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Abstract

Recent comprehensive analyses of mtDNA and orthogonal RNA-sequencing data re-
vealed that in numerous human cancers, mtDNA copy numbers and mtRNA amounts
are significantly reduced, followed by low respiratory gene expression. Under such
conditions (called mt-Low), cells encounter severe cell proliferation defects; there-
fore, they must acquire countermeasures against this fatal disadvantage during
malignant transformation. This study elucidated a countermeasure against the mt-
Low condition-induced antiproliferative effects in hepatocellular carcinoma (HCC)
cells. The mechanism relied on the architectural transcriptional regulator HMGAZ2,
which was preferably expressed in HCC cells of the mt-Low type in vitro and in vivo.
Detailed in vitro analyses suggest that HMGAZ2 regulates insulin-like growth factor
binding protein 1 (IGFBP1) expression, leading to AKT activation, which then phos-
phorylates the cyclin-dependent kinase inhibitor (CKI), P27KIP1, and facilitates its
ubiquitin-mediated degradation. Accordingly, intervention in the HMGA2 function
by RNAI resulted in an increase in P27KIP1 levels and an induction of senescence-
like cell proliferation inhibition in mt-Low-type HCC cells. Conclusively, the HMGA2/
IGFBP1/AKT axis has emerged as a countermeasure against P27KIP1 CKI upregula-
tion under mt-Low conditions, thereby circumventing cell proliferation inhibition and
supporting the tumorigenic state. Notably, similar to in vitro cell lines, HMGA2 was
likely to regulate IGFBP1 expression in HCC in vivo, thereby contributing to poor
patient prognosis. Considering the significant number of cases under mt-Low or the
threat of CKI upregulation cancer-wide, the axis is noteworthy as a vulnerability of
cancer cells or target for tumor-agnostic therapy inducing irreversible cell prolifera-

tion inhibition via CKI upregulation in a large population with cancer.

Abbreviations: CHX, cycloheximide; CKI, cyclin-dependent kinase inhibitor; Dox, doxycycline; HCC, hepatocellular carcinoma; HMGA, high mobility group AT-hook; IGF, insulin-like
growth factor; IGFBP, insulin-like growth factor binding protein; p27, P27KIP1; pri.Hep, primary hepatocyte; SA-p-Gal, senescence-associated f-galactosidase; Tet, tetracycline; TUBE,

tandem ubiquitin-binding entity.
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1 | INTRODUCTION

Cancer cells, while aggressively proliferating and invading into ecto-
pic environments, undergo various inherent stress types collectively
referred to as oncogenesis-associated cellular stresses such as pro-
teotoxic, metabolic, and oxidative stresses.* Accordingly, cancer cells
need to evolve countermeasures to tolerate the stresses, especially
to subvert the stress-induced proapoptotic and antiproliferative ef-
fects by exploiting a molecule or pathway useful for overcoming the
stresses. An intervention in such countermeasures deprives cells of
their coping ability with the stresses and potentially leads to death
or proliferation inhibition, thereby providing an attractive therapeu-
tic target against cancer.

Recent comprehensive analyses of mtDNA and orthogonal RNA-
sequencing data revealed that the mtDNA copy number is reduced
at statistically significant levels in seven of the 15 tumor types2 and
many cancer types have a tendency toward lower levels of mtRNAs.®
Consequently, respiratory activity is suppressed in several cases.®
According to these analyses, liver cancer was defined as an mtDNA-
depleted type.>* These aberrant mitochondrial conditions (called
mt-Low from this point forwards in this study) can cause stress,
leading to severe cell proliferation defects due to downregulation
of the E2F1 transcriptional network and upregulation of CDKN1A
(p21CIP1) and CDKN1B (P27KIP1) CKls at least in part.® Our recent
work defined the role of the FOXM1/BMYB transcriptional complex
as one of the countermeasures against such antiproliferative effects
in mt-Low-type HCC cells.® In particular, the complex played a role
in downregulation of p21CIP1 expression, thereby sustaining cell
proliferation.

