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ABSTRACT
Matrin 3 (matr3), an abundant protein of the internal nuclear matrix, has been linked to a variety of functional events. As a step toward

defining its multifunctional nature, we have studied the association of matr3 with chromosome territories and identified potential interacting

proteins. A similar staining pattern of matr3 was observed in fixed WI38 fibroblast cells and in live HeLa cells using a matr3-GFP construct.

Matr3 was detected throughout autosomal and the active X chromosome territories. Conversely, matr3 was strikingly excluded from the

inactive X chromosome as well as within both the perinuclear and perinucleolar heterochromatin. Yeast two hybrid analysis identified matr3

interactions with 33 unique nuclear localized proteins and also revealed its propensity for self association. A majority of these proteins are

involved in RNA metabolism and chromatin remodeling while others function in protein translation, DNA replication/repair and apoptosis.

Further analysis of a selection of these proteins and scaffold attachment factor A (SAFA) by co-localization and co-immunoprecipitation

experiments using HeLa cells confirmed their interactions with matr3. J. Cell. Biochem. 108: 125–133, 2009. � 2009 Wiley-Liss, Inc.
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A n emerging view of the nucleus is that of a heterogeneous

organelle partitioned into dynamic functional sub-domains

or microenvironments throughout the three-dimensional nuclear

volume [Wei et al., 1998; Berezney, 2002; Stein et al., 2003; Zaidi

et al., 2005; Lanctot et al., 2007; Misteli, 2007; Malyavantham et al.,

2008b]. The nuclear matrix consists of a fibrogranular framework of

the interphase nucleus, which is resistant to high salt and detergent

extraction [Berezney and Coffey, 1977; He et al., 1990] and has been

proposed to contribute to the spatial and functional organization of

the nucleus [Berezney, 2002]. Numerous functions including,

but not limited to DNA replication, transcription, RNA splicing,

and nuclear receptor signaling have been found associated with

components of the nuclear matrix [Tubo et al., 1987; Zeitlin et al.,

1987; Berezney et al., 1995; Mortillaro et al., 1996; Eggert et al.,

1997; Oesterreich et al., 2000; Graham et al., 2008]. Many groups

have identified specialized functional domains within the interphase

nucleus [Lamond and Earnshaw, 1998; Dundr and Misteli, 2001;

Zaidi et al., 2005]. Recently, we have demonstrated the presence

of the nuclear matrix proteins matrin 3 (matr3) and scaffold

attachment factor A (SAFA) also known as hnRNP-U in transcrip-

tion-associated nuclear microenvironments [Malyavantham
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matrix [Belgrader et al., 1991; Nakayasu and Berezney, 1991], was

originally cloned from a rat insuloma cDNA library [Belgrader et al.,

1991]. Matr3 has since been implicated in processes such as nuclear

retention of hyper-edited RNA [Zhang and Carmichael, 2001], and

mediating neuronal cell death in response to NMDA receptor

activation [Giordano et al., 2005].

SAFA, another abundant protein of the nuclear matrix, has been

demonstrated to stabilize specific mRNAs [Yugami et al., 2007].

There is also evidence that SAFA plays a role in active transcription

through an interaction with actin and RNA polymerase II [Kukalev

et al., 2005; Obrdlik et al., 2008]. Both matr3 and SAFA have

been demonstrated to bind DNA at sites termed scaffold/matrix

attachment regions (S/MAR) [Fackelmayer et al., 1994; Gohring and

Fackelmayer, 1997; Hibino et al., 2000]. S/MAR sites have been

demonstrated to influence higher order chromatin structure by

associating with matrix-binding proteins that anchor chromatin

into loop domains [Cai et al., 2003]. The interplay of S/MAR sites and

associated proteins can alter the structure of these chromatin loop

domains to regulate gene expression [Cai et al., 2003; Heng et al.,

2004; Han et al., 2008; Ottaviani et al., 2008]. In agreement with
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studies suggesting a role for the nuclear matrix in organizing

chromatin structure, our group has previously demonstrated that

disruption of a sub-set of nuclear matrix proteins is correlated with a

loss of chromosome territory integrity [Ma et al., 1999].

In this report, we investigate the nuclear organization of matr3

with respect to interphase chromosomes. Using a combination of

immunofluorescent staining and fluorescence in situ hybridization

termed immuno-FISH, we demonstrate the ubiquitous nature of

matr3 localization throughout autosomal chromosome territories

and the exclusion of matr3 from the inactive X chromosome.

