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Introduction

Colorectal carcinoma (CRC) is the third most common cancer, and the second lead-
ing cause of cancer-related deaths worldwide with nearly 0.9 million deaths each year,
accounting for approximately 10% of all confirmed cancer cases and cancer-related
deaths [1, 2]. Because of increased use of sigmoidoscopy and colonoscopy with pol-
ypectomy for early diagnosis and treatment, the prognosis of patients with CRC has
improved to some extent in recent years [3]. Regrettably, most established therapies
including surgical resection, chemotherapy, radiotherapy, and immunotherapy are not
fully effective, especially for those CRC patients with late metastatic stage, whose prog-
noses remain poor [4].

E2F transcription factors (E2Fs) can activate or silence many oncogenes or tumor sup-
pressor genes in various malignancies, which have been shown to be involved in cellular
proliferation, differentiation, apoptosis, metastasis, and chemoresistance in colorectal
cancer [5, 6]. As the first member discovered, E2F1 is a transcription co-factor that inter-
acts with retinoblastoma protein (RB) to regulate the transcription of cell cycle-related
proteins [6]. The cyclin dependent kinase 4 (CDK4)-pRB-E2F1 axis has been shown to
be essential for cell cycle progression in normal and cancer cells, and high expression of
E2F1 has been found to promote the proliferation of cancer cells by transactivating cell
cycle-related kinases [7, 8]. Moreover, because E2F1 is a critical transcription factor, it
may also modulate cell cycle progression through its regulation of the transcription of
other genes [5].

Stathminl and transforming acidic coiled-coil-containing protein 3 (TACC3) are two
microtubule binding factors that are highly expressed in cancer cells and that maintain
the stability of microtubules [9, 10]. Stathminl1 is involved in the promotion of tubulin
filament depolymerization [11]. Phosphorylation of stathminl at Ser16 increases during
G2/M-phase and stabilizes microtubules during the regulation of mitotic spindles [12].
TACC3 is a clathrin binding protein [13]. Phosphorylation of TACC3 at Ser558 facili-
tates its interactions with clathrin and tubulin, thus maintaining the stability of spin-
dle fiber arrays [14, 15]. Theoretically, stathminl and TACC3 function similarly, but no
study to date has reported interactions between these two factors.

The present study evaluated the interactions of E2F1 with stathminl and TACC3 in
pathological tissues from patients with CRC. E2F1 expression was found to correlate
positively with stathminl and TACC3 expression in tumor tissues from CRC patients.
E2F1 was found to transactivate stathminl and TACC3 in CRC cells. Furthermore,
phosphorylation of stathminl at Ser16 was essential for the phosphorylation of TACC3
at Ser558, facilitating the formation of TACC/clathrin/a-tubulin complexes and main-
taining the stability of spindle fibers. These findings indicate that E2F1 not only pro-
motes cell cycle progression through the cyclin-CDK axis, but also modulates cell cycle
progression by stabilizing spindle fibers in CRC cells.

Materials and methods

Reagents and antibodies

McCoy’s 5A modified medium (Mc5AM), Ham’s F-12 K (Kaighn’s) medium (F-12 K),
Leibovitz’s L-15 medium (L-15), fetal bovine serum (FBS), Lipofectamine 3000, and
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Lipofectamine RNAi Max were purchased from Thermo Fisher (Carlsbad, CA). RPMI-
1640 medium (1640) and Dulbecco’s modified Eagle’s medium (DMEM) were obtained
from GE Healthcare Inc. (Lafayette, CO). Antibodies against E2F1 (3742), stathminl
(13655S), p-stathminl (Serl6) (4191S), TACC3 (8069S), p-TACC3 (Ser558) (8842S),
clathrin (4796), Ki-67 (9449), and normal rabbit IgG (2729) were purchased from
Cell Signaling Technology (Danvers, MA). Antibodies against -actin (E021020) and
a-tubulin (E021030), and FLAG-tagged and HRP-conjugated secondary antibodies
against rabbit IgG (E022230-01; E030120) and mouse IgG (E022060-01; E030110) were
obtained from EarthOx (San Francisco, CA). 100 pM bucladesine (Selleck, Texas, USA,
S7858) was used to activate PKA.

Cell culture

The CRC cell lines HT29, HCTS8, DLD1, RKO, SW480, SW620, and HTC116 were pur-
chased from the American Type Culture Collection (ATCC, Manassas, VA). HT29 cells
were cultured in Mc5AM; HCT8 and HCT116 cells were cultured in 1640; DLD1 cells
were cultured in DMEM; RKO cells were cultured in F-12 K; and SW480 and SW620
cells were cultured in L-15. Each culture medium was supplemented with 10% fetal
bovine serum (FBS) and all cells were cultured at 37 °C in an atmosphere containing
5% CO,. The identities of all cell lines were authenticated by STR profiling, performed
by Cobioer Bioscience Co., Ltd. (Nanjing, China). All experiments were performed
within < 10 passages after authentication.

RNA isolation and qPCR

Total RNA was isolated with RNAiso Plus (TaKaRa, Kyoto, Japan). RNA quality and
concentration was evaluated using a Nanodrop ND-1000 Spectrophotometer. A total of
0.5 ug RNA was reverse transcribed using cDNA Reverse Transcription Kit (TaKaRa)
according to the manufacturer’s instructions. The acquired cDNA was analyzed in tripli-
cate by real-time PCR on a Life Technologies Step One Plus Real-Time PCR System with
SYBR Green Master Mix (Roche, Basel, Switzerland). The results of three independent
experiments are presented as mean =+ standard deviation.

