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ABSTRACT: In this paper, we examined the posttranslational modifications (PTMs) of high-mobility group
A1 (HMGA1) proteins in PC-3 human prostate cancer cells that are either treated or not treated with a
histone deacetylase inhibitor, sodium butyrate. We found that, from a reversed-phase C4 column, the
HMGA1a protein eluted in two different fractions with distinct forms of PTMs: Ser98, Ser101, and Ser102
were phosphorylated and Arg25 was methylated for both fractions; only the minor fraction, however, is
hyperphosphorylated where Ser35, Thr52, and Thr77 were also phosphorylated. In addition, Lys14 was
acetylated in the major but not the minor HMGA1a fraction isolated from the PC-3 cells that were not
treated with butyrate. Likewise, HMGA1b, which is a splicing variant of HMGA1a, was acetylated on
Lys14 and phosphorylated on the corresponding residues, i.e., Thr41, Thr66, Ser87, Ser90, and Ser91.
The acetylation and phosphorylation of the HMGA1a and HMGA1b proteins may affect their interactions
with other protein factors, which in turn may modulate the binding of HMGA1 proteins to DNA and
regulate gene expression. In addition, the specifically posttranslationally modified HMGA1 proteins may
serve as molecular biomarkers for cancer diagnosis and prognosis.

The chromosomal high-mobility group A (HMGA)1

proteins, including HMGA1a, HMGA1b (previously known
as HMGI and HMGY, respectively), and HMGA2, constitute
one subfamily of non-histone HMG proteins (Figure 1 gives
the sequences for the HMGA1a and HMGA1b proteins) (1).
HMGA1a and HMGA1b proteins are translated from the
splicing variants of a single gene (HMGA1) and differ in
that the HMGA1b protein has an 11-residue internal deletion
(2, 3). HMGA1a and HMGA1b bear three highly conserved
“AT-hook” domains that preferentially bind to the minor
groove of AT-rich DNA (4-6). HMGA1 proteins are
considered as architectural transcription factors that function
in a number of cellular processes including cell growth and
differentiation, chromatin remodeling, apoptosis, and neo-
plastic transformation (7-9).

HMGA1 proteins are among the nuclear proteins that are
highly posttranslationally modified, and many types of
posttranslational modifications (PTMs) have been docu-
mented (10-20). In this context, the HMGA1a protein is a
substrate for several protein kinases including cyclin-
dependent kinase 1 (cdk1, previously known as cdc2 kinase)
(21, 22), protein kinase C (PKC), and protein kinase CK2.
Thr52 and Thr77 in human HMGA1a were shown to be
phosphorylated by cdk1 in vitro (21, 22), and the phospho-
rylation of these two residues in HMGA1a was found to be
cell cycle-dependent (21, 22). The two threonines are close

to the N-terminal sides of the second and third AT-hook
domains, respectively (8), and the phosphorylation at these
two sites reduces greatly the binding affinity of the protein
toward AT-rich DNA (21-23). The phosphorylation of the
closely related HMGA1b by cdk1, however, has not been
reported. In addition, PKCR was shown to catalyze the
phosphorylation of Thr20, Ser43, and Ser63 in HMGA1a
(24). The PKC-mediated phosphorylation of HMGA1a also
decreases the binding affinity between the protein and DNA
(24). Moreover, protein kinase CK2 can induce the phos-
phorylations of C-terminal serine residues in HMGA1a in
vitro, and Ser98, Ser101, and Ser102 in HMGA1a protein
were found to be phosphorylated in vivo (18, 25-27). The
corresponding serine residues in HMGA1b were also found
to be phosphorylated (18, 26). Furthermore, HMGA1a
protein was hyperphosphorylated during the early stage of
apoptosis, and it underwent dephosphorylation while apop-
tosis proceeded to its late stage (11). The sites of modification
for the hyperphosphorylated protein, however, were not
determined.