Moreover, the network-like organization of matr3 visualized in

fixed cells is also seen in live cells using a matr3–GFP construct. As a

step toward understanding the functional role of matr3, a yeast two-

hybrid screen was performed to identify candidate interacting

proteins. Co-localization analysis and co-immunoprecipitation of

matr3 with the candidate interacting proteins, scaffold attachment

factor B (SAFB) and heterogeneous nuclear ribonucleoprotein

L (hnRNP-L), with the addition of SAFA based on our previous

findings [Malyavantham et al., 2008b] was conducted to verify the

interactions in human cells.
MATERIALS AND METHODS

CELL CULTURE

HeLa and WI38 human diploid fibroblast cell lines (ATCC, Rockville,

MD) were cultured in advanced DMEM containing 3% FBS,

1% penicillin, and streptomycin in a 378C incubator at 5% CO2.
MATR3–GFP CONSTRUCTION, TRANSFECTION, AND MICROSCOPY

The full-length open-reading frame of Matr3 (GenBank Number:

BC015031; I.M.A.G.E. Clone ID: 3921668) was amplified from a

pCMV-SPORT6 cDNA clone using suitable forward and reverse

primers and topo-cloned into a pcDNA3.1/NT-GFP-TOPO vector

according to the instructions provided by the NT-GFP Fusion

TOPO1 TA Expression Kit (Invitrogen, La Jolla, CA; catalog no.

K4810-01). The fusion construct was transfected into HeLa

cells using Lipofectamine and Plus reagents according to the

manufacturer’s recommendation (Invitrogen, La Jolla). HeLa cells

expressing N-terminal GFP-fused Matr3 were imaged 24–36 h

after transfection using an Olympus IX70 inverted fluorescence

microscope.
YEAST TWO HYBRID

Full-length matr3 was PCR amplified from human cDNA with

primers incorporating a BamHI and a PstI restriction site on the

50 and 30 ends, respectively. Matr3 cDNA was then double digested

with BamHI and PstI (Fermentas) and the resulting fragment

separated by agarose gel electrophoresis and isolated with a gel

purification column (Qiagen). Matr3 was then cloned into plasmid

pGBDU-C [James et al., 1996] containing the GAL4 DNA-binding

domain generating pGBDU-Cmatr3. Plasmid pGBDU-Cmatr3 was

transformed into yeast strain PJ69-4A [James et al., 1996] using

polyethylene glycol/lithium acetate (PEG/LiAc)-mediated transfor-

mation [Gietz et al., 1992] and checked for expression and to rule out
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autoactivation on SD/-Ade and SD/-His plates. A full-length human

fetal brain cDNA library in vector pACT2 (Clontech) was then

transformed into PJ69-4A yeast expressing matr3 using a (PEG/

LiAc) large-scale transformation method according to manufac-

turer’s instructions (Clontech). Yeast transformants were plated for

screening onto SD/-Ade/-His/-Ura/-Leu media. Selected colonies

were patched to SD/-Leu plates and pGBDU-Cmatr3 was removed

with 50-FOA treatment. Candidate interacting clones were rescued

from yeast and electroporated into Electromax DH10B cells

(Invitrogen). Plasmids were isolated from the resulting colonies

and sequenced at the DNA sequencing facility at Roswell Park

Cancer Institute.
ANTIBODIES AND IMMUNOFLUORESCENCE

Primary antibodies used were rabbit polyclonal antibody against

matr3 (clone BL2526, Bethyl Laboratories, Inc., Montgomery, TX),

mouse monoclonal antibodies against hnRNP-U (clone 3G6), and

hnRNP-L (clone 4D11) and goat polyclonal antibodies against SAFB,

clone F20, (Santa Cruz Biotechnology, Santa Cruz, CA). Alexa488,

Alexa594, and Alexa647 conjugated anti-goat, anti-mouse, and

anti-rabbit secondary antibodies were purchased from Molecular

Probes, Invitrogen (Carlsbad, CA). Peroxidase conjugated bovine

anti-goat IgG was obtained from Jackson ImmunoResearch

Laboratories (West Grove, PA), while peroxidase conjugated goat

anti-mouse and goat anti-rabbit antibodies were from Sigma

(St. Louis, MO).