Analyses of clinical CRC samples

To analyze the correlations among E2F1, stathminl, TACC3, and Ki-67 expression,
pathological tissue samples (n=231) freshly obtained from CRC patients undergoing
surgery at Sanmen People’s Hospital (Taizhou, China) were fixed in 4% formalin, pro-
cessed routinely, and embedded in paraffin. Sections of 4 pm were placed on glass slides
(Thermo Fisher) and immunohistochemically analyzed using primary antibodies against
E2F1, stathminl, p-stathminl, TACC3, p-TACC3, and Ki-67, as described previously
[16]. To assess the score for each slide, eight 200 x fields were selected and 100 cancer
cells counted in each field. Immunostaining intensity was divided into four grades: 0,
negative; 1, weak; 2, gentle; and 3, strong. The proportions of positively stained cells
were classified into five grades: 0,<5%; 1, 6-25%; 2, 26-50%; 3, 51-75%; and 4,>75%.
Staining results were evaluated and confirmed by two independent investigators blinded
to the clinical data. The positive rate of tumor cells and staining intensity were multi-
plied to acquire immunohistochemistry (IHC) scores. Scores 0—6 were defined as low
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expression and 7—12 as high expression. Cases with inconsistent scores were further dis-
cussed to reach a consensus. Differentiation stages of the tissue samples were assessed at
the Sanmen People’s Hospital of Zhejiang Province. The study protocol was approved by
the Ethics Committee of Sanmen People’s Hospital of Zhejiang Province, and all patients
provided written informed consent.

Immunoblotting analysis

Whole proteins were extracted from cells by incubation in RIPA lysis buffer (Merck-Mil-
lipore, Billerica, MA) for 30 min on ice. The samples were centrifuged at 12,000 xg for
15 min to remove debris, and an aliquot of each supernatant was boiled in SDS-PAGE
loading buffer for 5 min. The samples were electrophoresed on SDS-PAGE gels and
transferred to nitrocellulose membranes as described previously [16]. Target bands were
quantified using Image ] software by normalizing to an internal reference. The results of
three independent experiments are presented as mean =+ standard deviation.

Vectors and siRNAs

E2F1, stathminl, TACC3 stathmin-FLAG, and stathmin-MS16-Ala-FLAG (S16 ATA
to GGC) expression vectors were purchased from Oligobio (Beijing, China). Each of
these sequences was cloned into pCMV or pCMV-c-FLAG vectors. E2F1, stathminl
and TACC3-specific siRNAs (Additional file 1: Table S1) were purchased from Genep-
harma (Shanghai, China). The promoters of STMNI [nucleotides (nt) —200 to+266]
and TACC3 (nt —300 to+106) were cloned into pGL4.19, and binding site mutations
were introduced into these vectors as described in Fig. 3D. Transfection of plasmids
(final concentration: 1.5 ug/ml) and small interfering RNAs (siRNA, final concentration:
30 nM) was conducted using Lipofectamine 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer’s instructions.

MTS proliferation assay

DLD1 and HCT116 cells were seeded onto 96-well plates and transfected with siRNAs
or vectors. After transfection, cells were cultured with 100 pl complete medium for 24,
48, and 72 h. A 100 pl aliquot of a 1:9 solution of MTS solution (Promega Biosciences,
San Luis Obispo, CA) in DMEM was added to each well, and the cells were incubated for
4 h at 37 °C. The absorbance of each well at 490 nm was measured using a SpectraMax
M3 multimode microplate reader (Molecular Devices, Sunnyvale, CA). The results of
three independent experiments are presented as mean =+ standard deviation.

Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChIP) assays were performed using a SimpleChIP
Enzymatic Chromatin IP Kit (Cell Signaling Technology), according to the manufac-
turer’s instructions. E2F1 binding DNA fragments were co-immunoprecipitated using
a specific antibody against E2F1. Immunoprecipitated DNA and input DNA fragments
were utilized as templates for chromatin immunoprecipitation and PCR (ChIP-PCR)
analysis using PrimeSTAR GXL polymerase mix (TaKaRa, Shiga, Japan). Positive binding
sites identified by ChIP-PCR analysis were verified by ChIP-qPCR analysis, performed
using TB Green Premix Ex Taq (TaKaRa) and detected using a StepOne Plus System
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(Applied Biosystems Inc., Carlsbad, CA). The primers used in the ChIP-PCR and ChIP-
qPCR analysis are listed in Additional file 1: Table S2. The results of three independent
experiments are presented as mean + standard deviation.

Luciferase reporter assays

DLDI1 cells were seeded onto 24-well plates and transfected with pCMV-E2F1 or pCMV
vector, along with pGL4.19-STMN/TACC3-promoter, binding site mutants, and pRL-TK
vector for 24 h. The cells were harvested and lysed with 1x passive lysis buffer (Promega
Biosciences) at room temperature for 15 min. Luciferase activity was analyzed using the
Dual Luciferase Reporter Assay System Kit (Promega), according to the manufacturer’s
instructions. Total light production (OD 490 nm) was measured using the SpectraMax
M3 multimode microplate reader (Molecular Devices) and normalized relative to light
production by renilla. The results of three independent experiments are presented as
mean =+ standard deviation.

Cell cycle assessment by flow cytometry

DLD1 or HCT116 cells were mixed with serum-free medium, seeded in 6-well plates
(1 x 10° cells/well) and incubated for 24 h to synchronize cell cycle progression. After
transfection, the cells were cultured in complete medium for 48 h. Approximately 5 x 10°
cells were fixed overnight in 1 ml ethanol, stained with PI/RNase Staining Solution (Cell
Signaling Technology) at 37 °C for 30 min, and analyzed on an FC500 flow cytometer
(Beckman Coulter, Inc., Brea, CA). The results of three independent experiments are
presented as mean + standard deviation.

