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Abstract

Mitotic chromosome movements are orchestrated by interactions between spindle microtubules 

and chromosomes. It is well known that kinetochore is the major site where microtubule-

chromosome attachment occurs. However, the functions of other domains of chromosome such as 

chromosome periphery have remained elusive. Our previous studies show that PinX1 distributes to 

chromosome periphery and kinetochore during mitosis, and harbors the microtubule binding 

activity. Here we report that PinX1 interacts with Nucleolin, a chromosome periphery protein, 

through its C-termini. Deconvolution microscopic analyses show PinX1 mainly co-localizes with 

Nucleolin at chromosome periphery in prometaphase. Moreover, depletion of Nucleolin abolishes 

chromosome periphery localizations of PinX1, suggesting a functional interrelationship between 

PinX1 and Nucleolin. Importantly, repression of PinX1 and Nucleolin abrogates chromosome 

segregation in real-time mitosis, validating the functional importance of PinX1–Nucleolin 

interaction. We propose PinX1 is recruited to chromosome periphery by Nucleolin and a complex 

of PinX1 and Nucleolin is essential for faithful chromosome congression.
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Introduction

A complex layer existing around chromosomes during mitosis, hereafter referred to as the 

chromosome periphery, has been observed early in 1929 [1]. Cryo-electron microscopy 

studies showed that it is composed of closely packed fibrils associated with dense granules 

surrounding mitotic chromosomes [2]. This meshwork of fibrils and granules extends a short 

distance from the chromosomes, but is distinct from the surrounding cytoplasm [3,4]. After 

decades of researches, numerous proteins have been identified as constituents of 

chromosome periphery. Some of these proteins, such as topoisomerase II, Ki-67, Ku and 

H1.X, etc., are involved in maintaining chromosome structure [5–8] while others (e.g. 
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RCC1, Kid and Kif4, etc.) participate in spindle formation and chromosome movement [9–

11].

Nucleolin, which belongs to a RNA binding protein family, is a 707 amino acid protein. It is 

present in abundance at the dense fibrillar and granular regions of nucleolus, and appears to 

participate in many fundamental aspects of transcriptional regulation, cell proliferation and 

growth [12]. Recently, Nucleolin has been reported to localize to chromosome periphery 

during mitosis. Depletion of Nucleolin leads to a prolonged cell cycle with misaligned 

chromosomes. In addition, cold treatment experiments indicated that kinetochore 

microtubules become unstable in the absence of Nucleolin. Furthermore, it is likely that 

Nucleolin recruit several other nucleolar proteins such as fibrillarin and B23 to chromosome 

periphery, as depletion of Nucleolin abolishes the signals of these proteins from 

chromosome periphery [13].

PinX1 was first identified as a Pin2/TRF1 interacting protein in a yeast two-hybrid screen 

[14]. It serves as a natural telomerase inhibitor by interacting with the hTERT and hTR [15], 

and sequestering them in nucleoli [16,17]. Although the ultrastructure of chromosome 

periphery has been characterized and lots of components have been identified, our 

understandings about the architecture of these components and the functions of this 

specialized chromosome domain in mitosis are far to be complete. Here we report that the 

new identified chromosome peripheral protein PinX1 interacts with Nucleolin in vivo. 

Reconstitution of the PinX1–Nucleolin interaction using recombinant fusion proteins reveals 

that the interaction is direct and mediated by the C-termini of PinX1. PinX1 colocalizes with 

Nucleolin at chromosome periphery. More interestingly, depletion of Nucleolin abolishes the 

chromosome periphery localization of PinX1. Live cell imaging studies indicate that PinX1–

Nucleolin participates in chromosome congression during mitosis. At last, we proposed a 

model of these chromosome periphery proteins in facilitating chromosome congression.

Materials and methods

Cell culture and synchronization.

HeLa cells (American Type Culture Collection, Rockville, MD) were maintained as sub-

confluent monolayers in Dulbecco’s modified Eagle’s medium (Invitrogen) with 10% fetal 

bovine serum (Hyclone, Logan, UT) and 100 units/ ml penicillin plus 100 μg/ml 

streptomycin (Invitrogen) at 37 °C with 8% CO2. Cells were synchronized at G1/S with 5 

mM thymidine for 12~16 h and then washed with phosphate-buffered saline (PBS) 5 times 

and cultured in thymidine-free medium for 10 h. To collect mitotic cells for in vitro studies, 

cells were synchronized with 0.1 μg/ml nocodazole for 16 h.