For immuno-labeling, the cells grown on cover slips were fixed

with 4% PFA/1� PBS for 10 min, made permeable by incubating in

0.5% Triton X-100 for 10 min at room temperature, and reacted with

the appropriate primary antibody (diluted 1:100 in 10% FBS) for 1 h

at room temperature. Cells were then washed twice in 1� PBS/0.

1% Tween-20 (PBST) for 15 min at 378C, labeled for 1 h (room

temperature) with secondary antibodies diluted (1:200) in 1� PBS,

washed twice in PBST for 15 min at 378C and the cover

slips mounted on slides using vectashield (Vector Laboratories,

Burlingame, CA). Nuclei were detected with DAPI stain.

A modified labeling protocol was employed to eliminate

antibody cross-reactivity when combining anti-rabbit and anti-

goat secondary antibodies. Following primary antibody incuba-

tions, donkey anti-goat Alexa594 was labeled, washed with PBST,

and fixed in place with 2% PFA/1� PBS for 5 min. Cells were then

washed with 0.2% Triton X-100/1� PBS for 5 min followed by

incubation with goat anti-rabbit Alexa488.
THREE-DIMENSIONAL IMMUNO-FISH

For DNA FISH, cells were fixed with 4% PFA/1� PBS for 10 min,

made permeable with 0.5% Triton X-100 for 10 min, and incubated

in 20% glycerol/1� PBS for 25 min followed by four freeze–

thaw cycles in liquid nitrogen. Cells were heat denatured in

70% formamide/2� SSC at 758C for 5 min followed immediately

by denaturation in 50% formamide/2� SSC at 758C for 2 min.

Chromosome paints (Cytocell, Windsor, CT) were heat denatured at

758C for 8 min and snap cooled on ice. Cells on cover slips were

sealed together with chromosome paints using rubber cement,

and chromosomes were hybridized for 24–48 h at 378C. Three
JOURNAL OF CELLULAR BIOCHEMISTRY



post-hybridization washes included 50% formamide/2� SSC/0.05%

Tween-20, 2� SSC/0.05% Tween-20, and 1� SSC for 30 min each

at 378C. Following the washes, cells were incubated with primary

anti-matr3 antibody and secondary Alexa conjugated antibodies as

described above. The cover slips were then mounted with

vectashield. At no time were the cells allowed to dry.

CO-IMMUNOPRECIPITATION AND WESTERN BLOTTING

Co-immunoprecipitation of matr3 was performed with a nuclear

complex Co-IP kit (Active Motif, Carlsbad, CA), according to

manufacturer’s instructions with minor modifications. Briefly,

isolated HeLa nuclei were lysed in digestion buffer and DNA was

digested with an enzymatic shearing cocktail in the presence of a

protease inhibitor cocktail and PMSF. Four hundred micrograms of

nuclear extract diluted in high stringency IP buffer was incubated on

a rotator overnight at 48C with 4mg rabbit anti-matr3 or non-

specific rabbit IgG (Sigma) in the case of the negative control.

Extracts were then incubated with 60ml of protein A magnetic

Dynabeads (Invitrogen, Carlsbad), for 45 min at 48C followed by

three washes in IP wash buffer containing 1 mg/ml BSA and three

washes in IP wash buffer alone. Complexes were removed from

beads by boiling for 5 min in 10ml of 2� SDS sample buffer.

Protein samples were separated by SDS–PAGE on 4–20% gradient

ready gels (BioRad, Hercules, CA). Proteins were then transferred to a

PVDF membrane (Millipore, Billerica, MA), and blocked overnight in

4% BSA and immunolabeled with primary antibodies followed by

peroxidase conjugated secondary antibodies. Signals were detected

using the ECL plus reagent (GE Healthcare, Piscataway, NJ), on a

Storm860 imager (Molecular Dynamics, GE healthcare), according

to manufacturer’s recommendations.

MICROSCOPY AND COMPUTER IMAGE ANALYSIS

Following labeling, indirect immunofluorescence was detected with

Chroma filter sets using an Olympus BX51 upright microscope

(100� plan-apo, oil, 1.4 NA) equipped with a Sensicam QE (Cooke

Corporation, Romulus, MI), digital CCD (charge-coupled device)

camera, motorized z-axis controller (Prior, Rockland, MA), and

Slidebook 4.0 software (Intelligent Imaging Innovations, Denver,

CO). Optical sections (0.5mm) were collected, deconvolved using a

NoNeighbor algorithm operating within Slidebook 4.0, and exported

as 16-bit tiff intensity files for further analysis. The matr3 sites were

segmented according to a spot-based approach developed by our

group [Malyavantham et al., 2008a,b]. The minimal spanning tree

(MST) algorithm was then applied to the centroids of the segmented

sites in order to evaluate the network-like properties of the

matr3 sites [Malyavantham et al., 2008b]. Three-dimensional edge

detection was performed with Slidebook 4.0 software.