This study elucidated a countermeasure against P27KIP1 (p27)-
induced antiproliferative effects. The process is directed by a mo-
lecular axis driven by the architectural transcriptional regulator,
HMGA2, which is aberrantly expressed in nearly all tumor types.””?
Several genetic mechanisms, including chromosomal translocation
and truncation of 3’UTR, have been potentially associated with
HMGAZ2 re-expression in mesenchymal tumorigenesis.10 Particularly,
3'UTR of HMGAZ2 provides a targeting region for miRNAs, such as
let-7, thereby impacting HMGA2 expression.” Although a substantial
body of evidence has suggested that HMGA2 has oncogenic roles,”®
the protein is molecularly versatile, and its roles remain to be fully
elucidated. This study reports a stress-coping role for HMGA2 in mt-
Low-type cancer, which is a new function of HMGAZ2 in oncogenesis.
Specifically, HMGAZ2 is preferably expressed in mt-Low-type HCC
cells and tumor tissue, and has a critical role in counteracting p27
antiproliferative protein upregulation by activating the IGFBP1/AKT

pathway in cancer cells.

2 | MATERIALS AND METHODS

Full Materials and Methods are available as Appendix S1.

3 | RESULTS

3.1 | p27 CKland HMGAZ2 expression in mt-Low
hepatocytes

Previously, we characterized seven liver cancer cell lines and
categorized four of them, HLF, HuH-7, JHH-2, and JHH-4, as
mtDNA-less types based on the mtDNA quantity, TFAM expres-
sion, and the D-loop mutations.® These cell lines also exhibited
low-level mtRNA and membrane potential (A¥m) compared with
pri.Hep (Figure S1A). Accordingly, they are referred to as mt-Low
cells from this point forwards. Similar to these in vitro cell lines,
mtRNA levels, which correlate with respiratory chain expression
levels,® were lower in 61% (17 out of 28) of primary HCC tissues
when compared with paired nontumorous peritumor samples.
Therefore, more than half in vitro cell lines and in vivo HCC cases
are likely to be mt-Low types, in agreement with large-scale anal-
yses2*4 (Figure S1B and Table S1; mtRNA [T/N] < 1). These mt-Low
cases are to overcome the deterioration of cell proliferation, par-
ticularly the upregulation of two CKls to maintain a tumorigenic
state.>®

In this study, we elucidated how mt-Low cells deal with the up-
regulation of p27 CKI, which occurs following p21CIP1 induction
under mt-Low stress conditions (Figure 1A). Notably, in mt-Low cell
lines, HMGA2, an HMGA protein member previously implicated in
mtDNA-depleted phenotype of epithelial cells,'* was expressed
at higher levels (Figure 1B,C; HMGAZ2). In in vivo tissues, HMGA2
was expressed in 56% (19 out of 34 cases) of HCC cases (Table S1),
but not in nontumorous peritumor tissues except for a single case,
and importantly, in the HMGAZ2-positive cases, the mtRNA levels
were lower than negative cases (Figure 1D). Between the groups
categorized with other indices, the mtRNA level differences were
apparently insignificant (Figure S1C). These results suggested that
HMGA2 was preferably expressed in HCC under mt-Low conditions,
both in vivo and in vitro. Additionally, in vivo HMGA2 expression
was detected in 77.8% (seven out of nine) of poorly differentiated
cases and 100% (four out of four) of cases with upper-grade fibrosis
(Table S1). Consistent with these results, survival analyses using The
Cancer Genome Atlas (TCGA) dataset indicated that high HMGA2
expression correlated with poor prognoses in patients with HCC
(Figure 1E).
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3.2 | HMGAZ2 is essential for sustaining cell
proliferation in mt-Low HCC cells

