T, tumor tissues; MO, MO
stage; M1, M1 stage; NO, NO stage; N1, N1 stage). Kaplan-Meier analysis of IMPDH1 in ccRCC patients for OS and DFS. (B) Receiver operating characteristic (ROC) curves
were used to analyze the diagnostic value of IMPDH1 for ccRCC in 72 paired cases from the ccRCC TCGA database. (C) High IMPDH1 expression was positively correlated
with tumor stage and grade (G, grade). (D) IMPDH1 was upregulated in ccRCC tissues compared with normal tissues in Higgins and Jones studies. (E) Immunofluorescence
staining analysis was performed to evaluate IMPDH1-assembled cytoophidia in metastatic ccRCC tissues (N, normal tissues; T, tumor tissues; M, metastatic tissues; scale
bars, 20 um). White arrows are referred to as IMPDH1 cytoophidia presented in the nucleus. The immunostaining quantification methods were to count the number of
cytoophidia entering into the nucleus in each field of view and then take the average of three fields of view. The presentation of the histogram was the result of three in-
dependent experiments. “**p < 0.001, *p < 0.05, compared with the normal tissues.
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Table 1. Correlation between IMPDH1 mRNA Expression and
Clinicopathological Parameters of ccRCC Patients

Table 2. Cox Regression Analysis of Prognostic Risk Factors and Patient
Overall Survival

IMPDHI1 mRNA Expression

Univariate Analysis Multivariate Analysis

Parameter Number Low (n=262) High (n=261) p Value Risk Factors HR  95% CI pValue HR  95% CI p Value
Q < . -
Age (years) <60 260 130 130 Gender 1.065 (1) zi; 0.690
>60 263 132 131 0.965 .
1.286- 1.235-
Gender male 341 152 189 . . . X
Age 1.747 2373 0.000 1.684 2295 0.001
female 182 110 72 0.001 2,289 0456
T stage T1 + T2 334 183 151 T stage 3.099 4194 0.000 0.883 1.606 0.684
T3 + T4 189 79 110 0.004 — _
N stage 3.841 2’8;9 0.000 1.674 2'826;7 0.112
Nstage  NO+NX 507 259 248 7:095 161
2.601- 1.441-
N1 16 3 13 0.011
M stage 3.405 4457 0.000 2.029 2.856 0.000
M stage MO + MX 446 233 213
1.863- 1.038-
M1 77 29 45 0018 G stage 2611 0000 1494 ) 0.031
G stage Gl +G2+GX 244 147 97 - -
TNM stage 3.788 2763 0.000 2.387 1.219 0.011
G3 + G4 279 115 164 0.000 5.194 4.674
TNM stage 1+ 11 316 177 139 . 0.529~ 0.561~
Laterality 0.714 0.962 0.027 0.760 1,030 0.077
II + IV 207 85 122 0.001
IMPDH1 1.784- 1.522—-
Laterality  left 246 110 136 expression 2448 44y 0000 2111, o0 0.000
right 277 152 125 0.020

TNM, tumor, lymph node, metastasis.

showed that the metastasis, EMT, and hypoxia signaling pathways were
highly associated with YB-1 expression (Figure S2A).

To further confirm the interaction between IMPDHI1 and YB-1, we
examined IMPDHI and YB-1 protein levels by immunohistochemical
(THC) staining and western blot analysis in ccRCC cells and specimens.
Similar to our previous result, we observed that IMPDHI positively
correlated with YB-1 expression (Figure 2D). Furthermore, IMPDH1
and YB-1 protein levels were both significantly higher in ccRCC than
in normal tissues (Figures 2D, S2B, and S2C). As shown in Figure S2B,
the expression of IMPDH2, a homologous protein of IMPDH], was not
elevated in renal cancer cells. The Kaplan-Meier analysis indicated that
patients with tumors that expressed high IMPDH1 or YB-1 levels had a
shorter OS (Figure 2D). IHC staining showed that the expression levels
of IMPDHI and YB-1, as well as the ratio of IMPDH1 and YB-1 in the
nucleus, were higher in metastatic ccRCC (Figure S2D). Additionally,
the expression levels of IMPDH1 were positively correlated with
YB-1 in metastatic ccRCC tissues (Figure S2E). Taken together, these
findings suggested that IMPDHI was positively correlated with the
expression of YB-1 and EMT markers in ccRCC.

IMPDH?1 Positively Regulates Tumor Metastasis Signaling
Pathways

As the positive correlation between IMPDHI1 and metastasis, EMT
signaling pathways raised the possibility that IMPDH1 may function
through these pathways. To test this hypothesis, we performed mRNA
sequencing in 786-O cells with stably knocked down IMPDHI. In
addition, there was no significant change in the expression of
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HR, hazard ratio; CI, confidence interval.