To verify the accuracy of our co-localization studies, we imaged

0.5mm diameter Fluoresbrite beads (Polysciences, Inc. Warrington,

PA) in both the red and green channels and examined the merged

images. Observation of completely yellow beads confirmed the

overall validity of our results. We further determined that the

average sub-pixel shift between the red and green channels of

the imaged beads was 0.54 pixels (�0.03mm) under the microscopic

conditions used in our experiments [Malyavantham et al., 2008a].
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Confocal microscopy was performed with a Zeiss LSM 510 Meta

NLO confocal microscope at the confocal microscopy and flow

cytometry core facility at the University at Buffalo. Confocal images

were processed and orthogonal section views were displayed using

LSM Image Browser (Zeiss, Thornwood, NY).
RESULTS

SPATIAL ORGANIZATION OF Matr3 AND

CHROMOSOME TERRITORIES

Nuclear matrix proteins bind DNA at multiple sites in the genome

termed S/MAR [Bidwell et al., 1993; Nayler et al., 1998; Cai et al.,

2006]. Extraction of large portions of nuclear matrix proteins from

the cell nucleus correlates with a significant disruption of three-

dimensional chromosome territory organization [Ma et al., 1999].

Since matr3 is among the most abundant proteins identified in the

inner nuclear matrix [Nakayasu and Berezney, 1991], we investi-

gated its relationship with interphase chromosome territories.

Matr3 is localized throughout the extranucleolar regions of the

nucleus and was composed of relatively discrete sites of varying

intensities and more diffuse labeling (Fig. 1) that overall appears as a

network-like structure [Malyavantham et al., 2008b]. The discrete

matr3 sites are more easily distinguished at higher magnification

(see insets in Fig. 1A,B). A similar organization of matr3 appears in

live HeLa cells that were transfected with a matr3–GFP construct

(Fig. 1I). To better evaluate the network-like properties of the matr3-

staining patterns, we applied the MST algorithm to the centroids

(visualize as red spots in Fig. 1I). This pattern recognition imaging

approach connects the centroids by a line path that follows

properties of both the nearest distance between the centroids and a

minimal distance for the entire pathway of the continuous MST line

[Malyavantham et al., 2008b]. This is seen in Figure 1J where the

network-like green MST line is superimposed on the original raw

image of matr3 staining.

An immuno-FISH approach was used to determine the spatial

organization of matr3 in relationship to chromosome territories.

Three-dimensional FISH was performed to preserve nuclear

structure followed by indirect immunofluorescent labeling of

matr3. Matr3 was observed to innervate both gene-poor chromo-

some 18 and gene-rich chromosome 19 regions (Fig. 1A,B). While

the intense staining of the chromosome territories often masked the

presence of at least the lower intensity matr3 sites, this association

was confirmed by line profile analysis of chromosomes 18, 19, and

matr3 (Fig. 1K,L). As another approach to defining the association of

matr3 with chromosome territories, we employed the MST algorithm

to map the network structure of matr3 with respect to chromosomes

1 and 9. The resulting matr3–MST network in blue is readily seen to

penetrate into the interior of both pairs of chromosome territories

(Fig. 1D).

The association of matr3 sites with chromosome territories 1 and

9 was then studied using confocal microscopy (Fig. 1C). For a more

detailed visualization of the penetration of matr3 throughout

chromosomes 1 and 9, we obtained in addition to XY optical

sections (Fig. 1C, middle box), XZ (Fig. 1C, top box), and YZ

(Fig. 1C, right box) sections denoted by the green and red lines,
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Fig. 1. Nuclear organization of Matr3 in WI38 fibroblasts and in live HeLa Cells. A: Matr3 (green) and chromosome 18 (red). B: Matr3 (green) and chromosome 19 (red). White

boxes in (A) and (B) contain enlarged views of the chromosome territories and matr3. C: Confocal image displaying XY view (middle box), XZ section view (top box), and YZ

section view (right box) of matr3 (red), chromosome 1 (green), and chromosome 9 (blue). D: Minimal spanning tree network of matr3 (blue lines), chromosome 1 (green), and

chromosome 9 (red). E: Matr3 (green), chromosome 18 (red), and DAPI (blue). F: Three-dimensional edge detection analysis of the image from (E). Arrows in (E) and (F) denote

the presumptive Barr body based on DAPI staining. G: Top, line profile analysis of active chromosome X and matr3 labeling; bottom, line profile of inactive X chromosome

and matr3. H: Three-dimensional surface rendering of matr3 (red), X chromosome (green), and most intense DAPI staining (blue) White arrow denotes the inactive