In addition to phosphorylation, methylation of HMGA1a
protein was also reported (12, 13, 28, 29). In this regard,
Giancotti and co-workers (12, 28) showed by LC-MS that
Arg25 in HMGA1a is monomethylated and the methylation
is correlated with apoptosis in cancer cells. We found recently
by LC-tandem mass spectrometry (MS/MS) and matrix-
assisted laser desorption/ionization (MALDI) MS/MS that
Arg25 can be both mono- and dimethylated in PC-3 human
prostate cancer cells, and both forms of dimethylarginine,
that is, asymmetricNG,NG-dimethylarginine and symmetric
NG,N′G-dimethylarginine, were present (18). Moreover, it was
shown that protein arginine methyltransferase 6 might be
involved in the methylation of HMGA1a (19, 20).
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Other than phosphorylation and methylation, previous
studies also revealed that the HMGA1a protein can be
acetylated (15, 29-31). Enhanceosome is a high-order
nucleosome complex formed in response to virus infection
(32), and the acetylation of Lys64 (Figure 1, the sequence
does not include the first methionine residue) in HMGA1a
destabilizes the enhanceosome and results in the transcrip-
tional shutoff of interferon-â gene (30). The same type of
modification of Lys70, however, strengthens the enhanceo-
some assembly and protects it from premature disruption
(15). We, however, failed to identify any acetylated peptides
from the tryptic digestion mixture of HMGA1a protein
isolated from PC-3 cells (18).

Here, in this paper, we treated the cultured PC-3 human
prostate cancer cells with a histone deacetylase inhibitor, and
we found that Lys14 in HMGA1a and HMGA1b can be
acetylated. In addition, we determined the sites of phospho-
rylation of the hyperphosphorylated HMGA1a, and we found
that the corresponding residues in HMGA1b are also
phosphorylated.

MATERIALS AND METHODS

Cell Culture.The PC-3 human prostate cancer cell line
was purchased from the American Type Culture Collection
(ATCC, Manassas, VA). Under control conditions, the cells
were cultured in F-12 media (ATCC) supplemented with
10% fetal bovine serum (Invitrogen, Carlsbad, CA) and 5%
CO2 at 37 °C. For histone deacetylase (HDAC) treatment,
the PC-3 cells were cultured in the same way as the control
except that the cells were treated with 7 mM sodium butyrate
for overnight before harvesting for protein extraction.

Protein Extraction and Purification.The HMG proteins
were extracted with 5% perchloric acid (PCA) as previously
described (7, 18, 33). PCA-soluble proteins were purified
on an Agilent 1100 HPLC system (Agilent Technologies,
Palo Alto, CA) by using a 1.5× 250 mm C4 column (Varian,
Walnut Creek, CA). The flow rate was 200µL/min, and a
75 min gradient of 5-30% CH3CN in 0.1% aqueous solution
of trifluoroacetic acid (TFA) was employed. The chromato-
grams were recorded by absorbance detection at 220 nm.
The HMG proteins were collected in four fractions according
to absorbance peaks (Figure 2), and these fractions were dried
in a Speedvac concentrator.

Enzymatic Digestion.The above dried HMG protein
fractions were redissolved in 50 mM ammonium bicarbonate
and digested by modified sequencing grade trypsin (Roche,
Indianapolis, IN) at an enzyme:substrate ratio of 1:50 at 37
°C for overnight. The enzymatic reaction was terminated by
adding glacial acetic acid (5µL). The tryptic digestion
mixture was dried and stored at-20 °C prior to mass
spectrometric analysis.

Mass Spectrometry and Database Search.Two mass
spectrometric techniques were employed for peptide se-
quencing, i.e., matrix-assisted laser desorption/ionization-
tandem mass spectrometry (MALDI-MS/MS) on a QSTAR
XL quadrupole/time-of-flight mass spectrometer equipped
with an o-MALDI ion source (Applied Biosystems, Foster
City, CA) and LC-electrospray ionization-MS/MS (LC-ESI-
MS/MS) on an LCQ Deca XP ion-trap mass spectrometer
(ThermoFinnigan, San Jose, CA). On the basis of our
previous studies on HMGA1a (18), we noticed that the
methylated peptide segment GRGRPR (residues 24-29) of
HMGA1a can be readily detected by MALDI-MS, but it is
somewhat difficult to be detected by LC-MS/MS. This might
be attributed to the formation of multiply charged ions of
this peptide segment, whose lowm/zvalue makes it difficult
to be detected because of background noises in the lowm/z
region of ESI-MS. On the other hand, MALDI-MS/MS is
not very capable in fragmenting ions formed from large
peptides because MALDI usually produces singly charged
ions. Thus, these two mass spectrometric techniques were

FIGURE 2: HPLC traces for the separation of HMG proteins isolated
from sodium butyrate-treated (a) and untreated PC-3 human prostate
cancer cells (b).