IMPDH?2 in renal cancer cells that stably knocked down IMPDH]I,
indicating that small hairpin (sh)IMPDHI could not target IMPDH2
(Figure S3B). Sequencing results revealed that IMPDH1 knockdown
in 786-O cells resulted in an increase in epithelial markers and a
decrease in mesenchymal markers (Figure 3A). However, the
sequencing results showed that IMPDH1 knockdown did not reduce
YB-1 mRNA levels. Subsequently, Gene Ontology (GO) analysis
showed that IMPDHI1 knockdown could positively regulate the pro-
cess of MET (mesenchymal-epithelial transformation) (Figure 3B).
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis showed that the downregulated genes in IMPDHI1 knock-
down cells are mainly enriched in transcriptional misregulation in
cancers, pathways in cancer, cell adhesion molecules (CAMs), and
the Ras signaling pathway (Figure 3C), whereas the upregulated
gene-enriched pathways include the tumor necrosis factor (TNF)
signaling pathway (Figure S3A). Moreover, we verified the sequencing
results at the protein level. As shown in Figure 3D, IMPDH1 knock-
down increased E-cadherin levels and reduced the levels of N-cad-
herin, slug, and vimentin. However, IMPDH2 knockdown did not
change the expression of EMT markers (Figure S3C). Taken together,
these findings suggested that IMPDH]1 could positively regulate tumor
metastasis via EMT signaling pathways.

IMPDH1 and YB-1 Regulate Each Other and Form a Positive
Feedback Loop

The positive correlation between IMPDHI and YB-1 expression raised
the possibility that IMPDHI1 may function through interactions with
YB-1. To test this hypothesis, we performed western blot analysis using
786-O and ACHN cells. As shown in Figure 4A, YB-1 protein
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Figure 2. IMPDH1 Expression Positively Correlates with EMT Markers and YB-1 Expression in ccRCC

(A) GSEA analysis of IMPDH1 mRNA levels and ccRCC signaling pathways. (B) Heatmap depicting the association of IMPDH1 with YB-1, epithelial markers, and
mesenchymal markers. (C) YB-1 mRNA levels were significantly elevated in TCGA dataset composed of 534 ccRCC cases, including 72 paired cases (N, normal tissues; T,
tumor tissues; MO, MO stage; M1, M1 stage; NO, NO stage; N1, N1 stage). Kaplan-Meier analysis of YB-1 in ccRCC patients for OS and DFS. (D) The immunohistochemical
(IHC) staining of ccRCC TMA revealed that IMPDH1 (p < 0.05) and YB-1 (p < 0.01) levels were all significantly higher in ccRCC tissues (scale bars, 50 pum). IMPDH1 levels were
positively correlated with YB-1 (R = 0.1939, p = 0.0175). Kaplan-Meier analysis of IMPDH1 and YB-1 in ccRCC patients for OS (p =0.0104, p =0.0293). **p < 0.01, *p < 0.05.
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expression decreased in IMPDH1 knockdown cells, whereas YB-1 pro-
tein expression levels increased in cells overexpressing IMPDH]1. How-
ever, sequencing results showed that IMPDHI1 did not regulate YB-1
mRNA levels, suggesting that IMPDH1 might control YB-1 function
by regulating stability of the YB-1 protein. We used MG132, a protea-
some inhibitor, to investigate the mechanisms involved in IMPDH]1-
dependent YB-1 stabilization. Treatment of IMPDH1 knockdown
786-0 cells with MG132 increased YB-1 protein accumulation (Fig-
ure 4B), indicating a constitutive YB-1 degradation in IMPDHI knock-
down 786-0 cells. In addition, we also examined the effect of IMPDH1
on ubiquitin modification of YB-1 (Figure S4A). The results showed
that IMPDHI could inhibit the ubiquitination degradation of YB-1.
Accordingly, cycloheximide (CHX) was used to inhibit protein synthe-
sis in 786-O cells with stably knocked down IMPDH], and YB-1 pro-
tein turnover was detected over time. In comparison to control cells,
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knockdown, whereas IMPDHI1 levels were

increased after YB-1 overexpression (Figure 4D).

It has been previously shown that YB-1 can bind

to target gene promoters at the Y-box sequence

(CAAT/ATTG).” To further clarify the mecha-

nism of YB-1 in the regulation of IMPDH1, we

found that the human IMPDHI1 proximal pro-

40 moter region (—1 to —1.5 kb upstream of the

transcription start site [TSS]) had five YB-1 puta-

tive binding sites that could be bound and acti-

vated by YB-1 (Figure 4E). To verify the regulation of IMPDHI1 by

YB-1, we performed luciferase reporter assays with the wild-type

(WT) IMPDHI promoter (—1 to —1.5 kb) and mutant IMPDHI1 pro-

moter (deletions of the YB-1 putative binding sites). As shown in

Figure 4E, YB-1 overexpression promoted WT rather than mutant

luciferase reporter activity in 786-O and ACHN cells, indicating that

YB-1 might bind to IMPDH]1 through the binding sites of the promoter

regions. Moreover, chromatin immunoprecipitation (ChIP) was per-

formed in ACHN cells and indicated that YB-1 could activate IMPDH1

transcription and that YB-1 could bind to the designated regions of the

IMPDH1 promoter (P3: —589 to —720 and P4: —675 to —830, contain-

ing the Y-box) (Figure 4F). Taken together, these results suggested that

IMPDH]1 and YB-1 formed a positive feedback loop: IMPDH1 main-

tained YB-1 protein stabilization; YB-1 induced IMPDH1 expression
by binding to the IMPDHI promoter motif.
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Figure 4. IMPDH1 and YB-1 Regulate Each Other and Form a Positive Feedback Loop