Co-immunoprecipitation

Forty-eight hours after transfection, DLD1cells were resuspended and lysed in 1.5 ml IP
lysis buffer (Thermo Fisher) in 10 cm dishes. The samples were centrifuged to remove
insoluble debris, 100 ul of each supernatant was removed, and the remainder of each
supernatant was divided into three equal aliquots. One aliquot each was incubated with
rabbit anti-FLAG (1:400), anti-TACC3 (1:100), and anti-clathrin (1:100) antibodies, fol-
lowed by incubation with anti-rabbit IgG antibody (1:100). Co-immunoprecipitation
was performed using Pierce Protein A/G Magnetic Beads (Thermo Fisher), accord-
ing to the manufacturer’s instructions. Input and purified proteins were analyzed by
immunoblotting.

Immunofluorescence

DLD1 or HCT116 cells on cover slips were fixed with phosphate-buffered saline (PBS)
containing 4% paraformaldehyde, permeabilized with PBS containing 0.2% Triton X-100,
blocked with PBS containing 1% BSA, and then incubated overnight at 4 °C with primary
antibody against a-tubulin (1:500), as described above. After three washes with PBS, the
cover slips were incubated with Alexa Fluor 488-conjugated secondary antibody (44088,
Cell Signaling Technology, Danvers, MA) in the dark for 60 min, followed by three
washes with PBS. Nuclei were counterstained with DAPI. Cover slips were mounted and
examined under a microscope using the appropriate filters. One hundred fifty cells in
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each group were used to determine the percentage of the aberrant spindles. The results
of three independent experiments are presented as mean + standard deviation.

Tumor xenografts

The protocols of all animal experiments were approved by the Animal Experimental
Ethics Committee of the First Affiliated Hospital, College of Medicine, Zhejiang Uni-
versity. Briefly, 20 female BALB/c nude mice were randomly divided into three groups
of six mice each. Mice were injected subcutaneously with 5 x 10° cells bearing vector,
stathminl-Flag, or M-S16-Flag. When the tumors became measurable, their lengths
and widths were measured every 3 days with calipers, and the tumor volumes were
calculated. On day 23, the animals were euthanized, and the tumors were excised and
weighed.

Statistical analysis

Continuous variables were presented as mean=standard deviation, with differences
analyzed by two-tailed Student’s ¢-tests and analysis of variance (ANOVA), followed
by Tukey’s post hoc tests for one-way ANOVA and Sidak post hoc tests for two-way
ANOVA. Clinicopathological characteristics were compared by chi-square or Fisher’s
exact probability tests, as appropriate. Correlations between variables were analyzed
by Pearson’s or Spearman’s rank correlation tests. Overall survival was analyzed by the
Kaplan—Meier method and compared by log-rank tests. Cox regression was used to
analyze the hazard ratio for overall survival. Statistical analyses were performed using
SPSS version 17.0 (IBM Corp., Armonk, NY) and GraphPad Prism version 5.0 software
(GraphPad Software Inc., La Jolla, CA), with P<0.05 considered statistically significant.

Results

E2F1 is positively correlated with stathmin1 and TACC3 in CRC

E2F1, a transcription factor highly expressed in cancer cells, has been widely reported to
regulate the cell cycle in multiple biological processes, including mitotic spindle organi-
zation [17, 18]. To date, however, the roles of E2F1 in mitotic spindle organization have
not been clearly determined, especially in CRC. We therefore analyzed the transcrip-
tome profiles of CRC cells with E2F1 knockdown in our previous work [16]. Among the
2197 genes downregulated by E2F1 knockdown, 51 were found to be involved in the
gene ontology (GO) item “mitotic spindle organization” (Fig. 1A). Analysis of the levels
of expression of mRNAs encoded by these 51 genes in HCT116 cells with and without
E2F1 knockdown showed that STMNI and TACC3 were the two genes most signifi-
cantly downregulated by E2F1 knockdown (Fig. 1B). To determine whether E2F1 expres-
sion correlated with the levels of expression of stathminl and TACC3 in CRC tissues,
their correlation was analyzed using the Cancer Genome Atlas (TCGA) database. This
analysis showed that E2F1, stathminl, and TACC3 were all highly expressed at different
pathological stages in tissues derived from CRC patients (Fig. 1C and D), and that the
levels of these three factors correlated positively with each other (Fig. 1E).
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Upregulation of E2F1 promotes transactivation of stathmin1 and TACC3

Measurements of the expression levels of E2F1, stathmin1, and TACC3 in HT29, HCTS,
DLD1, RKO, SW480, SW620, and HCT116 cells showed that these three factors cor-
related positively with each other in these CRC cell lines (Fig. 2A and B). MTS cell pro-
liferation assay showed that cells with high E2F1 expression grew faster than those with
low E2F1 expression (Fig. 2C). The finding that knockdown of E2F1 downregulated
the expression of STMNI and TACC3 suggests that E2F1 may positively modulate the
expression of stathminl and TACC3. This was tested by immunoblotting analysis, which
showed that the levels of expression of stathminl and TACC3 were increased in E2F1-
overexpressing DLD1 cells and were reduced in HCT116 cells transfected with E2F1 tar-
geted siRNAs (Fig. 2D and E). In agreement with previous results [19], we found that
E2F1 positively regulated cell cycle progression and cell proliferation (Fig. 2F). A search
of the Kyoto Encyclopedia of Genes and Genomes (KEGG) showed no signaling pathway
linking stathminl and TACC3 to E2F1 in signaling pathways, suggesting that stathminl