Interestingly, HMGAZ2 levels precisely mirrored those of FOXM1/
BMYB in the HCC cell lines.® Moreover, the levels tended to in-
versely correlate with those of the p27 protein, but not mRNA, lev-
els (Figure 1B,C; P27KIP1). These observations raised the possibility
that HMGAZ2 has a role in promoting cell proliferation in mt-Low HCC
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cells in association with p27 protein levels, similar to FOXM1/BMYB
in association with p21CIP1.° To test this hypothesis, we first exam-
ined how HMGAZ?2 influences cell proliferation in the mt-Low cells.
In the experiments, we used the mt-Low HCC cells, JHH-2, JHH-4,
and HLF, exhibiting high-level HMGA2 expression, and reduced the
HMGAZ2 levels using RNAI. In Figure 2A, the cells were treated with
pooled siRNAs for HMGA2 or the scrambled control (Ctr), and in
Figure 2B, shRNA (sequences #1 and #2 for HMGA2 [HMGA2#1
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FIGURE 2 HMGA?2 effects on hepatocellular carcinoma (HCC) cell proliferation. (A, B, D-G) HMGA2 was knocked down with pooled
siRNA or Dox-responsive (Tet-Off) shRNA (sequences #1 and #2) (Figure S2A). Ctr, scrambled siRNA; NT, nontarget shRNA. Cell numbers
counted after the treatment with siRNA (A) or incubation with (+) or without (=) Dox (B) for 5-9 days are presented relative to the control.
(C) Cell numbers stably expressing HMGAZ2 or control (Mock) were counted after 4 days of culture. Cell cycle distribution (D), colony-
forming ability (relative to the control; Dox+) (E), Ki-67 expression levels (n>50/image) (F), and SA-B-Gal activity (percentages of positive
cells) (n>50/sample) (G) were examined in cells incubated with siRNA for 4 days (D), with (+) or without (=) Dox for 2 weeks (E) or 7-9 days
(F), and with siRNA for 1 week (G), respectively (Section 2). In (F), Ki-67 immunostaining intensities on images were normalized with the
corresponding number of nuclei, and values are shown relative to those of the control Dox + (+). In (G), HMGA2 knockdown under the
conditions was confirmed by western blotting (bottom). C, control; H, HMGAZ2 pooled siRNA. The values are mean+SD from triplicates or

more. **p <0.005; *p <0.05; n.s., not significant.
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and #2] or nontargeting [NT])-expressing constructs based on the
Tet-Off system (Dox responsive) were virally transduced into cells.
Under these HMGA2-knockdown conditions (Figure S2A), the cell
numbers were significantly lower than the control after 5-9 days of
culture (Figure 2A,B).

In contrast, cell numbers were higher than the control in a re-
verse experiment (Figure 2C), where an HMGAZ2-expressing con-
struct or the empty vector (Mock) was introduced into the cells. In
this experiment, we used HuH-7, a mt-Low cell line exhibiting lower
HMGAZ2 levels than the other mt-Low cells. These experiments
clearly demonstrated that HMGAZ2 plays a role in sustaining cell pro-
liferation in mt-Low HCC cells. HMGAZ2-silenced cells accumulated
at the G,/S boundary in the cell cycle (Figure 2D and Figure S2B)
and consequently, the number of colonies that formed after 2weeks
was markedly lower (Figure 2E and Figure S2C) with a concomi-
tant decrease in the levels of Ki-67, which is a proliferation marker
(Figures 2F and Figure S2D,E). In these cells, SA-B-Gal activity
(Figure 2G and Figure S3A) and one or two of hepatic senescence-
associated secretory phenotype-related mRNAs'? were increased
(Figure S3B).

3.3 | HMGAZ2 engages in p27 protein-
level regulation

Subsequently, HMGA2 was implicated in the regulation of p27 pro-
tein levels using RNAI (Figure 3A-D). In Figure 3A,B, the p27 protein
levels increased in the HCC cell lines either transduced with shRNA
(JHH-4 and HLF) or treated with siRNA (JHH-2 and HLF) for HMGAZ2.
In contrast, the p27 protein levels decreased when the HMGA?2 lev-
els were exogenously increased in HepG2 (Figure 3E) and HuH-7
cells (described below). These results demonstrated that HMGA2
negatively regulated p27 levels. Given that the effect on the mRNA
levels was cell line-dependent or not significant as it was moderate
in JHH-4 (Figure 3C; JHH-4) and HepG2 (Figure 3F), insignificant in
HLF (Figure 3C,D; HLF), or not observed in JHH-2 (Figure 3D; JHH-
2), HMGA2 was likely to regulate mainly protein levels. Figure 1B,C
also supported this notion, indicating that the p27 mRNA levels were
neither significantly different among the hepatocyte cell lines nor
exactly correlated with those of the protein levels.