(A) Western blot analysis of YB-1 and IMPDH1 proteins in 786-O and ACHN cells with IMPDH1 knockdown and overexpression. The values indicate protein expression levels
relative to GAPDH. (B) YB-1 protein accumulation was analyzed after treatment with MG132 in 786-O cells. The values indicate protein expression levels relative to GAPDH.
(C) After cycloheximide (CHX) treatment, the half-life of YB-1 protein was analyzed in 786-O cells (vector and shIMPDH1). (D) Western blot analysis of YB-1 and IMPDH1
proteins in 786-O and ACHN cells with YB-1 knockdown and overexpression. The values indicate protein expression levels relative to GAPDH. (E) The human IMPDH1

(legend continued on next page)
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IMPDH1-Assembled Cytoophidia Physically Interact with YB-1
and Translocate YB-1 into the Cell Nucleus

Immunohistochemical staining of ccRCC tissue microarray (TMA) and
the cytoplasm and nuclear protein extraction experiments showed that
both IMPDHI1 and YB-1 were predominantly localized in the cytoplasm
(Figures 2D and S5A), and IMPDHI could maintain the stabilization of
the YB-1 protein. We further explored whether IMPDH1 could bind to
YB-1. Therefore, we performed protein immunoprecipitation (IP) ex-
periments. To confirm the binding of IMPDHI and YB-1, 786-O and
ACHN cells were used to explore the binding of endogenous YB-1 to
IMPDHI1. As shown in Figure 5A, YB-1 was immunoprecipitated
from cell lysates, and endogenous IMPDH1 was examined with anti-
IMPDH-1 antibody by western blot analysis in anti-YB-1 pull-down ly-
sates. We found that YB-1 coimmunoprecipitated with IMPDH1. Vice
versa, IMPDH]1 was immunoprecipitated from cell lysates, and endog-
enous YB-1 was examined with anti-YB-1 antibody by western blot
analysis in anti-IMPDHI pull-down lysates. We found that IMPDH1
also coimmunoprecipitated with YB-1 (Figure 5B). To further identify
the domain of IMPDHLI that binds to YB-1 and the domain of YB-1 that
binds to IMPDH 1, we constructed truncated structures of IMPDH1 and
YB-1 according to previous studies.”*® First, we examined the binding
of the IMPDH]1 truncation structure to YB-1. The glutathione S-trans-
ferase (GST)-IMPDH1 WT and GST-IMPDHI1 (deletion of 108-245
amino acids [aa]) with FLAG-YB-1 proteins were purified for GST-
pull-down and western blot assays to examine the direct binding of
IMPDH1 and YB-1 proteins in vitro. As shown in Figure 5C, the con-
structs of GST-IMPDHI1 (deletion of 108-245 aa) could not bind YB-
1. We also found that GST-IMPDH1 WT coimmunoprecipitated
with FLAG-YB-1 (Figure 5C), indicating that construct capable of
assembling cytoophidia was sufficient for YB-1 binding. Then, FLAG-
YB-1 WT, FLAG-YB-1 C-terminal (C-term; residues 129-324 aa), or
FLAG-CSD (residues 51-128 aa) with myc-IMPDH1 WT were cotrans-
fected into HEK293T. We observed that FLAG-YB-1 WT and FLAG-
YB-1 C-term coimmunoprecipitated with myc-IMPDHI1 (Figure 5D).
We also tested the binding of another subtype of IMPDH, IMPDH2,
to YB-1, and the results showed that IMPDH2 could not bind to YB-
1 (Figure S5B). These findings suggested that only IMPDHI physically
interacted with YB-1.

The previous results have shown that the ratio of IMPDH]1-assembled
cytoophidia in the nucleus increased in the metastatic ccRCC tissues
(Figure 1E), and the anti-IMPDHI staining immunofluorescence re-
sults further confirmed that the IMPDHI-assembled cytoophidia
could enter the nucleus (Figure S6A). Protein binding between
IMPDHI and YB-1 suggested that IMPDH1-assembled cytoophidia
might translocate YB-1 into the nucleus, affecting YB-1 downstream
gene expression, thus promoting the tumor metastasis. To verify this
possibility, we performed immunofluorescence double staining with
anti-IMPDHI1 and anti-YB-1 in 786-O and ACHN cells in the pres-
ence or absence of mycophenolic acid (MPA). MPA treatment