and TACC3 were potential transcriptional products of E2F1.
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Analysis of the JSAPAR database identified three potential binding sites for E2F1
on the STMNI or TACC3 promoters. Using ChIP analysis, E2F1-binding DNA frag-
ments on these promoters were co-immunoprecipitated with anti-E2F1 antibody
(Fig. 3A). ChIP-PCR and ChIP-qPCR analyses indicated that E2F1 interacted with
the STMNI promoter at the —139/—132 site and with the TACC3 promoter at the
—160/—150 and +91/4101 sites (Fig. 3B and C). These findings, showing that E2F1
interacts with the STMNI and TACC3 promoters, suggest that E2F1 may transacti-
vate stathminl and TACC3.

Using luciferase reporter assays to determine transcriptional activity, we found
that the luciferase activity of pGL4.19 vector containing fragments of the STMNI
promoter was transactivated when DLD1 cells were transfected with pCMV-E2F1
vector. In contrast, little luciferase transactivation was observed when cells were
transfected with pGL4.19 vector containing fragments of the —139/—132 mutant
STMNI1 promoter. Similarly, the luciferase activity of pGL4.19 vector containing
fragments of the —160/—150 or+91/+101 mutant TACC3 promoter was much
lower than that of pGL4.19 vector containing wild type TACC3 promoter (Fig. 3D).
Taken together, these results indicated that E2F1 interacts with the STMNI and
TACC3 promoters and promotes the transactivation of stathminl and TACC3 in
CRC cells.

Stathmin1 positively regulates the phosphorylation of TACC3 at Ser558

The findings that stathminl and TACC3 are co-expressed in CRC cells because
both are transcriptional products of E2F1 and that both are similarly involved in
maintaining the stability of spindle fiber, suggest that these two factors may syn-
ergize with each other. To test this hypothesis, MTS cell proliferation assays were
performed, in which DLD1 and HCT116 cells were transfected with vectors overex-
pressing stathminl or TACC3. Similar to findings in cells overexpressing E2F1, both
stathminl and TACC3 were found to positively regulate cell proliferation, but the
effect was not as great as that of E2F1 (Fig. 4A). Because stathminl and TACC3 were
reported to be involved in modulating the stability of spindle fiber, we hypothesized
that these factors may affect cell cycle progression in CRC cells. Flow cytometry
assays of cell cycle distributions in cells overexpressing stathminl or TACC3 showed
that both increased the proportion of mitotic cells (Fig. 4B and C).

The findings that stathminl and TACC3 are co-expressed and have similar func-
tions suggest that one of these factors may regulate the functional roles of the other.
Because phosphorylation of stathminl at Ser16 and of TACC3 at Ser558 have been
reported to stabilize spindle fiber arrays, DLD1 and HCT116 cells were transfected
with vectors overexpressing stathminl or TACC3, and the levels of expression of
p-stathminl (Serl6) and p-TACC3 (Ser558) were determined by immunoblotting.
Although enhanced expression of TACC3 had little effect on the level of phosphoryl-
ation of p-stathminl (Ser16), enhanced expression of stathminl increased the level
of phosphorylation of p-TACC3 (Ser558). These results indicate that both stathminl
and TACC3 regulated cell cycle progression, and that p-TACC3 (Ser558) was regu-
lated by stathminl.



Fang et al. Cellular & Molecular Biology Letters

(2022) 27:90

B H o 3
8s ° 86 3
3 — vector = — siNC a —— vector p=0.0394 = — siNC
a —— stathmint p=0.0049 e —— sistathmini#1 a —~ TACC3 e —— SITACC3#1
5 I ] — sistatrming2 s T 4] — smaccae
z 5 > 5
2 z £ z
g 3 g g
= H 5=0.0085 = £ 20,0065
= - 7 =0.0013 = [«
H 8 | o : 3 =700 P00
- =0.05¢ -
£ g p=0.1094 2 2 Foore ©
g 07 5 g 0+ T 0+
© oh 24h 48h 72h 2 24h 48h 72h © oh 24h 48h 72h & oh 24h 48h 72h
25 ~ 2 20
DLD1 HCT116 3 POt g
vector stathmin1 siNC sistathmin1#1 sistathmin1#2 = 20 e —
by 15 p=0.0122
=0 ) =0 =0 20 ) Sg g
j f 1 o
- = @i “ i 55" 4
20 20 ‘ 20 . 20 f 1 25 4o °s
180 210 180 180 It g £ E’ s
120 { 140 . 120 , i . 120 ] \:k g 5 §
1 ———— et % | bt @ ‘ 15— K H
6 % et om0 % 4 B 0N 0 % M G 012N O % 64 %6 1 W0 W2 O 2 64 s 12 60102 226 o M
@ o
Lt
DLD1 HCT116
vector TACC3 SiNC TACC3#1 TACC3#2 %0 P
= w . : o o 2 ]
hd i 00 J 0 0 0 1 8 p<0.0001 ©
20 | 20 i 20 20 20 it Q4 =
i it I 20 5
- =% | - . - it 24 o2
1 I ™ | ™) » 12 I 5 ; 2 ;
© A J D “ / 51 g< 10 S
£ s
© 0 R G s s a0 % G @ 1B 0w @ 0 % & G B R aM 0 % 4 Um0 0 % & w s w8 g
& o
o & o "3
Cell Number e"\& PQC’?' ,,’N\c’ P
N < Ol pl
G la
S
D DNA Content
DLD1 HCT116
- —'\ g
S
Q& @“\ (\\\o" E DLD1 HCT116 DLD1 HCT116
S &8 o &S 4 12 4 1.2
© F S F F p=0.0048 E
) < < e p=00023
p-stathmint [ sm— |- 19kDa % 3 'ﬁ < ﬁ o3 % @
o E o F 08 g9 208
stathmin1 [ - (- 19 kDa s £ S E 89 3]
g= gs 2 £2
T2 xg 322 :F p=0.0090
'R <
£2%5 4 © O =0.0011 o 1 o]
o 0.0 o 00
© « BN @ BN
W e N g o
DLD1 HCT116 = e
TN i
P & & DLD1 HCT116 DLD1 HCT116
F& L ;
& A B 15 1.2 p=0.0508 5 1.2
9690
p-stathmin | s e | | g - - 19 kDa s - ] § p00015  §
B = p=0.7282 B = g 4 2
2%t 2z 2o P
: $ £ 10 $€o08 8 88 08
stathmin | e [ g o o® | 19 kDa sE sk 83 3 53
I 33 S @2
p-TACC3 10kpa 2 & EN4 282 28
505 g 04 F% 55 04 p=00020
e g e 1 3 =0.0020.
TACC3 140kDa  * « 4 o
_ 0.0 0.0 o 0.0
@ N TS & &N e
EL EL