FIGURE 1: Sequence alignments of HMGA1a and HMGA1b. The AT-hook domains and the C-terminal acidic region are highlighted by
gray boxes, and the residues that are posttranslationally modified are shown in bold pink letters. The amino acid residues in those peptide
sequences covered from the LC-MS/MS and MALDI-MS/MS analysis are underlined.
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chosen because they are complementary in protein identifica-
tion and in the studies of PTMs of proteins.

For MALDI analysis, purified protein samples or tryptic
digestion products were dissolved in an aqueous solution of
0.1% TFA, and the sample aliquots were mixed with an equal
volume of matrix solution, which was a saturated solution
of R-cyano-4-hydroxycinnamic acid in a solvent mixture of
CH3CN, H2O, and TFA (50/50/0.1 v/v).

On-line LC-MS/MS was employed for the identification
of PTMs of HMGA proteins, and a 0.32× 150 mm C18
capillary column (300 Å in pore size, 5µm in particle size;
Micro-Tech Scientific, Vista, CA) was used. A Surveyor
HPLC system (ThermoFinnigan) was employed for the LC-
MS/MS experiment, and a homemade precolumn splitter was
used. The flow rate was approximately 6µL/min after
splitting, and the percentage of acetonitrile in 0.6% aqueous
solution of acetic acid changed from 2% to 65% in 65 min.
The effluent from the HPLC column was directed to the ion-
trap mass spectrometer. Mass calibration was carried out by
using caffeine, a tetrapeptide MRFA, and Ultramark 1621
that were supplied by the instrument vendor. The spray
voltage was 4.0 kV, and the capillary temperature was
maintained at 225°C. MS/MS was done in data-dependent
scan mode by selecting the first and second most abundant
ions observed in MS mode for collisional activation. The
mass width for precursor ion isolation was 2.5m/z units,
and the collision gas was helium. To achieve better signal-
to-noise ratio in MS/MS and more sensitive identification
of PTMs, LC-MS/MS experiments were also carried out to
monitor the fragmentation of one or a few preselected
precursor ions.

The LC-MS/MS data were subjected to SEQUEST (Ther-
mo Electron, Waltham, MA) search with the SWISSPROT
protein database. Multiple forms of PTMs were considered
in the search: phosphorylation of serine and threonine;
acetylation as well as mono-, di-, and trimethylation of lysine;
mono- and dimethylation of arginine.

RESULTS

Acetylation of Lys14 in HMGA1a.Intrigued by the
previous observations that Lys64 and Lys70 in HMGA1a
can be acetylated and the acetylation of these two lysines
can result in distinct outcomes on the enhanceosome complex
(15, 30), we decided to ask the question of whether these
and other lysine residues can be acetylated in HMGA1a

isolated from PC-3 prostate cancer cells. In the viewpoint
that we were not able to identify any acetylated peptide from
this protein isolated from PC-3 cells in our previous study
(18), we decided to treat the PC-3 cells with sodium butyrate,
an inhibitor for histone deacetylases (34), and examined the
PTMs of HMGA1 proteins isolated from the butyrate-treated
cells. For comparison, we further characterized the PTMs
of HMGA1 proteins isolated from the control PC-3 cells. It
turned out that many sites of PTMs are present in HMGA1
proteins (Figure 1; Table 1 lists the peptides that carry the
posttranslationally modified residues).

Here we start our discussion with the acetylation of Lys14.
This acetylation was first found for HMGA1a isolated from
butyrate-treated PC-3 cells. In this respect, SEQUEST search
of the LC-MS/MS results acquired in the data-dependent scan
mode facilitated us to discover that Lys14 in SSQPLASKAc-
QEK (residues 7-17, and “KAc” represents an acetylated
lysine) was acetylated. To obtain a tandem mass spectrum
with an improved signal-to-noise ratio, we selectively
monitored the fragmentation of the [M+ 2H]2+ ion (m/z
622.8) of the acetylated lysine-bearing peptide in another
LC-MS/MS experiment.