Molecular Therapy

induced only IMPDH-assembled cytoophidia. As shown in Figures
5E, S6C, and S6D, IMPDHI1 typically bound to YB-1 in the cytoplasm,
whereas when IMPDHI1 was assembled into cytoophidia, YB-1 could
bind to cytoophidia and partially enter the nucleus. To further
confirm that IMPDHI1 cytoophidia drive YB-1 into the nucleus, we
examined the proportion of YB-1 into the nucleus between the
IMPDHI1 knockdown group and the control group in the case of
MPA induction. As shown in Figure 5F, knockdown of IMPDHI1
significantly reduced the proportion of nuclear YB-1 proteins in the
presence of IMPDHI1-assembled cytoophidia. The localization of
IMPDHI and YB-1 was shown by immunofluorescence staining after
IMPDHI overexpression or knockdown with/without MPA treat-
ment or with/without YB-1 overexpression (Figure S6B). Moreover,
we performed immunoprecipitation with an anti-IMPDH1 antibody
and analyzed YB-1 binding by western blot experiments in the pres-
ence or absence of MPA. As shown in Figure 5G, in the presence of
MPA, IMPDHI1 could bind more YB-1 protein. Furthermore, the re-
sults of immunoprecipitation with cytoplasm and nuclear protein
extraction indicated that more interaction between IMPDHI1 and
YB-1 occurred in the nucleus under MPA treatment (Figure S6E).
Taken together, these findings suggested that IMPDH1-assembled cy-
toophidia translocated YB-1 into the cell nucleus, thus correlating
with the tumor metastasis.

IMPDH1 Promotes Tumor Cell Invasion and Migration through
YB-1 Signaling

Previous studies have shown that YB-1 promotes tumor metastasis.
In the present study, IMPDH1-assembled cytoophidia could translocate
YB-1 protein into the cell nucleus. Therefore, we first assessed whether
cytoophidia in ccRCC affected tumor metastasis. As shown in Figure 6A,
treatment of 786-O and ACHN cells with MPA promoted tumor cell
migration and invasion, indicating that cytoophidia are involved in
the regulation of tumor metastasis. Moreover, we transfected Myc-
IMPDH1 WT, Myc-IMPDHI1 (deletion of 108-245 aa), and vector
into 786-O cells. As shown in Figure S7A, after MPA stimulation,
immunofluorescence staining with Myc antibody showed that cells
transfected with Myc-IMPDHI (deletion of 108-245 aa) were unable
to form cytoophidia. Transwell experiments showed that the Myc-
IMPDH1 WT group had a stronger migration and invasion ability
compared to Myc-IMPDHI1 (delete 108-245 aa) and the vector group,
whereas Myc-IMPDHI1 (delete 108-245 aa) and the vector group have
similar effects of cell migration and invasion (Figure S7A), indicating
that the assembly of cytoophidia is correlated with cell migration and
invasion in vitro. To further verify the function of cytoophidia, we con-
structed an in vivo metastatic model of ccRCC cytoophidia in nude mice
by oral administration of MPA. In agreement with the in vitro experi-
mental results, the cytoophidia were correlated with liver metastasis
of ccRCC in vivo (Figure S8A). To illustrate whether cytoophidia pro-
mote metastasis by mediating IMPDHI, two or more independent

15,16

proximal promoter region (—1 to —1.5 kb upstream of the transcription start site [TSS]) had five Y-box sequences (CAAT/ATTG). IMPDH1 promoter reporters (—1 to —1.5 kb)
were assessed in 786-0O and ACHN cells. (F) ChIP analysis of YB-1 for the IMPDH1 promoter region in ACHN cells. ChlP assays were performed using an anti-YB-1 antibody.
The error bars indicate the mean + SEM of three independent assays. **p < 0.01, *p < 0.05.
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Figure 5. IMPDH1-Assembled Cytoophidia
Physically Interact with YB-1 and Translocate YB-1
into the Cell Nucleus

(A) Immunoprecipitation (IP) experiments revealed that YB-1
protein coimmunoprecipitated with IMPDH1. (B) IP experi-
ments revealed that IMPDH1 protein coimmunoprecipi-
tated with YB-1. (C) Schematic representation of IMPDH1
and IMPDH1 truncated expression vectors. GST pull-down
was performed with GST-IMPDH1 construct proteins and
FLAG-YB-1 proteins. (D) Schematic representation of YB-1
and YB-1 truncated expression vectors. IP-western blot
analysis was performed using 293T cells cotransfected with
expression vectors encoding myc-tagged IMPDH1 and
FLAG-tagged YB-1 truncated expression vectors. (E)
Immunofluorescence staining analysis of IMPDH1-assem-
bled cytoophidia. (F) Western blot analysis of cytoplasm and
nuclear expression of IMPDH1 and YB-1 in 786-O and
ACHN cells after MPA stimulation (C, cytoplasm; N, nu-
clear). (G) IP-western blot analysis of the binding of IMPDH1
and YB-1 in 786-O cells after MPA or DMSO stimulation
(S.E., short exposure; L.E., long exposure).