Fig. 4 Stathmin1 positively regulates the phosphorylation of TACC3 at Ser558. A DLD1 cells were transfected

with pCMV-stathmin1, pCMV-TACC3, or pCMV-blank vector (final vector concentrations, 2 ug/ml), and
HCT116 cells were transfected with stathmin1-specific, TACC3-specific, or non-specific siRNAs (final siRNA
concentrations, 20 nM). Cell viability 0, 24, 48, and 72 h after transfection was measured using MTS assays. B
DLD1 and HTC116 cells were transfected with vectors or siRNAs as shown in A. Cell cycle progression was
analyzed by flow cytometry 48 h after transfection. C Percentage of cells in B that were in mitotic phase. D

DLD1 and HTC116 cells were transfected with vectors or siRNAs as shown in A. Samples were harvested 48 h

later, and the levels of indicated factors were determined by immunoblotting. E Relative levels of expression
of the proteins shown in D

p-stathmin1 (Ser16) is essential to p-TACC3 (Ser558)
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A search of the NetPhos 3.1 database to identify the kinase(s) targeting stathminl at
Ser16 and TACC3 at Ser558 found both of these sites were likely phosphorylated by
protein kinase A (PKA, Fig. 5A). HCT116 cells transfected with siRNA targeting stath-
minl or control siRNA were treated with bucladesine, which activates PKA, and the
levels of phosphorylation of p-stathminl (Serl6) and p-TACC3 (Ser558) were deter-
mined. HCT116 cells transfected with control siRNA showed greater activation of both
p-stathmin1 (Ser16) and p-TACCS3 (Ser558) in the presence rather than in the absence of
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Fig. 5 Phosphorylation of stathmin1 at Ser16 facilitates phosphorylation of TACC3 at Ser558. A Prediction

of potential kinases targeting stathmin1 at Ser16 and TACC3 at Ser558 using the NetPhos 3.1 database.

PKA was found to target both of these proteins at the indicated sites. B HCT116 cells were transfected

with stathmin1-specific or control siRNAs (final concentrations, 20 nM). Cells were treated with 100 uM
bucladesine 4 h before harvesting and harvested 48 h after transfection. The levels of indicated factors were
determined by immunoblotting. C Relative levels of expression of the proteins indicated in B. D DLD1 cells
were transfected with pCMV-stathmin-FLAG, pCMV-stathmin1-M-516-Ala-FLAG, or pCMV-FLAG vector (final
vector concentrations, 2 ug/ml) and harvested 48 h later transfection. The levels of the indicated factors were
determined by immunoblotting. E Relative expression levels of the proteins indicated in D. F DLD1 cells were
transfected with vectors as shown in D. Cell viability was measured using MTS assays 0, 24, 48, and 72 h after
transfection. G DLD1 cells were transfected with vectors as shown in D. Cell cycle progression was analyzed
by flow cytometry 48 h after transfection. H Percentage of cells in G in mitotic phase. | Representative images
of tumors formed by DLD1 cells with indicated stable transfections. J The growth curves of the tumors
formed by the indicated DLD1 cells (N=6 mice per group). K Weight differences in tumors formed by the
indicated DLD1 cells (N=6 mice per group)
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bucladesine. In contrast, cells transfected with stathminl siRNA showed similar levels of
phosphorylation of p-TACC3 (Ser558) in the presence and absence of bucladesine, indi-
cating that stathminl was essential to the phosphorylation of TACC3 at Ser558 (Fig. 5B
and C).

p-stathminl (Ser16), along with p-TACC3 (Ser558), has been reported to stabilize
microtubule arrays [12, 15]. To show that the Serl6 site was essential to the phospho-
rylation of TACC3 at Ser558, DLD1 cells were transfected with pCMV-stathminl-FLAG
and pCMV-stathminl-M-S16-Ala-FLAG vectors. TACC3 phosphorylation at Ser558
was found to be activated after cells were transfected with a vector overexpressing stath-
minl, but not with a vector overexpressing stathminl carrying a mutation at Serl6,
indicating that phosphorylation of stathminl at Ser 16 rather than at other sites was
essential to the phosphorylation of TACC3 at Ser558 (Fig. 5D and E).