Plasmids construction and protein expression.

The cDNA of PinX1 (NM_017884) was kindly provided by Dr. Kunping Lu (Harvard). To 

generate green fluorescent protein (GFP)-tagged and bacterial expression constructs of 

PinX1 and deletions, PCR-amplified cDNAs were cloned into pEGFP-C1 (Clontech) and 

pGEX-5X-3 (Amersham Bioscience) vectors by EcoRI and SalI. The bacterial expression 
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construct of Nucleolin, MBP-1234-RGG, was a generous gift from Dr. Nancy Maizels 

(Yale).

The GST-tagged proteins and the MBP-1234-RGG were expressed and purified as 

previously reported [18,19].

Antibodies and RNA interference.

The following antibodies were used: anti-PinX1 (Abnova), anti-Nucleolin (Abcam), anti-

cyclin B (BD). siRNA targeting PinX1 (SI00684971) and Nucleolin (SI02654925) were 

purchased from Qiagen. All the siRNAs and plasmids were transfected into HeLa cells using 

Lipofectamine 2000 (Invitrogen).

In vitro pulldown and immunoprecipitation.

GST-PinX1-bound Sepharose beads were used as an affinity matrix to isolate interacting 

proteins from mitotic HeLa cell lysate. Briefly, 5 × 107 HeLa cells were synchronized by 

nocodazole and collected by mitotic shake off. The mitotic cells were washed once with PBS 

and lysed in lysis buffer (50 mM Hepes, pH 6.9, 150 mM NaCl, 2 mM EGTA, 0.1% Triton 

X-100, 1 mM phenylmethylsulfonyl fluoride, 10 g/ml leupeptin and 10 g/ml pepstatin A). 

After centrifugation, the supernatant was first pre-cleared by incubating with GST-bound 

Sepharose beads for 2 h, and then incubated with GST-PinX1-bound Sepharose beads for 4 

h. All the incubations were carried out at 4 °C to avoid protein degradation. Beads were 

washed 4 times with lysis buffer and boiled in SDS sample buffer, followed by fractionation 

of bound proteins on 8% SDS–PAGE gel. The protein band of interest was removed for 

mass spectrometric analyses as described previously [20].

For immunoprecipitation, control IgG and Nucleolin mAb were first conjugated to protein 

A/G (Pierce) according to the manufacturer’s protocol, and then incubated with mitotic 

HeLa cell lysate for 4 h. After extensive washes, beads were boiled in SDS sample buffer. 

The bound proteins were fractionated on 10% SDS–PAGE gel and transferred to 

nitrocellulose membrane. The membrane was divided into three strips and probed with 

antibodies against Nucleolin, PinX1 and tubulin, respectively.

Immunofluorescence microscopy and time-lapse microscopy.

Cells were seeded onto sterile, acid-treated 12-mm coverslips in 24 well plates (Corning 

Glass Works, Corning, NY). The next day, the cells were transfected with 1 μl of 

Lipofectamine 2000 pre-mixed with plasmids or siRNAs described above. If not specified, 

48 h after transfection, cells were rinsed with PHEM buffer (100 mM PIPES, 20 mM Hepes, 

pH 6.9, 5 mM EGTA, 2 mM MgCl2 and 4 M glycerol) and fixation in freshly prepared 3.7% 

formaldehyde for 5 min. After permeabilization and rinsed three times in PBS, cells were 

blocked with PBST (0.05% Tween 20 in PBS) with 1% bovine serum albumin (Sigma), 

followed by incubation with various primary antibodies in a humidified chamber for 1 h. 

After three washes in PBST, primary antibodies were visualized by FITC (fluorescein 

isothiocyanate) or rhodamine conjugated goat anti-mouse or rabbit IgG. DNA was stained 

with DAPI (4′,6-diamidino-2-phenylindole). Slides were examined with a DeltaVision 

Deconvolution microscopy (Applied Precision Inc.). Images were processed using 

Li et al. Page 3

Biochem Biophys Res Commun. Author manuscript; available in PMC 2021 March 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DeltaVision SoftWorx software. Images for display were generated by projecting the sum of 

the optical sections using the maximum-intensity method.

For time-lapse microscopy, cells were cultured in a glass-bottom culture dish (MatTek, MA) 

with Leibovitz’s L-15 medium (Invitrogen) at 37 °C and examined with a DeltaVision 

microscopy system. Images were acquired at ~2 min intervals and presented in Photoshop.