YB-1 into the nucleus to affect tumor metastasis.
To verify this conjecture, we performed a rescue
experiment by overexpressing YB-1 protein in
IMPDH1 knockdown cells in the presence of
MPA. As shown in Figure 6D, YB-1 overexpres-
sion could recover the pro-metastatic function of

olaminA| w  we| w  elig IMPDH]1. However, the pro-metastatic function
0-GAPDH[we  w»  |[ew  ® lsckd of IMPDHI1 was abolished by YB-1 knockdown
a (Figure S8E). Taken together, these findings sug-
%0 (DMSO)\Q %860 (MPA)Q gested that IMPDHI promoted tumor cell inva-
S e S R sion and migration through YB-1 signaling.
\‘\Q \ég \QO \QQ NS
oMPOH1 I_”_H . ISSkd IMPDH1 Promotes Tumor Metastasis
0-YB-1 (S.E.)l = T “ ]49kd In Vivo

SUELLE) T ’0': 10 06 4 Our aforementioned results confirmed that
0-GAPDH [ awwe — Jsska  IMPDH1 promoted ccRCC cell invasion and

shRNA plasmids were used, resulting in efficient knockdown of
IMPDH] in 786-O and ACHN cells (Figures 6B and S8B). IMPDH1
knockdown significantly reduced cytoophidia-mediated cell migration
and invasion (Figures 6B and S8B). To further confirm the function of
IMPDH]1, we infected 786-O and ACHN cells with lentiviral vectors
overexpressing IMPDH], resulting in overexpression of IMPDH1 (Fig-
ures 6C and S8C). IMPDH1 overexpression clearly enhanced cytoophi-
dia-mediated cell migration and invasion (Figures 6C and S8C). We
have also examined the effect of IMPDH1 knockdown without MPA
treatment and found that IMPDH1 knockdown inhibited cell migration
and invasion in vitro (Figure S8D). These results indicated that cytoo-
phidia functioned as a metastatic promoter by mediating IMPDHI1.
We speculated that the specific mechanisms by which IMPDHI1 pro-
moted ccRCC mobility might occur via IMPDHI translocation of

migration through YB-1 signaling in vitro,

which prompted us to verify whether YB-1
could recover the function of IMPDH]1 in vivo. Next, we constructed
stable ccRCC cells by cotransfecting lentiviral particles with the
shIMPDHI plasmid (or negative control) and lentiviral particles car-
rying the FLAG-YB-1 plasmid (or negative control) into 786-0O cells.
Stable cells were then injected into the tail vein of nude mice, and
MPA was orally administered to nude mice. Crucially, in vivo
animal-live imaging revealed that YB-1
IMPDHI-mediated tumor metastasis (Figure 7A). Positron emission
tomography (PET)-computed tomography (CT) scans of nude mice
confirmed the results of animal-live imaging experiments (Figure 7B).
We isolated the liver of nude mice for hematoxylin and eosin (H&E)
staining and found that YB-1 could recover liver metastasis (white
circles) mediated by the IMPDHI1-assembled cytoophidia (Figure 7B).
In addition, we found the formation of cytoophidia in the liver

could recover the
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Figure 6. IMPDH1 Promotes Tumor-Cell Migration and Invasion through YB-1 Signaling In Vitro

(A) 786-O and ACHN cells treated with DMSO or MPA, cell migration, and invasion were analyzed by transwell assays. (B) IMPDH1 knockdown significantly reduced cell
migration and invasion in 786-0 cells. The values indicate protein expression levels relative to GAPDH. (C) IMPDH1 overexpression clearly enhanced cell migration and
invasion in 786-0 cells. The values indicate protein expression levels relative to GAPDH. (D) Rescue assays revealed that YB-1 overexpression could recover the pro-
metastatic function of IMPDH1 in 786-O cells. The values indicate protein expression levels relative to GAPDH. The error bars indicate the mean + SEM of three independent
assays. **p < 0.001, “p < 0.01, *p < 0.05, compared with the corresponding control.
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Figure 7. IMPDH1 Promotes Tumor Metastasis
through YB-1 Signaling In Vivo

(A In vivo animal-live imaging revealed that YB-1 could
recover IMPDH1-mediated tumor metastasis in the 3rd
and 5th weeks (n = 6 mice/group). (B) PET-CT scans of
nude mice in the 5th weeks (white dashed circles indicate
potential metastases). H&E staining of nude mouse liver
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assemble into cytoophidia in human cells,
both of which have two subtypes, termed
CTPS1 and CTPS2 and IMPDHI1 and
IMPDH?2, respectively.y’ Under normal culture
conditions, IMPDH can form cytoophidia in
approximately 30% of HEK293T cells, whereas
CTPS can barely assemble cytoophidia.”
6-Diazo-5-oxo-l-norleucine (DON), a gluta-
mine analog that blocks the biosynthesis of cyti-
dine triphosphate (CTP) and guanosine-
5'-triphosphate (GTP), or MPA, an IMPDH
inhibitor, prompted the assembly of the cytoo-
phidia in human cells.”’ After DON or MPA
treatment, IMPDH- and CTPS-assembled cy-

Transcriptional regulation IMPDH1/YB-1

(Y-box)

toophidia were observed in more than 90% of
cells.”® A recent study'' has shown that cytoo-
phidia naturally exist in various human cancer
tissues. However, biological behaviors and func-

positive feedback loop
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tions of cytoophidia in cancers are exceptionally
attractive but have not yet been thoroughly
explored. In the present study, IMPDH-assem-
bled cytoophidia naturally existed in ccRCC tis-
sues. However, only IMPDHI1 expression
showed a significant increase in protein and
mRNA levels and correlated negatively with

1 nucleus translocation

metastases of mice after oral administration of MPA (Figure S9A).
Taken together, these results demonstrate that IMPDH1 promoted
tumor metastasis through YB-1 signaling in vivo. Based on our
in vitro and in vivo experimental results, we mapped the mechanisms
of ccRCC metastasis mediated by the IMPDH1/YB-1 positive feed-
back loop (Figure 7C).