The resulting tandem mass spectrum allows us to assign
the site of modification without ambiguity (Figure 3). In
particular, we observed a mass difference of 170 Da, which
corresponds to the mass of an acetylated lysine, between y3

and y4 ions, and the same mass difference was found for b7

and b8 ions, supporting that Lys14 is acetylated. The observed
m/z values of other y and b ions are also consistent with the
acetylation of Lys14 (Figure 3). In addition, we failed to
observe a y3 ion whose m/z value is in line with the
acetylation of Lys17, demonstrating that the acetylation
occurs exclusively on Lys14.

It is worth noting that the acetylation of lysine shared the
same increase in nominal mass (i.e., 42 Da) as the trimethy-
lation of the same residue. Previous studies showed that
tandem mass spectra can allow for the differentiation of these
two forms of PTMs (35). In this regard, upon collisional
activation in the mass spectrometer, the acetylated lysine-
carrying peptide usually gives a characteristic immonium ion
of m/z126, whereas the trimethylated peptide can often have
the diagnostic neutral loss of a 59 Da fragment, i.e., (CH3)3N,
either from the parent ion or from the backbone cleavage
ions (35). Although the ion-trap mass spectrometer does not
allow us to observe lowm/z fragment ions (36) including

Table 1: Summary of Posttranslational Modifications of HMGA1 Proteins Isolated from Control and Butyrate-Treated PC-3 Cellsa

peptide sequence HMG type PTM site(s) residues

SSQPLASKAcQEK A1a Lys14 7-17
TTTTpPGR A1a Thr77 74-80
KTTTTpPGR A1a Thr77 73-80
KQPPVSPGTALVGSQKEPSEVPTpPK A1a Thr52 30-54
KQPPVSpPGTALVGSQK A1a Ser35 30-45
KQPPVSpPGTALVGSQKEPSEVPTpPK A1a Ser35, Thr52 30-54
KLEKEEEEGISQESpSpEEEQ A1a Ser101, Ser102 88-106
KLEKEEEEGISpQESpSpEEEQ A1a Ser98, Ser101, Ser102 88-106
SSQPLASKAcQEK A1b Lys14 7-17
KQPPKEPSEVPTpPK A1b Thr41 30-43
KTTTTpPGR A1b Thr66 62-69
KLEKEEEEGISQESpSpEEEQ A1b Ser90, Ser91 77-95
KLEKEEEEGISpQESpSpEEEQ A1b Ser87, Ser90, Ser91 77-95

a Phosphorylations at Ser98, Ser101, and Ser102 in HMGA1a as well as Ser87, Ser90, and Ser91 in HMGA1b were identified in our previous
studies (18).
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the immonium ion of the acetylated lysine, the failure in
finding the neutral loss fragment (-59 Da) supports that the
modification is acetylation, not trimethylation. In addition,
the increased abundance of the modified peptide upon HDAC
inhibitor treatment suggests that Lys14 is acetylated, but not
trimethylated.

Similar data-dependent scan analysis of the tryptic diges-
tion products of HMGA1a fractions isolated from the control
PC-3 cells, however, did not allow us to identify the same
acetylated peptide segment; the failure in detecting this
peptide might be attributed to the low level of acetylation
of Lys14. On the other hand, while we analyzed the tryptic
digestion mixture of the corresponding HMGA1a fraction
by monitoring specifically the fragmentation of the ion of
m/z 622.9, which corresponds to the doubly protonated ion
of SSQPLASKAcQEK, we were able to obtain a tandem mass
spectrum supporting the acetylation of Lys14 in this peptide
(Figure S1). In this context, we consider that the percentage
of the acetylation of Lys14 should be positively correlated
with the ratio of the relative abundance of the doubly charged
ion corresponding to the acetylated peptide (SSPQLASKAc-
QEK) over the sum of relative abundances of ions for both
acetylated and unacetylated peptides carrying Lys14, i.e.,
SSPQLASKAcQEK, SSPQLASKQEK, and SSPQLASK.
(The first two peptides contain a trypsin miscleavage site.)
From this analysis, we may estimate that the level of Lys14
acetylation was approximately four times higher in butyrate-
treated than in control samples (Figure S2). In this context,
it is worth noting that the ionization efficiencies for the three
peptides are expected to be different; therefore, the absolute
percentages of acetylation are expected to be different from
the peak area ratios shown in Figure S2.

