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Abstract

A better understanding of the link between cellular metabolism and tumorigenesis is needed. Here,
we report characterization of a novel protein named Coiled-coil Helix Tumor and Metabolism 1
(CHTM1). We have found that CHTM1 is associated with cancer and cellular metabolism.
CHTML localizes to mitochondria and cytosol, and its deficiency in cancer cells results in
decreased mitochondrial oxygen consumption and ATP levels as well as oxidative stress indicating
mitochondrial dysfunction. CHTM1-deficient cancer cells display poor growth under glucose/
glutamine-deprived conditions, whereas cells expressing increased levels of exogenous CHTM1
exhibit enhanced proliferation and survival under similar conditions. CHTML1 deficiency also leads
to defects in lipid metabolism resulting in fatty acid accumulation, which explains poor growth of
CHTM1-deficient cells under glucose/glutamine deprivation since nutrient deprivation increases
dependency on lipids for energy generation. We also demonstrate that CHTM1 mediates its effect
via the PKC, CREB and PGC-1alpha signaling axis, and cytosolic accumulation of CHTM1during
nutrient deprivation appears to be important for its effect on cellular signaling events. Furthermore,
analyses of tissue specimens from 71 breast and 97 colon cancer patients show CHTM1
expression to be upregulated in the majority of tumor specimens representing these malignancies.
Collectively, our findings are highly significant because CHTM1 is a novel metabolic marker that
is important for the growth of tumorigenic cells under limiting nutrient supplies and thus, links
cellular metabolism and tumorigenesis.
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Introduction

Results

It is now well-established that normal cells predominantly depend on oxidative
phosphorylation (OXPHOS) for energy generation, whereas cancer cells rely on aerobic
glycolysis. Given that glycolysis is less efficient pathway to generate energy, cancer cells by
undergoing the metabolic switch from OXPHQOS to glycolysis may conceivably acquire a
state that facilitates their rapid proliferation3 24. This switching, commensurate to the rapid
proliferation of cancer cells, involves complex metabolic reprogramming but the molecular
details remain to be fully elucidated.

Various transcription factors and cofactors have been reported to regulate cellular
metabolism including CREB (CAMP response element binding protein)}’. CREB, a
transcription factor, regulates cellular metabolism in response to various stresses, and its
function is regulated via phosphorylation at Ser133 by various kinases 11 21.27. 29 CREB
has various targets including PPAR gamma coactivator-1 alpha (PGC-1a)). PGC-1a is a
master regulator of mitochondrial biogenesis!®: 17 and linked to various metabolic
disorders3. It is also involved in metabolic switch from glucose to fatty acid oxidation
(FAO)20,

Recent studies have shown that glucose depletion makes cancer cells more dependent on
OXPHOS and FAO for energy generation. Defects in OXPHOS and FAO increase cancer
cell sensitivity to glucose deprivation®: 7. Clearly, cancer can also be considered as a
metabolic disorder; thus, a better understanding of the alterations in cellular metabolism
linked to tumorigenesis is needed to improve the management of human malignancy. In the
present study, we report the characterization of a novel protein that is named Coiled-coil
Helix Tumor and Metabolism 1 (CHTML1) based on its features reported in this manuscript.
Sequence corresponding to CHTML1 is also annotated in the databank as CHCHDY5, an
experimentally uncharacterized protein of unknown function based on the predicted
presence of two CHCH domains 4. Our present study demonstrates that CHTM1 is a novel
metabolic marker that is deregulated in human malignancies and plays an important role in
promoting the growth of tumorigenic cells under limiting nutrient supplies. Thus, our results
are highly significant, and provide valuable new information about the link between altered
cellular metabolism and the process of tumorigenesis.