p27, albeit originally identified as a CKI, has now emerged as a
multifunctional protein, functioning in both the cytoplasm and the
nucleus while shuttling between the two compartments.’® Under
HMGAZ2-knockdown conditions, p27 levels were increased in the
nuclei and the cytosol, as indicated by western blot analysis follow-
ing subcellular fractionation (Figure 3G). Immunocytochemistry
further verified the p27 nuclear localization and quantitative
analysis showed that it statistically significantly increased under
these conditions (Figure 3H and Figure S4A). Therefore, under the
HMGAZ2-knockdown conditions, p27 is upregulated and probably
works as a conventional CKI in the nucleus. To substantiate this
possibility, we introduced a p27-expressing construct into the cells
and observed how it affects cell proliferation. As expected, cell

proliferation was suppressed with increased SA-B-Gal activity in
the JHH-4 and JHH-2 cells (Figure 4A-D). In contrast, when the
p27 upregulation was interrupted by p27 shRNA expression under
HMGAZ2-knockdown conditions, the SA-p-Gal activity increase
was markedly attenuated and Ki-67 expression was reversed, sug-
gesting that cells regained their proliferative potential (Figure 4E).
However, cell viability was decreased to ~70% by the interruption
of p27 expression, and cell number was not recovered (unpublished
data), possibly due to disturbance in p27-mediated induction of cel-
lular senescence, which can confer resistance to cell death.'® Taken
together, the results revealed that HMGA2 suppressed p27 CKI
upregulation inducing senescence-like cell proliferation inhibition
in mt-Low HCC cells.

3.4 | HMGA2 regulates p27 ubiquitination and
turnover via AKT activity

Regarding the mechanisms underlying HMGA2-mediated p27 level
suppression, we first examined how HMGA2 expression could affect
p27 protein turnover using CHX, considering the above-described
possibility that HMGAZ2 targeted post-transcriptional mechanisms
(Figures 1B,C and 3A-F). Figure 5A shows that p27 was markedly
stabilized under HMGAZ2-knockdown conditions, suggesting that
HMGAZ2 is engaged in the p27 protein turnover regulation. As the
p27 protein turnover is mostly regulated via a ubiquitin-mediated
pathway,14 we subsequently assessed the p27 protein ubiquitina-
tion levels. The results obtained by the TUBE method'® suggested
that more p27 was ubiquitinated under the control than HMGA2-
knockdown conditions (Figure 5B). Therefore, HMGA2 was sug-
gested to regulate p27 protein turnover by promoting ubiquitination.

We next investigated how HMGA2 promotes p27 ubiquitination.
Given that HMGAZ2 is a transcriptional regulator, it is likely to regu-
late gene expression, thereby modulating a signaling pathway that
affects ubiquitination rather than regulates protein ubiquitination
directly. As ubiquitin-dependent p27 proteolysis is tightly coupled
with the phosphorylation of several amino acids on the protein,**¢
we observed the impact of HMGA2 expression on p27 phosphor-
ylation at position S10, which is the major phosphorylation site of
this protein.”*® To compare the net change in phosphorylation lev-
els per protein, we normalized the levels of gross phosphorylation
to those of the corresponding protein to offset the protein-level in-
crease or decrease. Of note, we observed a decrease and increase
in the net p27 protein phosphorylation levels at S10 [p-p27(S10)],
which are shown in parentheses under the panel Figure 5C, con-
comitantly with the stabilization and destabilization of the protein
in HMGAZ2-silenced (JHH-4) and HMGA2-expressing (HuH-7) cells,
respectively (Figure 5C).