We also monitored the fragmentation of the ion ofm/z
622.8 for the tryptic digestion mixture of the minor HMGA1a
fraction and the HMGA1b fraction. It turned out that we
were not able to find a product ion spectrum corresponding
to the acetylated peptide segment in the minor HMGA1a
fraction obtained from control cells, though the minor
HMGA1a fraction from the butyrate-treated cells also carries
this modification. In addition, we detected the respective
acetylated peptide from the tryptic digestion mixture of the
fraction containing HMGA1b (data not shown).

It is worth noting that the acetylation of Lys14 was also
observed previously for HMGA1a protein isolated from other
cell lines (29, 31). The acetylation of Lys14 in HMGA1b
was, however, observed here for the first time.

Phosphorylation of HMGA1a and HMGA1b.Other than
the acetylation of Lys14 and the phosphorylation of C-
terminal serines (18), we also found that Ser35, Thr52, and
Thr77 can be phosphorylated in HMGA1a protein isolated
from the PC-3 human prostate cancer cells. In this respect,
the phosphorylation of these three residues occurs in the
HMGA1a fraction eluting earlier than the major HMGA1a
fraction (labeled as HMGA1a* in Figure 2). MALDI-MS
analysis of the minor HMGA1a fraction showed that the
protein carries up to six phosphate groups (Figure S3). In
addition, the phosphorylation of these three residues is not
dependent on whether the PC-3 cells have been treated with
butyrate. Thr52 and Thr77 were shown previously by peptide
sequencing to be phosphorylated (21, 22). We confirmed
their phosphorylation in HMGA1a isolated from both control
and butyrate-treated PC-3 cells. (The product ion spectra for
the Thr52- and Thr77-bearing phosphopeptides from the
control cells are shown in Figures S4 and S5.) In addition,

FIGURE 3: Acetylation of Lys14 in HMGA1a peptide SSQPALSKAcQEK (residues 7-17). Shown is the product ion spectrum of the [M
+ 2H]2+ ion (m/z 622.9) of the tryptic peptide obtained from the major HMGA1a fraction isolated from sodium butyrate-treated PC-3 cells.
The y and b ions are calculated on the basis of the Lys14-acetylated peptide segment. To better view low-abundance fragment ions, some
spectral regions are amplified by 2- and 5-fold as indicated by×2 and×5, respectively.
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we identified Ser35 as a new phosphorylation site in
HMGA1a protein.

The phosphorylated Ser35-bearing peptide, i.e., KQPPVSp-
PGTALVGSQK (Sp represents a phosphorylated serine), was
identified by LC-MS/MS analysis carried out in data-
dependent scan mode. In the product ion spectrum of the
[M + 2H]2+ ion (m/z837.4) of the tryptic peptide KQPPVSp-
PGTALVGSQK (Figure 4, the labeled y and b ions are based
on the calculatedm/z values for Ser35-phosphorylated
peptide), we observed the formation of a [b6 - H3PO4] ion
(m/z 619.2), which supports the phosphorylation of Ser35.
In addition, the observed y10 ion exhibits the samem/zvalue
as that calculated for the unmodified peptide. This result,
together with the failure in detecting a y10 ion with a m/z
value being consistent with the phosphorylation of either
Thr38 or Ser43 (Figure 4), demonstrates that Ser35 is the
only residue being phosphorylated in this peptide; i.e., neither
Thr38 nor Ser43 is modified.

The phosphorylation of Ser35 was also confirmed by the
observation of a diphosphorylated peptide, KQPPVSpPG-
TALVGSQKEPSEVPTpPK, where both Ser35 and Thr52 are
phosphorylated (data not shown). In this respect, it is worth
noting that Ser35, Thr52, and Thr77 all precede a proline
residue, suggesting that their phosphorylation might be
catalyzed by the same kinase. The major HMGA1a protein
fraction is, however, mostly di- or triphosphorylated, where
the three C-terminal serine residues (i.e., Ser98, Ser101, and

Ser102) are phosphorylated. The corresponding residues in
HMGA1b, namely, Thr41, Thr66, Ser87, Ser90, and Ser91,
were also found to be phosphorylated (Table 1; the product
ion spectrum of the [M+ 2H]2+ ion of the Thr41-bearing
peptide is shown in Figure S6). Taken together, among all
of the phosphorylation sites that we identified in this paper,
the phosphorylation of Ser35 in HGMA1a as well as Thr41
and Thr66 in HMGA1b were reported here for the first time.