CHTML1 localizes to cytosol and mitochondria

Fig. 1A shows the nucleotide and amino acid sequences for human CHTM1. The human
CHTM!1 gene harbors four exons (Fig. 1A) that encode a protein of 110 amino acids with a
molecular mass of 12.9 kDa. CHTM1 is predicted to harbor two coiled coil helix-coiled coil
helix (CHCH) domains (Fig. 1A) and is evolutionarily conserved, sharing high degree of
homology with its counterparts from various species (Fig. S1A). It is also predicted to be
phosphorylated at serine, threonine and tyrosine residues, with the highest probability of
being phosphorylated at serine 29 (Fig S1B). CHTM1 antibodies, generated against full-
length recombinant CHTML1, specifically detected the recombinant CHTM1 protein (Fig.
1B, left panel) and exogenous CHTM1 protein (Fig. 1B, middle panel). CHTM1 antibodies
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also detected the endogenous CHTML1 in the expected size range (~13 kDa); the CHTM1
shRNAs targeting three different regions of CHTM1 mRNA significantly reduced CHTM1
levels (Fig. 1B, right panel) further confirming the anti-CHTMZ1 antibody specificity.

To determine the subcellular localization of CHTMZ1, we performed immunostaining on
MCF-7 human breast cancer cells. Results (Fig. 1C) indicated a punctate staining pattern
and diffuse background staining for CHTM1. The punctate staining overlapped with that of
mitochondrial-specific mitotracker suggesting CHTM1 to be mitochondrial, whereas its
diffuse staining suggested cytosolic distribution. Biochemical analyses performed using
cytosolic and mitochondrial fractions prepared from UACC-62 cells (Fig. 1D) and MCF-7
and 293T cells (Fig. SIC&D) revealed that CHTM1 was present in both cytosol and
mitochondria. Because CHTM1 was also detected in mitochondria, sucrose gradient
centrifugation was performed to determine its sub-mitochondrial localization?. The
submitochondrial fractions representing outer membrane (OM), inter-membrane space
(IMS), inner membrane (IM) and matrix were analyzed by Western blotting. The results
indicated that, unlike other mitochondrial proteins such as VDAC, CHCM1 and Hsp60,
CHTM1 was predominantely detected in the IMS similar to Smac (Fig. 1E) a known IMS
protein®.

CHTML1 regulates mitochondrial function and cellular sensitivity to glucose/glutamine

deprivation

Mitochondrial distribution of CHTM1 prompted us to investigate its potential influence on
mitochondrial function. Fig. 2A shows CHTM1-deficient MCF-7 cells exhibiting decreased
oxygen consumption rate, suggesting reduced oxidative phosphorylation. CHTM1-deficient
MCEF-7 cells also demonstrated decreased cellular and mitochondrial ATP levels when
compared to scrambled cells (Fig. 2B). Reduction in ATP is known to activate AMPK
(AMP-activated protein kinase) activity®, accordingly, CHTM1 knockdown in MCF-7 cells
enhanced AMPK phosphorylation (Fig. 2C). Collectively, these results indicate that CHTM1
deficiency leads to mitochondrial dysfunction. Because oxidative phosphorylation is tightly
coupled with glycolysis, we also measured lactate levels to determine CHTM1 effect on
glycolysis. CHTM1-deficient cells showed increased lactate levels in the media (Fig. S2A),
suggesting increased glycolysis. Because mitochondrial dysfunction has been linked to
oxidative stress0, the effect of CHTM1 deficiency on oxidative stress was also investigated.
DCF-DA, a reactive oxygen species (ROS) sensitive dye, was used for measuring cellular
ROS in CHTM1 knockdown cells. The results (Fig. 2D) revealed that CHTMZ1-deficient
cells had significantly increased ROS levels indicating oxidative stress. Together, these
results indicate that CHTMZ1-deficiency affects mitochondrial function.

Defects in electron transport chain2 and mitochondrial activityl® have been linked to altered
cellular sensitivity to glucose deprivation. Likewise, cancer cells are believed to also rely on
glutamine, a non-essential amino acid, for energy generation'#. Because CHTM1
knockdown affected mitochondrial function, we therefore, investigated the effect of
CHTM1-deficiency on cellular sensitivity to glucose/glutamine deprivation using MCF-7
and UACC-62 cells. Because pyruvate is an important product of glucose via glycolysis and
the fact that cells can also utilize glutamine for energy generation through the TCA cycle,
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CHTM1 knockdown and scrambled (control) cells were cultured under glucose, glutamine
and sodium pyruvate-deprived conditions. The growth behavior of cells grown under these
conditions was analyzed by phase contrast microscopy, crystal violet staining and trypan
blue exclusion assays. We noted that while CHTM1 knockdown in MCF-7 cells (Fig. S2B)
and CHTM1 overexpression in RKO cells (Fig. S2C) did not significantly alter cell
proliferation and survival in complete culture medium, both CHTMZ1-deficient MCF-7 cells
(Fig. 2E&F) and UACC-62 cells (Fig. S2D, E&F) grew poorly under glucose/glutamine-
deprived conditions when compared to their respective scrambled counterparts (Fig. 2E&F
and Fig. S2B, C&D). Conversely, cell proliferation and survival were significantly enhanced
in CHTM1-overexpressing RKO colon cancer cells (that inherently exhibit low levels of
endogenous CHTM1) compared to RKO cells expressing the empty vector-only under the
glucose/glutamine-deprived conditions (Fig. 2G&H). Together, these results indicate that
CHTML1 levels affect mitochondrial function, and cell proliferation and survival under
nutrient (glucose/glutamine)-deprived conditions.