More notably, AKT activity was altered in parallel with p27 S10
phosphorylation. AKT has been identified as one of the kinases re-
sponsible for the phosphorylation at 510.Y Figure 5C shows that
AKT activation, detected by the phosphorylation at T308 and S473,
declined in HMGA2-silenced JHH-4 cells. AKT activity reduction was
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similarly observed in JHH2 and HLF cells under HMGA2-knockdown
conditions (Figure S4B). In contrast, AKT activity was augmented in
HMGA2-expessing HuH-7 cells (Figure 5C; HuH-7). Therefore, AKT
has emerged as a possible mediator of HMGAZ2 function, regulating
p27 protein turnover, potentially via S10 phosphorylation. To prove
AKT involvement in p27 protein turnover regulation more directly,
we interfered with its activity and observed the effects. In cells
treated with siRNAs for AKT1 and AKT2, AKT was effectively si-
lenced with AKT1 siRNA and under these conditions, p27 protein
levels increased concurrently with decreased net phosphorylation
at S10 (Figure 5D). Similar results were obtained by the pharmaco-
logical inhibition of AKT activity using the PI3K inhibitor, LY294002,
and the AKT1 inhibitor, A-674563 (Figure S4C,D). Collectively, these
data suggested that HMGAZ2 regulated p27 protein turnover via S10
phosphorylation by AKT.
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In this scenario, S10 phosphorylation is a key event, coupling
the HMGA2/AKT pathway to p27 protein degradation. This notion
is compatible with the role of S10 phosphorylation in stimulating
nuclear export of p27.% Given that the subcellular localization of a
protein determines its accessibility to the ubiquitination machinery,
S10 phosphorylation indirectly but inevitably influences the ubig-
uitination process followed by protein degradation. Moreover, S10
phosphorylation is reportedly involved in the ubiquitination process
directly in the cytoplasm.?° In fact, p-p27(S10) was exclusively de-
tected in the cytoplasm (Figure S4E). These findings strongly suggest
that S10 phosphorylation plays a role in promoting p27 degradation
in the cytoplasm. However, results to the contrary have also been
reported.17 Therefore, we have directly addressed the significance
of the phosphorylation in the protein degradation by examining the
stability of a mutant p27 form (5S10A), in which the serine residue at
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position 10 was converted to alanine. Figure 5E shows that S10A p27
was stabilized more than the wild-type. The CHX chase experiment
confirmed that amino acid conversion increased protein stability and
supported the degradation-promoting role of S10 phosphorylation.
The values observed in the long incubation periods in Figure 5E ex-

ceeded owing to the effects of CHX on the loading control of p-actin.

3.5 | HMGAZ2 regulates AKT activity via
IGFBP1 expression

So far, our data have defined a critical role for AKT in the HMGA2-
directed regulation of p27 protein turnover. However, it remained
unclear how HMGAZ2 regulates AKT activity. AKT is activated by
various growth factors in a PI3K-dependent manner. Among the
growth factors, insulin-like growth factor (IGF) is one of the most
relevant in hepatocarcinogenesis.?! Therefore, we focused on the
IGF system and searched for an HMGA2 mediator of AKT activa-
tion. A survey of genes whose expression levels were affected by
HMGA2 identified the candidate, IGFBP1. Specifically, among

IGFBP family members (Figure 6A,B) and others related to the IGF
system examined (Figure S5A), IGFBP1 was the only one whose
expression was significantly and commonly affected by HMGA2
knockdown in both JHH-2 and JHH-4 cells: in Figure 6A, HMGA2
knockdown with shRNA reduced IGFBP1 mRNA and protein levels
in JHH-4 cells. Similarly, HMGA2 siRNA treatment reduced IGFBP1
mRNA and protein levels in JHH-2 cells. IGFBP3 expression was
also affected. However, between the two cell lines, the responses
were different: IGFBP3 expression was increased in JHH-4 and de-
creased in JHH-2 cells (Figure 6A,B). Therefore, IGFBP1 mRNA and
protein levels, but not those of other family members, were unam-
biguously reduced in response to HMGA2 knockdown in both cell
lines, suggesting that HMGA2 contributes to the upregulation of
IGFBP1 expression. Similar to these cell lines, IGFBP1 expression
was upregulated in 5 of 16 HMGA2-positive HCC tissues (Table S1;
IGFBP1 mRNA). Importantly, IGFBP1 was involved in the activation
of AKT. As shown (Figures 6D; JHH-4 and S5B), IGFBP1 knockdown
decreased AKT activity in JHH-4 cells.

In HepG2, HMGA2 knockdown also significantly affected
IGFBP1 mRNA and protein levels (Figure 6C). However, in striking
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FIGURE 5 AKT activity-mediated HMGAZ2 regulation of p27 protein turnover. (A) Dox-responsive HMGA?2 #1 shRNA-expressing HLF
cells incubated for 4 days under Dox (+) or (-) were treated with CHX (100 ug/ml), and the p27 amount was quantified by western blotting
using ImageJ software. After normalization to B-actin values, the remaining p27 amounts were plotted. (B) Dox-responsive HMGA2#1
shRNA-expressing JHH-4 cells incubated under Dox (+) or (-) conditions for 4 days were treated with (+) or without (-) 10 uM MG132