In addition to acetylation and phosphorylation, we also
examined the methylation of HMGA1a protein from control
and butyrate-treated PC-3 cells by MALDI-MS and MS/MS.
Consistent with our previous findings with the control PC-3
cells (18), Arg25 was also found to be methylated for
HMGA1a protein isolated from butyrate-treated PC-3 cells
(data not shown).

DISCUSSION

The “bottom-up” strategy for the mass spectrometric
identification of the sites of PTMs in proteins is usually
achieved by analyzing the proteolytic digestion products with
LC-MS/MS in data-dependent scan mode (37). In this mode
of analysis, the software can allow for the automatic selection
of one or a few ions observed in MS for fragmentation based
on the relative abundances of the ions, which gives tandem
mass spectra for peptide sequencing and PTM identification.
When the level of modification is low, it is, however, difficult

FIGURE 4: Phosphorylation of Ser35 in KQPPVSpPGTALVGSQK (residues 30-45). Shown is the product ion spectrum of the [M+
2H]2+ ion (m/z 837.4) of the tryptic peptide from the minor HMGA1a protein fraction isolated from control PC-3 cells. The spectrum was
obtained by LC-MS/MS in data-dependent scan mode. To better view low-abundance fragment ions, some spectral regions are amplified
by 3-fold as indicated by×3 in the figure.
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for the ions corresponding to modified peptides to be chosen
for fragmentation in this mode of analysis. Here we treated
PC-3 cells with butyrate, which is an HDAC inhibitor. The
resulting enhanced level of acetylation of proteins facilitates
the identification of sites of modification in proteins by LC-
MS/MS in data-dependent scan mode. After the modification
sites are identified, we analyzed the tryptic digestion mixture
of the HMGA1a protein isolated from untreated cells by LC-
MS/MS, where we monitored selectively the fragmentation
of ions corresponding to the acetylated peptides. This latter
approach facilitates the fragmentation of ions of low
abundance, and the resulting product ion spectra permit the
identification of low-level acetylation.

This approach enabled us to determine that Lys14 is
acetylated in HMGA1a protein, whereas this information
could not be gained by data-dependent LC-MS/MS analysis
of the corresponding tryptic digestion mixture of HMGA1a
protein isolated from untreated cells. HDAC inhibitor treat-
ment has been used previously to facilitate the identification
of low levels of acetylation in other proteins (38, 39). We
reason that the comparison of the acetylation of proteins
isolated from HDAC inhibitor-treated cells with those
obtained from untreated cells may allow one to reveal the
dynamics of acetylation and deacetylation of specific residues
in proteins. In this respect, monitoring the fragmentation of
specifically acetylated peptide segments, which was em-
ployed in this study, is important for the identification of
low-abundance acetylation in proteins isolated from untreated
cells.

HMGA1a is among the most abundant phosphoproteins
in the nucleus. The phosphorylations of Thr52, Thr77, Ser98,
Ser101, and Ser102 were previously known (18, 21, 22). In
this respect, Thr52 and Thr77 were reported to be phospho-
rylated by cdk1 in vitro, and the phosphorylation of these
two residues occurs in a cell cycle-dependent manner (21,
22). The two threonines are close to the N-terminal sides of
the second and third AT-hook regions (9), and the phos-
phorylation at these sites decreases significantly the binding
affinity of HMGA1a to AT-rich DNA (21, 22). The new
phosphorylation site that we identified here, that is, Ser35,
is close to the first AT-hook, and we reason that the
phosphorylation of this site may also affect the binding of
the protein to AT-rich DNA. Moreover, Ser35, Thr52, and
Thr77 in HMGA1a and the corresponding Thr41 and Thr66
in HMGA1b all precede a proline residue (Figure 1),
suggesting that the phosphorylation of these three residues
might be catalyzed by the same kinase, e.g., cdk1. HMGA1a
protein was previously shown to be hyperphosphorylated in
early-stage apoptotic cells (11, 12, 28). Therefore, we
speculate that the minor hyperphosphorylated HMGA1a
fraction might be due to the presence of a small amount of
apoptotic cells in the PC-3 cell culture. This argument
appears to be consistent with the observations showing that
a small fraction of HL-60 cells undergoes apoptosis even
without drug induction (11) and that the activation of cdk1
may be linked with apoptosis (40, 41).