Results and discussion

Identification of Nucleolin as a novel PinX1-binding partner

Our previous studies showed that PinX1 localizes to chromosome periphery in mitosis (Kai 

Yuan et al. submitted for publication). To explore the molecular mechanism, we carried out a 

pull-down assay using GST-PinX1 bound glutathione beads as an affinity matrix to incubate 

pre-cleared mitotic HeLa cell lysate. After extensive washing, the beads were boiled in 

SDS–PAGE sample buffer and the components separated on SDS–PAGE. As shown on the 

coomassie-stained gel (Fig. 1A, left panel, lane 3), GST-PinX1 absorbed several proteins 

from the lysate. The indicated bands were removed and digested with trypsin, and the 

resulting tryptic peptides were submitted for mass spectrographic analyses and database 

search. The three proteins identified were heterogeneous nuclear ribonucleoprotein U (P1), 

the DEAH box polypeptide (P2) and Nucleolin (P3). The nucleolar protein, Nucleolin was 

recently reported to distribute to chromosome periphery and have an important role in 

chromosome congression [13].

To test if PinX1 forms a cognate complex with Nucleolin, we carried out an 

immunoprecipitation in which Nucleolin antibody and control IgG were pre-conjugated to 

the protein A/G Sepharose beads and incubated with mitotic HeLa cells lysate. After 

extensive washes, the immunoprecipitants in the Protein A/G beads were solubilized in 

SDS–PAGE sample buffer and fractionated in SDS–PAGE. As shown in Fig. 1B, PinX1 was 

present in the anti-Nucleolin immunoprecipitant (lane 6, middle panel), but not the control 

IgG immunoprecipitant (lane 3, middle panel). Neither Nucleolin nor PinX1 were 

precipitated by control IgG (lane 3; middle and upper panels). In addition, no tubulin was 

precipitated by Nucleolin antibody, indicating the immunoprecipitation was specific (lanes 3 

and 6). Thus, we conclude that PinX1 forms a cognate complex with Nucleolin in mitosis.

To validate if PinX1 physically interacts with Nucleolin, we performed an in vitro pull-down 

assay in which recombinant Nucleolin and PinX1 proteins were utilized. To this end, MBP 

tagged Nucleolin lacking the N-terminal histone 1 like domain (named MBP-1234-RGG), 

was purified as described [18,21] and used as an affinity matrix to incubate with the GST-

PinX1 and its deletion mutants. After extensive washes, the absorbed proteins on the 

MBP-1234-RGG affinity matrix were fractionated in SDS–PAGE followed by Western 

blotting analysis using GST antibody. As shown in Fig. 1C, full-length, 92–254aa and 254–

328aa, but not 1–91aa of PinX1 can be pulled down by MBP-1234-RGG (lanes 11–14). As 

control, GST was not absorbed by the Nucleolin affinity matrix, indicating the specificity of 

PinX1–Nucleolin interaction. Thus, we conclude that PinX1 physically binds to Nucleolin.
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PinX1 co-localizes with Nucleolin to the mitotic chromosome periphery

Having demonstrated the bona fide interaction between PinX1 and Nucleolin, we wanted to 

investigate their cell cycle expressions and spatiotemporal distribution profiles. To study the 

cell cycle expressions of these two proteins, HeLa cells were released from thymidine block 

to the indicated time points, and harvested for Western blot. The expression levels of PinX1 

and Nucleolin remain almost constant during the cell cycle (Fig. 2A).

To investigate their spatiotemporal distribution profiles, HeLa cells transfected with GFP-

PinX1 were fixed and counter-stained with anti-Nucleolin antibody and DAPI. As shown in 

Fig. 2B, PinX1 resided mainly within nucleoli while Nucleolin was prominently localized to 

the outer layer of the nucleoli of in interphase cells (a); In prophase, parts of PinX1 were 

relocated to the kinetochores while Nucleolin still enriched in nucleoli structures (b); In 

prometaphase, PinX1 and Nucleolin strongly co-localized at the chromosome periphery (c); 

In metaphase, chromosome periphery localizations of PinX1 were reduced, and spindle 

localization of PinX1 became obvious (d); In anaphase, some PinX1 and Nucleolin 

remained associated with chromosome periphery, while some of them were packaged into 

nucleolus-derived foci (DNFs) [22] in cytoplasm (e); In telophase, PinX1 and Nucleolin 

were recycled back to the forming Nucleoli (f).