X chromosome. I: Distribution of matr3–GFP in live HeLa cells. Centroids (red) of discrete matr3 sites are superimposed on the raw image. J: MST network of the matr3–GFP sites

(green) is overlaid on the raw matr3–GFP signal (red). K: Line profile of matr3 (green) and chromosome 18 (red) from (A). J: Line profile of matr3 (green) and chromosome

19 (red) from (B).

128 CHROMOSOMAL DISTRIBUTION OF MATRIN 3 JOURNAL OF CELLULAR BIOCHEMISTRY



respectively. In the XY section only one copy of chromosome 9 is

visible due to it occupying a different Z section. This is also the case

for chromosome 1 in the YZ section.

The nuclear staining of matr3 excluded regions of heterochro-

matin as observed by regions of intense DAPI staining (Fig. 1E).

To further test this conclusion, a three-dimensional edge detec-

tion algorithm was employed to precisely delineate the borders

of DAPI-stained heterochromatin and matr3 staining (Fig. 1F).

Matr3 is absent from both the perinuclear and perinucleolar

heterochromatin. It also excludes the presumptive Barr body of the

inactive X chromosome as suggested by the very intense and

discrete region of DAPI staining along the nuclear periphery

(Fig. 1F). Consistent with this interpretation, immuno-labeling of

matr3 and the chromosome X paint revealed the absence of matr3

from one copy of the X chromosome (Fig. 1G) which is confirmed by

line profile analysis (Fig. 2G). Three-dimensional surface rendering

of chromosome X, matr3, and DAPI staining also supports the

absence of matr3 from the intensely DAPI-stained heterochromatin

of the inactive X chromosome but not the active X chromosome

(Fig. 2H).

Matr3 INTERACTION SCREEN AND ANALYSIS OF

ASSOCIATED PROTEINS

As an initial step toward understanding the functional interactions

of matr3 in the cell nucleus, a yeast two-hybrid screen was

performed to identify interacting proteins. Since matr3 expression

is elevated in developing brain tissue, and is the main target for

cAMP-dependent protein kinase (PKA) phosphorylation following

NMDA receptor activation in neuronal cells [Giordano et al., 2005], a
Fig. 2. Known nuclear proteins associating with matr3 from yeast two-hybrid analy

categories according to function. Numbers in parentheses indicate number of times in
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fetal brain cDNA library was used as prey. After screening

greater than 2� 106 colonies, 33 unique nuclear proteins were

identified (Fig. 2). The great majority of these candidate interacting

proteins were previously identified as playing functional roles

in transcription, RNA processing/transport, and chromatin remo-

deling. The other proteins identified can be classified into the

categories of DNA replication and repair, translation, and apoptosis.

The most frequently found interactive protein was matr3 itself

with six positive hits followed closely by the chromatin remodeling

factor CHD3 and the RNA processing protein DDX5 with five

hits each.

A combination of microscopy and co-immunoprecipitation

was utilized to verify interactions of candidate proteins for which

suitable antibodies were available. Two candidate proteins hnRNP-

L, a global splicing regulator [Hung et al., 2008], and SAFB, a

S/MAR-binding protein with roles in transcriptional repression

[Nayler et al., 1998; Jiang et al., 2006], were analyzed for

co-localization with matr3. SAFA was also included based on

findings that it is highly proximal to matr3 by immuno-localization

[Malyavantham et al., 2008b] and its proposed role in modulat-

ing RNA polymerase II transcription [Obrdlik et al., 2008]. All

three proteins were observed to partially co-localize with matr3

(Fig. 3A–C). Both hnRNP-L and SAFB typically had concentrated

regions of intense staining which co-localized completely with

matr3 indicated by arrows in Figure 3A,C. These concentrated areas

were often found proximal to nucleoli. To evaluate the degree of

overlap between the candidate proteins and matr3, line profile

analysis was performed (Fig. 3D–F). SAFA, SAFB, and hnRNP-L

proteins displayed coincident peaks with matr3. SAFA distribution
sis. Candidate interacting proteins from a yeast two-hybrid screen are broken into