Furthermore, MTS cell proliferation assay and cell cycle assessment via flow cytom-
etry demonstrated that mutation of stathminl at Ser16 inhibited cell proliferation and
decreased the proportion of mitotic cells (Fig. 5F-H). Xenograft tumors carrying the
mutated stathminl grew more slowly in vivo than the tumors carrying wild type stath-
min (Fig. 5I-K). Taken together, these findings indicate that p-stathminl (Serl6) was
essential to p-TACC3 (Ser558), thereby facilitating the mitosis of CRC cells.

p-stathmin1 (Ser16) facilitates the formation of TACC3/clathrin/a-tubulin complexes

and enhances stability of spindle fiber

Clathrin, the critical factor in maintaining the stability of the cytoskeleton, has been
reported to interact with p-TACC3 (Ser558), but not with inactivate TACCS3, to link spin-
dle fibers [13]. Co-immunoprecipitation analyses were performed to evaluate the inter-
action between p-stathminl (Ser16) and p-TACC3 (Ser558) and to determine whether
p-stathminl (Ser1l6) was essential to the interaction between p-TACC3 (Ser558) and
clathrin. DLD1 cells expressing stathminl or the stathminl Ser16 mutant were lysed and
treated with specific antibodies that immunoprecipitated exogenous stathminl, endog-
enous TACC3, and endogenous clathrin. Co-immunoprecipitation showed that p-stath-
minl (Ser16), p-TACC3 (Ser558), and clathrin interacted with each other in DLD1 cells
expressing wild-type stathminl. However, the stathminl Ser16 mutant did not interact
with TACCS3, reducing the level of phosphorylation of p-TACC3 (Ser558) and inhibiting
the interaction of p-TACC3 (Ser558) with clathrin (Fig. 6A and B).

Phosphorylated TACC3 (Ser558) has been shown to interact with microtubule-related
molecules, with clathrin linking p-TACC3 (Ser558) on different spindle fibers to stabi-
lize spindle fiber. To evaluate the effect of p-stathmin1 (Ser16) on the stability of spindle
fiber, clathrin was co-immunoprecipitated with its interacting proteins in cells overex-
pressing stathminl or the stathminl Ser16 mutant. Clathrin was found to strongly inter-
act with a-tubulin in cells overexpressing wild-type, but not Ser 16 mutant, stathminl
(Fig. 6C). Because clathrin was regarded as a bridge linking different spindle fibers, it
was found to indirectly interact with a-tubulin on different spindle fiber by binding to
p-TACC3 (Ser558). The absence of p-stathminl (Ser16) inhibited the p-TACC3 (Ser558)
and the link between p-TACC3 (Ser558) and clathrinl, thereby suppressing the forma-
tion of TACC3/clathrin/a-tubulin complexes and reducing the stability of spindle fiber
arrays (Fig. 6D). The effect of the stathminl mutation on spindle assembly in CRC cells
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Fig. 6 Phosphorylation of stathmin1 at Ser16 facilitates the formation of TACC3/clathrin/a-tubulin complexes
and enhances the stability of spindle fiber arrays. A Co-immunoprecipitation and immunoblot analyses of
indicated factors in DLD1 cells transfected with pCMV-stathmin-FLAG or pCMV-stathmin1-M-S16-Ala-FLAG
vectors (final vector concentrations, 2 pg/ml) for 48 h. The indicated factors were immunoprecipitated

using Protein A/G beads conjugated with indicated antibodies. B Schematic representation of the
stathmin1-TACC3-clathrin interaction. Phosphorylation of stathmin1 at Ser16 facilitated its interactions with
TACC3 and clathrin. € Co-immunoprecipitation and immunoblot analyses of indicated factors in DLD1 cells
transfected with vectors as shown in A for 48 h. The indicated factors were immunoprecipitated using Protein
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S16

was therefore examined by immunofluorescence analysis, which showed that the Ser16-
mutated stathminl induced spindle aberrations, such as disorganized and multipolar
spindles, in DLD1 cells (Fig. 7A and B). Knockdown of stathminl or TACC3 also caused
spindle aberrations in HCT116 cells (Fig. 7C and D).

E2F1-induced stathmin1 and TACC3 are associated with poor prognosis in CRC patients

To assess the roles of E2F1-induced stathminl and TACC3 in colon tumorigenesis,
tumor specimens were collected from 231 patients with CRC. Immunohistochemi-
cal analyses showed that samples with high levels of E2F1 expression also had higher
levels of stathminl, p-stathminl, TACC3, p-TACC3, and KI67 than those with lower
E2F1 expression (Fig. 8A). Further analyses indicated positive correlations among the
levels of E2F1, TACC3, and stathminl in CRC tissues (Fig. 8B). Analysis of clinical
relevance showed that higher levels of expression of E2F1, stathminl, and TACC3
were positively associated with tumor size (E2F1 may relate to tumor size, although
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Fig. 7 Stathmin1 mutation at Ser16 or depletion of stathmin1 or TACC3 induces the formation of aberrant
spindles. A Induction of multipolar and disorganized spindles in DLD1 cells transfected with a plasmid
expressing a Ser16-mutated or wild-type stathmin1. After transfection for 48 h, the cells were fixed and
stained with antibody to a-tubulin and DAPI. Bar, 10 pixels. B Quantification of the numbers of aberrant
spindles in the DLD1 cells described in A. One hundred cells in each group were counted. C Induction of
multipolar and disorganized spindles in HCT116 cells transfected with stathmin1, TACC3, or non-specific
SiRNA. After transfection for 48 h, cells were fixed and stained with antibody to a-tubulin antibody and DAPI.
Bar, 10 pixels. D Quantification of the number of aberrant spindles in the HCT116 cells described in C. One
hundred cells in each group were counted
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the P-value was>0.05), lymph node metastasis, TNM stage, and distant metastasis,
but not with other clinicopathological characteristics (Table 1). Besides, age, differen-
tiation, and distant metastasis were the risk factors for overall survival in multivari-
ate analysis (Table 2). Kaplan—Meier analysis showed that overall survival rates were
poorer in patients with high than low levels of E2F1, stathminl, and TACC3 (Fig. 8C
and Table 2). These results indicate that E2F1 is positively correlated with stathminl
and TACC3 in tumor tissues derived from CRC patients, and that these proteins are
involved in CRC development.
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Fig. 8 E2F1-induced stathmin1 and TACC3 are associated with a poor prognosis in CRC patients. A
Immunohistochemical analysis of the levels of E2F1, stathmin1, p-stathmin1, TACC3, p-TACC3, and Ki-67