Nucleolin recruits PinX1 to the chromosome periphery

Next, we wanted to examine the localization inter-dependency of PinX1–Nucleolin. To this 

end, control, Nucleolin-depleted and PinX1-depleted cells were stained with anti-Nucleolin, 

anti-PinX1 and DAPI respectively. The efficiency and specificity of PinX1 and Nucleolin 

depletion judged by the Western blotting analyses is shown in Fig. 3A. In interphase cells 

(Fig. 3B), nucleolus distribution of PinX1 was disrupted in the absence of Nucleolin 

(Nucleolin RNAi panel); while consistent with our recent report (Kai Yuan et al. submitted 

for publication), depletion of PinX1 generated several micronuclei in interphase, and these 

micronuclei were Nucleolin positive (PinX1 RNAi panel). In prometaphase cells (Fig. 3C), 

depletion of Nucleolin abolished chromosome periphery localization of PinX1; however, the 

kinetochore and spindle localization of PinX1 were not affected (Nucleolin RNAi panel). 

While chromosome periphery distribution of Nucleolin was also slightly reduced in PinX1 

eliminated cells (PinX1 RNAi panel).

PinX1 cooperates with Nucleolin for chromosome congression

Given the interaction between PinX1 and Nucleolin and their specific distribution on 

chromosome periphery, we sought to probe the functional relevance of PinX1 and Nucleolin 

in mitotic progression.

To this end, HeLa cells were transfected with mock, Nucleolin or Nucleolin plus PinX1 

siRNA, along with GFP-H2B to visualize the chromosomes [19]. Chromosome movements 

of these cells were monitored by live cell imaging. As shown in Fig. 4A, in control-

transfected cells, chromosome congression was finished ~26 min after NEB. The anaphase 

onset was observed ~47 min after NEB, and the complete segregation of sister chromatids 

was achieved ~58 min after NEB. However, in Nucleolin siRNA transfected cells (Fig. 4B), 

chromosome congression was not well-achieved and sister chromatids failed to separate 
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even at ~78 min after NEB, which is consistent with a previous study [13]. Moreover, in the 

Nucleolin and PinX1 double depleted cells (Fig. 4C), defects in chromosome congression 

were more severe. Combined with the aforementioned results, we propose that Nucleolin 

recruits PinX1 to chromosome periphery and participate in chromosome congression.

A model demonstrating the function of PinX1-Nucleolin in prometaphase

Decades of researches have focused on the intrinsic properties of mitotic chromosomes. In 

1975, McGill and Brinkley have reported that human chromosomes and centrioles function 

as the microtubule nucleating sites [23]. It is noteworthy that although kinetochores maybe 

the prominent sites attached to these microtubules [24], lots of short microtubules were also 

found at the chromosome periphery region [23]. Another elegant experiments, done by 

Heald and colleagues in 1996, have demonstrated that DNA-coated beads can induce the 

formation of bipolar spindle in Xenopus egg extracts, in the absence of centrosomes and 

kinetochores [25]. This observation emphasizes the role of chromosome in bipolar spindle 

formation, and it is also yield a possibility that the chromosome peripheral proteins may 

involve in this process.

Recent studies have identified Nucleolin as a chromosome periphery protein and participate 

in chromosome congression [13]. Our latest results suggested PinX1 localizes to 

chromosome periphery and harbors the microtubule binding activity (Kai Yuan et al. 

submitted for publication). Here we characterized the interaction between PinX1 and 

Nucleolin, revealed the molecular mechanism underlying the chromosome periphery 

localization of PinX1, and explored the roles of these chromosome periphery components in 

chromosome congression.

Based on the observations mentioned above, we proposed a model here to illustrate how 

chromosome peripheral protein PinX1 cooperates with Nucleolin in chromosome capture 

and congression (Fig. 4D). In prometaphase, Nucleolin recruits PinX1 to the chromosome 

periphery, at where PinX1 grasps several short microtubules, which may be generated by 

kinetochore or chromosome mediated microtubule nucleation. Meanwhile, the centrosome-

nucleated microtubules start to elongate. With the help of motor proteins and microtubule-

associated proteins, the microtubules enriched around chromosomes coalesce with the 

centrosomal microtubules, and greatly facilitate the “search and capture” process [26].