DISCUSSION

The cytoophidium assembled by CTPS was first discovered and
described in Drosophila in 2010 by Liu.* Filamentous formation of
CTPS was also confirmed in human cells.*** Interestingly, IMPDH
can also be assembled into filament-like structures that are very
similar in appearance to the CTPS-assembled cytoophidium.® CTPS
and IMPDH, which are key enzymes in nucleotide metabolism, can

the OS and DFS of ccRCC patients. Addition-
ally, we also found that the expression levels
of IMPDHI1 and YB-1 as well as the ratio of IMPDHI and YB-1 in
the nucleus were higher in mRCC tisssues. Moreover, the expression
levels of IMPDHI were positively correlated with YB-1 in mRCC tis-
sues. IMPDHLI is an independent prognostic risk factor in ccRCC.
Thus, we focused our research on IMPDHI-assembled cytoophidia
in ccRCC. We found that the number of IMPDHI1-assembled cytoo-
phidia and the ratio of IMPDH]I-assembled cytoophidia in the nu-
cleus increased in the metastatic ccRCC tissues. IMPDHI-assembled
cytoophidia correlated with ccRCC metastasis via the YB-1 signaling
pathway. Our findings identified, for the first time, the biological be-
haviors and functions of cytoophidia in cancer.

YB-1, as a DNA/RNA binding protein, regulates the expression of
downstream genes at the transcriptional or translational level. YB-1
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promotes EMT by activating the translation of Snaill and other regu-
lated transcription factors in breast cancer'” and facilitates sarcoma
metastasis by activating the translation of HIFla.'® Knockdown of
YB-1 inhibits the invasion of melanoma cells in vitro.”* These studies
consistently demonstrate that YB-1 promotes tumor cell metastasis in
various cancers. Interestingly, in this study, we used GSEA to analyze
gene sets that were altered by IMPDHI1 and YB-1 expression in the
ccRCC TCGA dataset. Our results showed that metastasis, EMT,
and hypoxia signaling pathways were all positively associated with
both IMPDHI and YB-1 expression. IMPDHI1 expression was posi-
tively correlated with YB-1 expression. Mechanistically, IMPDH1
and YB-1 formed an autoregulatory positive feedback loop in ccRCC:
IMPDHI maintained YB-1 protein stabilization; YB-1 induced
IMPDHI expression by binding the IMPDHI1 promoter motif.
Furthermore, IMPDHI1 physically interacted with YB-1, and the
IMPDHI1-assembled cytoophidia translocated YB-1 into the cell nu-
cleus. Given the high sequence similarity between IMPDHI and
IMPDH2, we performed a co-IP experiment and found that
IMPDH2 cannot bind to YB-1. Moreover, the expression levels of
IMPDH?2 were not upregulated in renal cancer cells. Functionally,
the assembly of IMPDHI1 cytoophidia correlated with ccRCC cell
invasion and migration via the YB-1 signaling pathway. Our
findings provide, for the first time, a solid theoretical rationale for tar-
geting the IMPDHI1/YB-1 axis to improve metastatic renal cancer
treatment.

The cytoophidium is a new frontier in the field of cell biology. At pre-
sent, the study of cytoophidia is still in its infancy, with many
previously unexplored questions remaining unanswered. Our study
findings confirm, for the first time, that IMPDH1-assembled cytoo-
phidia correlated with tumor metastasis, enriching our understanding
of the function of cytoophidia in the field of human tumors. In
the future, our team will continue to explore the possible
functions of cytoophidia in tumors, including cytoskeletal-like
functions, metabolic control, metabolic buffering, protein stabiliza-
tion, cell proliferation, developmental switching, coping with
stress, metabolic channeling, intracellular transport, and nuclear
compartmentation.'’

At present, the clinical occurrence rate of classical renal cancer triplet
syndrome (hematuria, backache, and abdominal mass) in patients
with renal cancer has been less than 15%. These patients often have
advanced renal cancer at the time of diagnosis. Early detection and
diagnosis of asymptomatic renal cancer will lead to better treatment
outcomes.” Therefore, the diagnostic biomarkers for renal cancer
have become a hot topic of research. ccRCC, the most common
subtype of RCC, has been reported to have multiple diagnostic bio-
markers, including recoverin, vimentin, EMA, CK18, CD10, caveo-
lin-1, $100, PAX2, PAXS8, and CA9.*** Among these markers, the
upregulation of PAX2 and CD10 has been reported to be due to inac-
tivation of VHL in ccRCC.* In the present study, we generated a
ROC curve to analyze the diagnostic value of IMPDHI for ccRCC
in 72 paired cases from the ccRCC TCGA database. Our results
demonstrated that IMPDHI1 could effectively distinguish ccRCC pa-
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tients from normal tissues. These results suggest that IMPDH1 may
have potential as a new diagnostic biomarker for renal cancer. The re-
sults of this study indicate that IMPDHI1-assembled cytoophidia are
naturally present in ccRCC tissues and correlated with tumor metas-
tasis. Therefore, we hypothesize that IMPDH1 may be indicators of
ccRCC metastasis.