in pathological CRC tissues (scale bar, 100 um). Representative images of two CRC patients are shown.

B Correlation among concurrent immunostaining scores of E2F1, stathmin1, and TACC3 in CRC tissues.
Spearman’s test was used to analyze the correlations. C Overall survival of probability of CRC patients with
high (n=117) and low (n =114) expression of E2F1, high (n=114) and low (n=117) expression of stathmin
1, high (n=102) and low (n=129) expression of TACC3, and high (n=63) and low (n=68) expression of
E2F1/stathmin1/TACC3

Discussion

In this study, we found that E2F1 transactivated stathminl and TACC3, two factors that
stabilize spindle fibers, thus promoting the cell cycle progression of CRC (Fig. 9). Clini-
cal analyses showed that E2F1 correlated positively with stathminl and TACC3 in CRC
tissues, and their high expressions predicted poor survival in CRC patients.

Rapid proliferation and liver metastases of CRC are the main causes of CRC-related
deaths. Oxygen supply is sufficient in colorectal and CRC tissues because of their
large surface areas of colorectal epithelial cells and the high number of blood ves-
sels supplying these tissues. This provides an excellent microenvironment for tumor
proliferation, making it necessary to identify strategies that inhibit CRC proliferation
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Table 1 Association of the expression of E2F1, stathmini, and TACC3 with clinicopathological

features in CRC

Cases E2F1 expression

STMN1 expression

TACC3 expression

Low High  P-value Low High  P-value Low High  P-value
Cases Cases Cases Cases Cases Cases
231 114 117 117 114 129 102
Tumor location
Colon 97 46 51 0.8596 51 46 0.1869 55 42 0.7685
Rectum 134 68 66 66 68 74 60
Gender
Male 124 55 69 02213 65 59 04271 66 58 0.0915
Female 107 59 48 52 55 63 44
Age
<65 93 42 51 0.5457 48 45 0.9476 52 41 0.9877
>65 138 72 66 69 69 77 61
Differentiation status
Well 50 23 27 0.1206 27 23 0.7617 28 22 0.7723
Moderate 154 84 70 79 75 88 66
Poor 27 7 20 Il 16 13 14
Tumor size
<5acm 110 56 54 0.0729 63 47 0.0208* 70 40 0.0247*
>5cm 121 58 63 54 67 59 62
LNM
NO 130 72 58 0.0214* 76 54 0.0040* 79 51 0.0108*
N1 73 34 39 32 41 37 36
N2 28 8 20 9 19 13 15
TNM
I 35 19 16 0.0030* 21 14 0.0014* 16 19 0.0001*
Il 88 46 42 47 41 58 30
Il 89 45 44 46 43 51 38
% 19 4 15 3 16 4 15
Distant metastasis
MO 212 110 102 0.0002* 114 98 0.0001* 125 87 <0.0001*
M1 19 4 15 3 16 4 15
Table 2 Multivariate and univariate analysis of prognostic factors for OS
Variable Multivariate Univariate
HR  95%Cl P-value HR  95%Cl P-value
Tumor location (colon versus rectum) 0.984 0.725-1.333 09130 1.058 0.770-1.453 0.7280
Gender (male versus female) 0875 0646-1.174 03728 0960 0.701-1.314 0.7987
Age (<65 years versus > 65 years) 1439 1.086-1.973 0.0154 1374 0981-1.923 0.0642
Tumor size (< 5.0 cm versus > 5.0 cm) 1238 0926-1.680  0.1540 1.108 0.809-1.517 0.5231
LNM (NO versus N1/2) 0999 0.740-1.348 09929 0.847 0.606-1.185 0.3331
Differentiation (well and moderate versus poorly) 1.667 1.157-3.184 0.0133 1.333 0.833-2.134 0.2306
Distant metastasis (no versus yes) 2046 1419-5531 0.0035 1.737 1.008-2.981 0.0466
E2F1 expression (low versus high) 1642 1.255-2.290 0.0008 1.332 0.892-1.989 0.1608
STMNT1 expression (low versus high) 1877 1496-2.754 <0.0001 1.707 1.165-2.502 0.0061
TACC3 expression (low versus high) 1373 1.041-1.924 0.0315 0.899 0.620-1.302 0.5727
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Up-regulation of E2F1
in CRC cells
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Fig. 9 Overview of the E2F1-stathmin1-TACC3 axis in CRC cells. E2F1 transactivated stathmin1 and TACC3,
and stathmin1 phosphorylated at Ser16 facilitated the formation of the TACC3/clathrin/a-tubulin complex,
which promoted cell cycle progression by enhancing the stability of spindle fiber arrays in CRC cells

[20]. Although many factors have been reported to contribute to CRC proliferation,
the mechanism remains poorly understood.