The phosphorylation of Ser35, Thr52, and Thr77 in
HMGA1a and the corresponding Thr41 and Thr66 in
HMGA1b may play a special role in the biological function
of these two proteins because reversible phosphorylation of
proteins on serine or threonine preceding a proline (Ser/Thr-
Pro) is a major cellular signaling mechanism (42). In this

respect, peptidyl prolyl isomerase (PPIase) Pin1 (43) isomer-
izes specifically the phosphorylated Ser/Thr-Pro bonds in
certain proteins (42). The protein conformational changes
caused by the isomerization affect profoundly the protein’s
catalytic activity, dephosphorylation, and interaction with
other proteins, as well as subcellular localization (42).
Although no study has shown that the above phosphorylated
residues in HMGA1a or HMGA1b are substrates for Pin1,
a recent study demonstrated that Pin1 is overexpressed in a
variety of cancer tissues and cell lines (44, 45). In addition,
the stable expression of Pin1-specific small interfering RNA
constructs in PC-3 and LNCaP cells significantly reduced
cellular proliferation, colony formation, migration, and
invasion (46). Moreover, Pin1 was also suggested to be a
prognostic marker for prostate cancer (47). Thus, the
phosphorylation of those Ser or Thr residues on the N-
terminal side of proline in HMGA1a and HMGA1b may
facilitate the interaction of these two HMG proteins with
Pin1 thereby affecting the downstream signaling pathways.
Moreover, we speculate that the phosphorylations of Ser35,
Thr52, and Thr77 in HMGA1a as well as Thr41 and Thr66
in HMGA1a might also be correlated with cancer progres-
sion. Thus, these phosphorylations may serve as biomarkers
for the diagnosis and prognosis of cancers.

The biological implications of acetylation of Lys14 are
not very clear, though we suspect that this acetylation may
affect the interaction of HMGA1 proteins with other protein
factors. In this context, it is worth noting that the acetylation
of the Lys64 in an HMGA1a peptide PKRPRGRPKG-
SKNKGAA (residues 53-69, Figure 1) was shown to have
little effect on the binding of the peptide to a duplex DNA
carrying a central AT-rich region (48). Thus, the repression
of the human interferon-â gene, which follows the acetylation
of Lys64 in HMGA1a (15, 30), was suggested not to be a
direct result of the abrogation of DNA binding (48). In the
viewpoint that Lys14 is in close proximity to the first AT-
hook domain of HMGA1a, we suspect that the acetylation
of this residue may affect the association of HMGA1a with
other proteins, which, in turn, may modulate the binding of
HMGA1a protein to DNA.

It is of interest to note that the acetylation of Lys14 was
either not identified, for the control PC-3 cells, or at markedly
decreased level, for the butyrate-treated cells, in the hyper-
phosphorylated minor HMGA1a fraction, whereas this acety-
lation occurs at a detectable level for the major HMGA1a
protein isolated from the control PC-3 cells. On the other
hand, the phosphorylation of Ser35, Thr52, and Thr77 was
observed for the minor, but not the major HMGA1a fraction.
The three C-terminal serine residues were, however, phos-
phorylated in a similar fashion in the two fractions of the
HMGA1a proteins. That modification at one site affects that
of another is well-known for histone proteins (49, 50). Our
observations here, together with the previous findings that
the acetylations of Lys64 and Lys70 have distinct functions
on enhanceosome activity (15), suggest that the PTMs of
HMGA1a protein may be highly regulated, which, in turn,
may control the expression of a large number of target genes.
In this regard, the unambiguous identification of the acety-
lation of Lys14 in HMGA1a and the determination of the
sites of phosphorylation in the heavily phosphorylated
HMGA1a protein set the stage for the future examination
of the biological implications of these modifications.
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HMGA proteins are considered as hubs for nuclear
functions (8). As studies on histone PTMs have led to a
wealth of new insights into the mechanisms of transcription,
we reason that systematic characterizations of the PTMs of
HMGA1 proteins pave the way for a better understanding
of the role of these non-histone chromosomal proteins on
transcriptional regulation (8, 9), DNA repair (51), and cancer
development (8, 9).
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