teraction was found. Matr3 was found to associate with itself six times.
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Fig. 3. Immunofluorescence and immuno-pulldown experiments of matr3 with hnRNP-L, SAFA, and SAFB. Analysis of matr3 and candidate interacting proteins in HeLa

cells. A–C: Co-localization of matr3 (green) and (A) hnRNP-L (red), (B) SAFA (red), (C) SAFB (red), DAPI staining (blue), last column merged red and green images. White

arrows in (A) and (C) denote co-localizing regions of intense matr3 staining. D–F: Line profile analysis of (D) matr3 (green) and hnRNP-L (red), (E) matr3 (red) and SAFB (green),

(F) matr3 (red) and SAFA (green). G: Co-immunoprecipitation of matr3. Matr3 was immunoprecipitated from HeLa cell lysates, and the interacting proteins were detected by

Western blot analysis. Lanes from left to right: IP, immunoprecipitation of matr3; neg., negative control immunoprecipitation with non-specific rabbit IgG; extract, total HeLa

cell lysate run on the Western blot.
was more punctuate than matr3 and can be seen as multiple red

peaks along the underlying matr3 line intensity profile (Fig. 3E). The

line profiles also confirm that all three proteins are excluded from

the interior of the nucleolus.

Additional candidate proteins brg1, a component of matrix-

associated ATP-dependent chromatin remodeling complexes [Reyes

et al., 1997], and the RNA-binding protein hnRNP-G were also

investigated for co-localization with matr3 (Supplementary Fig. S1).

Although both proteins displayed partial co-localization with

matr3 (Supplementary Fig. S1) they were not detected in co-
130 CHROMOSOMAL DISTRIBUTION OF MATRIN 3
immunoprecipitation experiments under the conditions employed

(data not shown).

Nuclear co-immunoprecipitation experiments were performed

to determine if the close associations found between matr3

and hnRNP-L, SAFB and SAFA by immunofluorescence micro-

scopy reflect actual protein interactions with matr3. Prior to

immunoprecipitation, a nuclease cocktail was used to release

DNA bound proteins from isolated HeLa nuclei. Endogenous

matr3 was then immunoprecipitated from the HeLa cell nuclear

extracts. Immunoblotting revealed the presence of SAFA, SAFB, and
JOURNAL OF CELLULAR BIOCHEMISTRY



hnRNP-L in the fraction pulled down with matr3 but not in the

fraction pulled down with non-specific rabbit IgG antibodies

(Fig. 3G).

DISCUSSION

The nuclear matrix has long been thought to organize the myriad

of processes occurring in the cell nucleus [Berezney and

Coffey, 1977; Berezney, 1984; Berezney et al., 1995]. The more

recent findings of spatial organization and the identification

of numerous heterogeneous functional domains support this

hypothesis [Berezney, 2002; Stein et al., 2003; Zaidi et al., 2005;

Misteli, 2007; Malyavantham et al., 2008b]. Nearly all nuclear

processes examined to date have been found associated with

nuclear matrix components [Tubo et al., 1987; Zeitlin et al., 1987;

Bidwell et al., 1993; Berezney et al., 1995; Oesterreich et al., 2000;

Graham et al., 2008]. In addition to nuclear matrix associations

with functional processes, a role is also suggested in organizing

higher order chromatin structure through S/MAR binding

[Heng et al., 2004; Cai et al., 2006; Ottaviani et al., 2008].

This hypothesis is furthered by the observation of chromosome

territory disruption in correlation with the corresponding dis-

ruption of nuclear matrix structure in permeabilized cells [Ma et al.,

1999].

Although association with the nuclear matrix has been widely

demonstrated for many nuclear processes, the exact function of

many nuclear matrix proteins remains unclear. Progress has been

made, however, in the analysis of matr3, one of the more abundant

proteins of the internal nuclear matrix [Nakayasu and Berezney,

1991]. It has been linked to a variety of nuclear processes including

retention of hyper-edited RNA within the nucleus [Zhang and

Carmichael, 2001] and neuronal degradation in response to NMDA

activation [Giordano et al., 2005]. In the case of nuclear RNA

retention, matr3 was found to isolate in a complex with p54(nrb),

and the polypyrimidine tract binding protein associated

splicing factor (PSF), formally known as matrin 4 [Zhang and

Carmichael, 2001]. There is difficulty explaining the difference in

the number of reported amino acids at 876 in the report by

Carmichael’s group.