In the current studies, our cytoophidia model is based on the premise
of MPA processing. There is currently no direct evidence to support
that knockdown or overexpression of IMPDHI causes cytoophidium
disassembly or assembly. At present, the function of cytoophidia in
the tumor cells has not been reported, and there is no natural cytoo-
phidia model for cell researching. Our future studies will focus on the
establishment of a more effective cytoophidia model.

In general, we identified a mechanical and functional link between
IMPDHI1-assembled cytoophidia and YB-1 in ccRCC. Our study pro-
vides, for the first time, convincing evidence that functional inhibition
of the IMPDH1/YB-1 positive feedback loop and disassembly of cy-
toophidia are new targets for the treatment of metastatic renal cell
carcinoma.

MATERIALS AND METHODS

The ccRCC Tissue Samples

Human ¢ccRCC TMAs were purchased from Outdo Biotech (XT15-
050). All clinical and pathological information, including pathological
diagnosis, clinical stage, pathological stage, and survival data, can
be viewed directly on the website (http://www.superchip.com.cn/
index.html).

We collected 50 pairs of ccRCC and normal adjacent tissues from
Wuhan Union Hospital between 2014 and 2015. Resected tissues
were immediately collected and stored in liquid nitrogen. Before sur-
gery, none of the patients had received any chemotherapy or radio-
therapy or targeted therapies or immunotherapy. All patients signed
an informed consent form. These studies were conducted in compli-
ance with approved guidelines. All experimental procedures were
approved by the Human Ethics Committee of Huazhong University
of Science and Technology.

Cell Culture, Infection, Transfection, Plasmid Construction, and
Reagents

The human renal cancer cell lines ACHN, 786-0, Caki-1, and A498
and renal normal epithelial cell line HK-2 were purchased from
The American Type Culture Collection. Cell culture was performed
as previously described.*' sShRNA against IMPDH1 (shIMPDH1),
YB-1 (shYB-1), IMPDH2 (shIMPDH?2), and the corresponding con-
trol (sh-ctr) with nonsense sequences were constructed by Shanghai
Genechem. The pGV341-FLAG-YB-1 (YB-1), pGV492-MYC-
IMPDHI1 (IMPDH1), and empty vector (vector) were constructed
by Shanghai Genechem. The Ilentiviral particles containing
pGV341-FLAG-YB-1, pGV492-MYC-IMPDH1, pGV248-shYB-1,
and pGV248-shIMPDHI1 were constructed by Shanghai Genechem
and used to infect 786-O or ACHN cells, according to the
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manufacturer’s recommendations. The Myc-IMPDHI1 (delete 108-
514 aa) was constructed by Vigene Biosciences (Shan Dong, China).
Briefly, the truncated plasmid construction methods were as follows:
the target gene fragments were amplified by PCR, and the GV140 vec-
tors were cleaved by Xhol/EcoRI enzymes; finally, the PCR amplifica-
tion products were recombined with these vectors. p-FLAG-YB-1-
CSD and p-FLAG-YB-1-C-term were kindly provided by K.C. (Wu-
han Union Hospital). Plasmids were transfected with Lipofectamine
2000, according to the manufacturer’s recommendations. MPA was
purchased from Sigma-Aldrich. MG132 was purchased from Selleck
Chemicals (Houston, TX, USA). CHX was purchased from MedChe-
mExpress (MCE; USA).

Immunohistochemistry and Immunofluorescence Assays
Immunohistochemical analysis of human renal carcinoma tissues was
performed using a polyclonal IMPDHI antibody (22092-1-AP, Pro-
teintech, China; ab55297, Abcam) and a polyclonal YB-1 antibody
(20339-1-AP; Proteintech, China). Specific experiments were per-
formed as previously described.****
periments, cells were fixed in 4% paraformaldehyde, permeabilized
with 0.3% Triton X-100, and blocked with 3% BSA for 1 h at 37°C,
followed by incubation with primary antibody and fluorescent sec-
ondary antibodies. The immunostaining quantification methods
were to count the number of cytoophidia entering into the nucleus
in each field of view and then take the average of three fields of
view. The presentation of the histogram was the result of three inde-
pendent experiments.