for 6.5 h and lysed. The lysates were pulled down with GST or GST-TUBE (Section 2) and analyzed with the antibodies against p27 and
polyubiquitin K-48-linkage (UbK48). An arrow indicates ubiquitinated p27 proteins. Aliquots of the lysates were analyzed by western
blotting with the indicated antibodies (bottom). -Actin, the loading control. (C) Dox-responsive HMGA2#1 and #2 shRNA-expressing JHH-4
cells incubated under Dox (+) or (-) conditions for 4 days and HuH-7 cells stably expressing HMGA?2 (HM) or the control (M) were analyzed
by western blotting. The p27 and p-p27(S10) band intensities quantified with ImageJ software are shown relative to the controls (Dox+or M)
after normalization with the corresponding intensities of the loading control of B-actin. The p-p27(510) intensities were also normalized with
the p27 values and are shown in parentheses. (D) Cells were treated with pooled AKT1 and 2 or control (Ctr) siRNA for 3days and analyzed
as in (C). (E) JHH-4 cells expressing the wild-type (WT) and mutant (S10A)-p27 were treated with CHX (100 ug/ml), and the p27 amount was
quantified by western blotting using ImageJ software and plotted as in (A).

contrast with JHH-2 and JHH-4 cells, the HMGA2 knockdown re- negatively. Notably, IGFBP1 expression was downregulated in
sulted in an IGFBP1 mRNA increase, opposite to the cases in JHH-2 11 of 16 HMGA2-positive HCC tissues (Table S1; IGFBP1 mRNA).
and 4. Therefore, in this case, HMGA2 affected IGFBP1 expression Interestingly, the IGFBP1-silencing effect on AKT activity was also
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opposite to that of JHH-4 in HepG2 cells. In HepG2 cells, IGFBP1
siRNA treatment activated AKT in contrast with inactivation in
JHH-4 cells (Figure 6D; HepG2). In short, HMGAZ2 regulates IGFBP1
expression positively or negatively, depending on the cell lines or
the impact of IGFBP1 on AKT activity. It is important to note that, in
either case, HMGAZ2 activates AKT via IGFBP1 regulation. In previ-
ous studies, the insulin-like growth factor 2 mRNA binding protein
(IGF2BP2) was identified as an HMGAZ2 target during embryogene-
sis and in mesenchymal cells?*2%; however, its expression was unaf-
fected by HMGAZ2 in HCC cell lines (unpublished data).

Finally, we analyzed HCC tissue data to validate the in vitro
HMGAZ2 regulation of IGFBP1 expression. Given that IGFBP1 ex-
pression was affected positively or negatively by HMGA2, we
plotted fold changes of IGFBP1 mRNA level in HCC tumors and
compared between HMGA2-positive and HMGA2-negative HCCs.
Figure 7A shows that in HMGA2-negative (-) group, most values

were clustered at lower levels, indicating that IGFBP1 expression
was minimally affected in the HMGA2-negative HCCs. In contrast,
values varied considerably over a wide range in HMGA2-positive (+)
group, suggesting that HMGAZ2 expression had a significant impact
on IGFBP1 expression in vivo HCCs. Of note, survival analyses using
TCGA dataset underscored the significance of HMGAZ2 regulation
of IGFBP1 expression for patient prognoses. Given the bifurcate
regulation of IGFBP1 by HMGA2 as described above, we compared
overall survival between two patient groups, one with high HMGA2
expression combined with high or low IGFBP1 expression, and the
other with low HMGA2 and median IGFBP1 expression. In the for-
mer group, high HMGAZ2 expression regulated IGFBP1 expression
positively or negatively, and presumably activated the axis, thereby
supporting tumor growth. As expected, patients in the former group
[HMGA2 (H)/IGFBP1 (H+L)] showed poor prognoses when com-
pared with the latter group [HMGA2 (L)/IGFBP1 (M)] (Figure 7B).
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using the liver hepatocellular carcinoma
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Importantly, the prognoses were poorer than those of all the cases
with high HMGAZ2 presented in Figure 1E.