E2F1 is a critical transcription factor highly expressed in most cancer tissues [21].
E2F1 has been shown to transactivate CDKs and facilitate cell proliferation by acceler-
ating cell cycle progression. Although E2F1 has been widely reported to promote cell
cycle progression through the CDK3-pRB-E2F1 axis, the downstream genes regulated
by E2F1 are multi-functional in the cell cycle [5]. In detail, E2F1 interacts with DP1 or
DP2 to promote cell cycle progression by transactivating thymidylate synthase, cyc-
lin A, cyclin E, and cdk2. In our previous work, increased E2F1 was required for the
proliferation of CRC cells by inducing the expression of ribonucleotide reductase M2,
which provided dNTPs for DNA synthesis [22]. Besides, spindle organization is also
essential during mitosis; however, the involvement of E2F1 in this biological process
is unclear. Here, we screened and analyzed 51 genes related to spindle organization in
the E2F1-regulated gene subset, in which stathminl and TACC3, two microtubule-
binding factors, were strictly regulated by E2F1. Given that TACC3 and stathminl
stabilize spindle fibers, E2F1 was thought to facilitate cell cycle progression of CRC by
inducing stathminl and TACC3. Considering the similar DNA element recognized by
E2Fs, other E2F members may also affect the expressions of stathminl and TACC3 to
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some extent. Because different E2F members have diverse transcriptional properties
and different cancer types have distinct expression profiles of E2Fs, it is worth investi-
gating E2Fs-regulated spindle organization in the context of other cancers.

Stathminl has been found to be a cytosolic phosphoprotein that regulates microtubule
dynamics during mitosis, and is associated with aggressive cellular behaviors, especially
proliferation, in a wide spectrum of human malignancies [23-25]. Abnormal expression
of stathminl was validated in CRC tissues, and CRC patients with higher expression
of stathminl have poorer prognosis [26]. Reportedly, stathminl levels are upregulated
when retinoblastoma protein (RB) is inactivated and E2F is deregulated [27]. Nota-
bly, our findings validated that stathminl was transactivated by E2F1 in CRC cells.
Physiologically, unphosphorylated stathminl causes microtubule depolymerization
by sequestering soluble tubulin, and induces microtubule catastrophe [28]. Four ser-
ine phosphorylation sites (Serl6, Ser25, Ser38, and Ser63) were identified at the stath-
minl protein, and their phosphorylation affected the microtubule destabilizing ability of
stathminl [12, 29]. In early mitosis, phosphorylation of stathminl overrides its micro-
tubule destabilizing ability, allowing the formation of mitotic spindles, while stathminl
is dephosphorylated when cells exit mitosis and undergo cytokinesis [30]. In the above
studies, cyclin-dependent protein kinases (CDKs) confer the phosphorylation of Ser25
and Ser38, and p21-activated kinase (Pak) directly phosphorylates Ser16 [12, 29]. How-
ever, we predicted Ser16 as a target of PKA and found that dibutyryl-cAMP (Buclades-
ine, a PKA activator) induced the phosphorylation of Serl6, suggesting that PKA may
serve as a novel kinase for stathminl phosphorylation (Ser16). As reported by Larsson
et al., although dual phosphorylation on Ser25 and Ser38 appears to be required for
phosphorylation of Ser16, by themselves, Ser25 and Ser38 are of only minor importance
in direct regulation of stathminl activity. Subsequent phosphorylation of Serl6 may
switch off its activity [12]. Consistently, we found that p-stathminl (Ser16) was required
for TACC3 phosphorylation and further mitotic spindle assembly.

As a member of the TACC family characterized by a highly conserved C-terminal
coiled-coil domain, TACC3 functions as a microtubule stabilizer in the process of
mammalian mitotic spindle assembly, thereby regulating centrosome and microtu-
bule dynamics [13, 31]. TACC3 is highly expressed in a variety of tumors including
colorectal cancer, and promotes tumor progression partially by increasing cell pro-
liferation [10, 32]. TACC3 deletion was found to suppress the growth of intestinal
tumors in vitro and in vivo by perturbing the mitotic spindle of intestinal stem cells
[33]. Clinical investigations indicated TACC3 expression as an independent prognos-
tic factor for CRC patients, which correlated with poor survival [32]. Mechanistically,
localization of TACC3 to mitotic spindles is mediated by phosphorylation on Ser558,
which could be induced by the mitotic kinase Aurora A in CRC cells [34]. Besides,
we predicted PKA as a potential kinase targeting Ser558, which is worth further ver-
ification. Interestingly, the present study showed that p-stathminl (Ser1l6) was also
indispensable for the activation of p-TACC3 (Ser558), with the latter facilitating the
formation of TACC3/clathrin/a-tubulin complexes and stabilizing mitotic spindles.
Because stathminl and TACC3 were co-regulated by E2F1 in CRC cells, TACC3
might exert a synergistic effect with stathminl during mitosis.
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Conclusions

Functionally, activated stathminl and TACC3 are thought to stabilize spindle fibers,
but no study to date had shown a functional link between stathminl and TACC3. Our
study found that E2F1 induced the expressions of both stathminl and TACC3, while
phosphorylation of TACC3 at Ser558 was dependent on p-stathminl (Ser16), conse-
quently facilitating the mitosis and proliferation of CRC cells.
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