For the immunofluorescence ex-

Immunoprecipitation and Western Blotting Assays

IP experiments were performed in 786-O, ACHN, and HEK293T
cells, as indicated. Cells were resuspended and lysed in Triton lysis
buffer (TLB) containing the protease inhibitors PMSF and cocktail.
We used 2% of the lysate as input, and the rest was used for IP.
Antibodies for western blotting and IP were as follows: anti-IMPDH]1
(22092-1-AP; Proteintech, China), anti-YB-1 (sc-101198; Santa Cruz
Biotechnology), anti-IMPDHI1 (ab55297; Abcam), anti-FLAG
(66008-2-immunoglobulin [Ig], 20543-1-AP; Proteintech, China),
anti-MYC (BMO0238, BM4042; Boster), anti-glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH; sc-47724; Santa Cruz Biotech-
nology), anti-E-cadherin (20874-1-AP; Proteintech, China), anti-N-
cadherin (ab18203; Abcam), anti-slug (12129-1-AP; Proteintech,
China), anti-vimentin (10366-1-AP; Proteintech, China), anti-
IMPDH2 (12948-1-AP; Proteintech, China), and anti-lamin A (sc-
293162; Santa Cruz Biotechnology).

Direct Protein Binding by GST Pull-Down Assays

Direct binding of proteins in vitro was performed as previously
described.**

Luciferase Reporter Assays

WT and mutant IMPDHI1 promoter reporter and control plasmid
were constructed by Genechem. Renilla luciferase reporter, WT,
and mutant IMPDH]1 promoter reporter were cotransfected into cells
overexpressing YB-1 or vector using Lipofectamine 2000. Luciferase

activities were measured after 48 h of transfection using Renilla lucif-
erase for normalization.

ChIP Assays
ChIP assays were performed as previously described.”” The primer
sequences for the IMPDHI1 promoter region were as follows:

P1 (—110~-261): 3-GAAGGGGCCAGGAGACAC-5, 3'-
AGATGCCTAGACTCGGTTCG-5';

P2 (—425~—588): 3'-CACTCCCTTGTTACGGGGTA-5, 3'-
GCCGACTCCACGTTAGAGAG-5';

P3 (—589~—720): 3'-CCTGAGGGCAAGGACTCTTA-5, 3'-
GGGCAGAGCAGTGTACTCAA-5;

P4 (—675~—830): 3-TCCATCTGTAAGGTTGAAAAATC-5,
3'-CACCTAGCAAAAATGGCAAA-5;

P5 (—843~—998): 3'-AGCTTGCAGTGAGCCGAGAT-5', 3'-
CCTGAGGTAGCCCCATCTTT-5;

P6 (—1,211~—1,407): 3'-TCTGGGGAGTGGGTGTGTAT-5, 3'-
GCGCATCTGGACTTTTGTCT-5'.

Monoclonal antibody against YB-1 (sc-101198; Santa Cruz Biotech-
nology) was used for IP, and normal IgG served as a negative control.
We used 2% of the original DNA as a positive input control.

Bioinformatic Analysis

A standardized mRNA expression dataset for renal cancer was down-
loaded from the publicly available database TCGA and used to assess
the expression and correlation of IMPDH1, YB-1, E-cadherin, N-cad-
herin, KLF4, vimentin, Snaill, and Twistl. This dataset was also used
to evaluate OS and DFS in renal cancer patients. Spearman’s correla-
tion coefficient was calculated for the mRNA expression levels for all
cancer samples. p < 0.05 was considered statistically significant.
Oncomine, another public cancer database, was also used to mine
IMPDHI mRNA data.

Microarray Analysis

786-0 cells knocked down for IMPDHI or control were harvested
7 days after puromycin selection. Microarray analysis was performed
on three duplicate samples by Shanghai OE Biotech. Differentially ex-
pressed genes between 786-O sh-vector and 786-O shIMPDHI cells
were selected based on a mean fold difference of 1.5 and the associated
t test, with a p value < 0.05. The RNA sequence (RNA-seq) data have
been deposited to GEO under the accession number GenBank:
GSE146231.

Wound-Healing Assays and Transwell Migration and Invasion
Assays

Wound-healing assays and transwell assays were performed as previ-
ously described.***”

Quantitative Real-Time PCR Assays

Quantitative real-time PCR was performed as previously described.*®

Molecular Therapy Vol. 28 No 5 May 2020 1311


http://www.moleculartherapy.org

In Vivo Renal Cancer Metastasis Model

A total of 5 x 10° cells were injected via the tail vein into 4- to 5-week-
old male nude mice purchased from Beijing HFK Bio-technology.
Tumor metastasis lesions were measured using an animal-live imag-
ing system and PET at the 3rd and 5th weeks, respectively. After the
nude mice were sacrificed, the metastatic lesions were stained with
H&E. For the cytoophidia metastasis model, 10 pM MPA was orally
administered once every other day via a gavage needle after the cells
were injected via the tail vein into nude mice. All animal experiments
were approved by the Animal Ethics Committee of Tongji Medical
College of Huazhong University of Science and Technology.

Statistical Analysis

The statistical analysis was performed using GraphPad Prism 6.0
(GraphPad Software, USA) or SPSS statistical software 22.0 (IBM
SPSS, Chicago, IL, USA). Data are presented as the mean + SEM.
Statistical analyses were performed using Mann-Whitney test and
Student’s t test and the Pearson correlation coefficient. The Kaplan-
Meier curve and log-rank test were used to assess the survival of pa-
tients. Statistical significance was determined when the p value was
less than 0.05.
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