4 DISCUSSION

|
High mobility group AT-hook is one of the high mobility group (HMG)
families, the largest and best characterized nonhistone chromo-
somal protein group.24 Among the HMG families, HMGA is charac-
terized by a unique DNA-binding AT-hook motif and further divided
into two subfamilies, HMGA1 and HMGA2.” The members are so-
called chromatin modifiers, which modify various high-ordered DNA
architectures by the AT-hook, thereby regulating transcription.25
Interestingly, the HMGA proteins can regulate the transcription of
various genes either positively or negatively, depending on the cell

20 40
Time (months)

60

‘ S1 Ubiquitination
LAkt »
T b L--..__ Degradation
— o T -
" Nucleus .E?Z o
| 1 |
Cell cycle arrest

type and cellular context, thereby coordinating complex biological
processes.”’30 Regarding HMGAZ2, which is highly expressed during
development and re-expressed in neoplasia, a body of evidence sug-

31-34 and/or neoplastic trans-

gests its roles in cell cycle regulation
formation.”® Mechanistically, HMGAZ regulated cell proliferation by
mostly targeting cell cycle regulators, such as E2F1, cyclin A, and the
activating protein-1 (AP-1) complex.s'z'34 Alternatively, HMGA2 was

35-37 or p27 expression regulation.%”%8

involved in AKT activation
However, the precise mechanisms underlying HMGA2 functions
were largely unexplored in these studies.

In hepatocytes, HMGA2 reportedly promoted epithelial-to-
mesenchymal transition (EMT).39 However, HMGA?2 effects on EMT
marker expression were inconsistent among the cell lines in our ex-
periments (Figure S6). Therefore, HMGA?2 appeared to induce EMT

but only partially in HCC cells. Instead, our study shed light on the
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stress-coping role of HMGAZ2 in oncogenesis, which is different from
the oncogenic roles suggested by previous studies.””” In particular,
HMGAZ2 drives the HMGA2/IGFBP1/AKT axis and, in combination
with the FOXM1/BMYB complex,® HMGA2 counteracts stresses,
such as mt-Low stress, which can induce cell proliferation inhibi-
tion via p21CIP1 and p27 CKI upregulation. In the emerging axis
(Figure 7C), HMGAZ2 regulates IGFBP1 expression upstream, leading
to AKT activation, and AKT post-transcriptionally suppresses p27
levels via S10 phosphorylation, followed by ubiquitination and degra-
dation in the cytoplasm.’*%20 AKT also suppresses p27 expression
at the transcriptional level,*>*! although p27 transcriptional regula-
tion is cellular context dependent or not significant in HCC cells.
IGFBP1 is one of six IGFBPs, binding IGF1 and 2, and mainly con-
trolling locally available IGF amounts as their carrier.*? Depending on
the species with different modifications, IGFBP1 inhibits or potenti-
ates IGF actions: it potentiates the IGF actions, when the IGF binding
affinity declines.*? In this study, IGFBP1 activated AKT in JHH-4 cells
for which IGFBP1 is likely to act as a positive IGF signaling regulator
or alternatively, activates AKT in an IGF-independent manner.*? In
contrast, IGFBP1 negatively affected AKT activation in HepG2 cells.
In this regard, HepG2 cells were reported to secrete primarily phos-
phorylated IGFBP1 forms*® with an IGF binding affinity higher than
that of the nonphosphorylated form and inhibitory effects on IGF
actions.** In in vivo HCCs, IGFBP1 potentially activates IGF signaling
in one-third of HMGAZ2-positive cases as in JHH-4 cells, while sup-
presses it in two third of HMGA2-positive cases as in HepG2 cells.
Recent large-scale sequencing has failed to newly identify
genes mutated at high frequency in cancers.*® Given such limita-
tions, one of the future directions of cancer therapy is targeting
cancer vulnerability or addiction to a molecule/pathway support-
ing the oncogenic state rather than cancer-driving pathways.!
The stress-coping system provided by HMGA2 can be listed as
a pertinent target for such a strategy. From this study, without
the HMGA2/IGFBP1/AKT axis, mt-Low-type cancer cells succumb
to senescence-like cell proliferation inhibition. Although the axis
was related to mt-Low cases in this study, other oncogenesis-
associated stresses may also impose similar CKI upregulation-
related threats to cancer cells. Therefore, intervening in the
activation of HMGA2/IGFBP1/AKT axis could be a tumor-agnostic
therapy based on mtDNA copy number, mtRNA amounts, and/or
HMGAZ2 expression levels. Additionally, the effects of interven-
tion in the axis are predicted to be almost exclusive to cancer cells
because HMGA2 expression is virtually absent in adult tissue.”®
We believe that this study will contribute to next-generation ther-
apies with few adverse effects and may help a large population of

patients with broad-spectrum cancer types.
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