With this as a basis, we have investigated the nuclear

organization of matr3 in relationship to the chromosome territories,

followed by identification of potential interacting protein factors

within the cell nucleus. Matr3 foci varied in intensity from very

bright to weak and were distributed throughout the interphase

nucleus. While many sites occurred proximal to nucleoli, no

significant staining was detected within the nucleolar interior. In the

several hundred images observed, matr3 staining was present

throughout each autosomal chromosome territory analyzed. No

preference for increased matr3 localization was detected within

either the gene-poor chromosome 18 or gene-rich chromosome 19

territories (Fig. 1A,B). Matr3 also was found to penetrate into

chromosomes 1 and 9 territories when observed by three-

dimensional confocal microscopy (Fig. 1C), and two-dimensional

MST analysis of the matr3 foci yielded a network that innervated

both chromosomes 1 and 9 (Fig. 1D). This network distribution is
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consistent with the finding that matr3 had a tendency to self-

associate as evident from the yeast two-hybrid analysis. Impor-

tantly, a similar staining pattern and organization was detected in

living HeLa cells using a matr3–GFP construct (Fig. 1I,J) These

observations are also consistent with a model of chromosome

territories that contains a network of interconnecting channels

accessible to nuclear factors [Albiez et al., 2006]. Staining of matr3

was also largely excluded from regions rich in heterochromatic DNA

including that of the inactive X chromosome (Fig. 1E–H) suggesting

a possible role in euchromatin organization and/or function.

In an attempt to elucidate the functional interactions of matr3, we

performed a yeast two-hybrid screen. Consistent with a euchromatic

spatial location, the majority of positive interactions with matr3

contained proteins with a function involving transcription, RNA

processing/transport, and chromatin remodeling (Fig. 2). There were

also interactions with DNA replication/repair components including

the replication origin binding factor MCM7 [Maiorano et al., 2006],

and apoptosis-related proteins including the death-domain asso-

ciated protein (DAXX), homeodomain interacting protein kinase

1 (HIPK1), and brain and reproductive organ-expressed protein

(BRE). Interestingly, HIPK1 was observed to interact with DAXX and

is proposed to modulate its activity and nuclear localization [Ecsedy

et al., 2003]. There is also evidence that matr3, like numerous other

nuclear matrix proteins, is susceptible to cleavage by caspases

during apoptosis [Gerner et al., 2002; Valencia et al., 2007].

To examine the link between matr3 and RNA processing more

closely, we performed co-localization and co-immunoprecipitation

experiments with matr3 using HeLa cells. The nuclear protein

hnRNP-L, which has been demonstrated to globally regulate RNA

splicing [Hui et al., 2003; Hung et al., 2008], and the nuclear matrix

protein SAFB1, which has been implicated in a variety of processes

including chromatin organization and RNA processing [Oesterreich,

2003], were identified in the yeast two-hybrid screen and selected

for further investigation. SAFA was also included based on its

proximity to matr3 within functional nuclear domains [Malyavan-

tham et al., 2008b] and its role in transcriptional regulation [Obrdlik

et al., 2008]. We found significant overlap between matr3 foci and

hnRNP-L, SAFA, and SAFB (Fig. 3A–C). This was further supported

by the presence of coincident peaks observed from line profile

analysis (Fig. 3D–F). In addition, hnRNP-L, SAFA, and SAFB were all

identified in the fraction pulled down by immunoprecipitation of

endogenous matr3. Together these data support the results from the

yeast two-hybrid interaction screen and implicates a role for matr3

in RNA processing and structural organization.

Like many of the identified proteins of the nuclear matrix, matr3

has been observed to bind to S/MAR DNA [Hibino et al., 2000]. S/

MAR DNA-binding proteins have been implicated in organizing

chromatin loop domains and can display both activating and

repressive influences on gene expression in a tissue-specific manner

through interactions with chromatin remodeling and transcriptional

machinery [Alvarez et al., 2000; Cai et al., 2003; Heng et al., 2004].

Although matr3 has been demonstrated to bind DNA, in vivo effects

from its binding have not yet been determined. It would be

interesting to compare global gene expression levels following

siRNA-mediated knockdown of matr3 to assess whether it too

functions to modulate transcriptional activity.
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