Taken together, in this study we identified Nucleolin as a binding partner of PinX1 and 

specifies PinX1’s chromosome peripheral localization. This PinX1–Nucleolin complex 

participates in chromosome congression. We believe these new findings will help us to 

understand the architecture of chromosome periphery, and also shed new light on the 

functions of chromosome periphery during mitosis.
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Fig. 1. 
PinX1 interacts with chromosome periphery protein Nucleolin in vitro and in vivo. (A) 

Identification of PinX1–Nucleolin interaction. Mitotic HeLa cell Triton X-100 extracts were 

applied to GST-PinX1 affinity column. After binding, columns were extensively washed, 

and bound proteins were eluted with SDS sample buffer and separated by SDS–PAGE. The 

indicated protein (P1–P3) was extracted from the gel and digested with trypsin, and the 

amino acid sequence of peptides was determined by MALDI-TOF mass spectrometry. Table 

shown on the right illustrated the candidate proteins identified by mass spectrometric 
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analyses. (B) PinX1 forms a cognate complex with Nucleolin in vivo. Extracts from 

nocodazole-synchronized mitotic HeLa cells were incubated with antibodies against 

Nucleolin (lanes 4–6) and control IgG (lanes 1–3), and immunoprecipitants (IP) were 

resolved by SDS–PAGE. Western blotting verified co-immunoprecipitation of PinX1 

(middle panel) and Nucleolin (upper panel). No tubulin was detected in Nucleolin 

immunoprecipitants (lower panel). Lanes 2 and 5 are non-binding materials. (C) 

Reconstitution of the PinX1–Nucleolin interaction using recombinant fusion proteins. 

Aliquots of MBP-tagged recombinant Nucleolin fragment (1234-RGG) purified on maltose-

agarose beads were used as affinity matrixes to absorb purified GST-tagged Pinx1 protein 

and its deletion mutant proteins purified from bacteria (lane 2–5). Aliquots of MBP protein 

were used as controls (lanes 6–9). Western blotting analyses using GST antibody show that 

the C-terminal PinX1 (aa92–328) is responsible for this direct binding.
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Fig. 2. 
PinX1 co-localizes with Nucleolin in mitosis. (A) Cell cycle expression of PinX1 and 

Nucleolin. HeLa cells were harvested at the indicated time points after releasing from 

thymidine block and boiled in SDS sample buffer. The samples were analyzed by Western 

blot with anti-PinX1, anti-Nucleolin, anti-cyclin B and antitubulin. (B) This montage 

represents optical images collected from PinX1 transfected HeLa cells triply stained for 

GFP-PinX1 (green), Nucleolin (red) and DAPI (blue). In prometaphase, PinX1 co-
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distributes with Nucleolin mainly on the perichromosomal regions with light deposition on 

kinetochore (c). Bar: 10 μm.
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Fig. 3. 
Nucleolin recruits PinX1 to the chromosome periphery. (A) Specificity and efficiency of 

siRNA treatments in HeLa cells. Aliquots of HeLa cells were transfected with 50 nM siRNA 

oligonucleotide duplexes for PinX1, Nucleolin and a control scrambled oligonucleotide for 

96 h and subjected to SDS–PAGE and immunoblotting. Upper panel: Nucleolin; middle 

panel: PinX1; lower panel: tubulin. (B) In interphase, depletion of Nucleolin destroyed the 

nucleolus structure and abolished nucleolus localization of PinX1 (Nucleolin RNAi panel). 

Depletion of PinX1 yielded several Nucleolin-positive micronuclei cells and slightly 
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diminished the nucleolus localization of Nucleolin (PinX1 RNAi panel). Bar: 10 μm. (C) In 

mitosis, chromosome peripheral localization of PinX1 almost disappeared in the absence of 

Nucleolin (Nucleolin RNAi panel); chromosome peripheral localization of Nucleolin was 

also weakened in the absence of PinX1 (PinX1 RNAi panel). Bar: 10 μm.
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Fig. 4. 
Manipulation of Nucleolin–PinX1 expression levels with siRNA affects mitotic chromosome 

congression. (A–C) Live cell imaging of chromosome movements in control, Nucleolin or 

Nucleolin/PinX1 depleted cells. Chromosomes were marked by GFP-H2B. Elimination of 

Nucleolin or Nucleolin/PinX1 leads to chromosome congression defects. (D) A model 

demonstrating the function of Nucleolin–PinX1 in mitosis.
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