CHTM1 regulates cellular lipid metabolism

Our preceding results indicate that CHTMZ1-deficient cells exhibited poor growth and
survival under nutrient (glucose/glutamine)-deprived conditions suggesting their inability to
utilize alternative sources (such as lipids) to generate energy for their survival under such
conditions. To determine whether indeed that was the case, we investigated the lipid
metabolism in CHTMZ1-proficient and -deficient cells. Our results (Fig. 3A and Fig. S3)
revealed that the lipid droplets, indicated by BODIPY staining, were more abundant in most
of the CHTM1-deficient MCF-7 and UACC-62 cells grown in complete media or glucose/
glutamine-deprived media. We also performed the Oil Red O (ORO) staining to detect
neutral lipids in CHTM1-proficient and -deficient cells and the results (Fig. 3B) showed that
CHTML1 deficiency was also associated with increased ORO staining indicating increased
cellular lipid content (p value =0.0171). Conversely, overexpression of CHTM1 in MCF-7
cells led to a decrease in lipid droplet accumulation (Fig. 3C, left panel) as well as ORO
staining (Fig. 3C, right panel, p value =0.0351) under glucose/glutamine-deprived conditions
indicating decreased cellular lipid content. Together, these results indicate that CHTM1
regulates intracellular lipid accumulation in both the presence and absence of glucose/
glutamine, and that CHTM1-deficient cells appear to have defects in lipid metabolism. Thus,
CHTM1-deficient cells are capable of growing in the glucose/glutamine-containing medium
because they do not depend on lipids for energy generation under these conditions. However,
since CHTM1-deficient cells appear to have defects in lipid metabolism, they exhibit poor
growth under glucose/glutamine-deprived conditions because glucose/glutamine deprivation
increases dependency on lipids for energy generation.

Increased lipid accumulation in CHTM1-deficient cells could occur due to increased
lipogenesis or decreased lipolysis. To gain insight into these alternatives, we analyzed genes
linked to fatty acid oxidation or synthesis. As shown in Fig. 3D, CHTM1 knockdown caused
a decrease in the expression of various genes linked to fatty acid oxidation including
carnitine palmitoyltransferase 1b (CPT1b), medium-chain acyl-CoA dehydrogenase
(MCAD) and peroxisome proliferator-activated receptor alpha (PPAR-a). Interestingly,
CHTML1 knockdown in MCF-7 cells was also associated with a decrease in the expression of
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genes involved in fatty acid synthesis, which included acetyl-CoA carboxylase 1 (ACC1),
fatty acid synthase (FAS), sterol regulatory element-binding protein-1c (SREBP-1c) and
peroxisome proliferator-activated receptor gamma (PPAR-y) (Fig. 3E). Similar regulation of
genes linked to fatty acid oxidation and synthesis was also noted under the glucose/
glutamine-deprived conditions (data not shown). It is possible that the decrease in fatty acid
synthesis as reflected by decreased expression of genes involved in fatty acid synthesis in
CHTM1-deficient cells, could be a feedback mechanism in response to decreased fatty acid
oxidation or increased lipid accumulation. We also performed the reverse experiments by
overexpressing CHTM1 in MCF-7 cells and noted that increased levels of exogenous
CHTML1 caused increased expression of genes involved in fatty acid oxidation and fatty acid
synthesis (data not shown). Collectively, these results suggest that CHTM1 is an important
player involved in the regulation of lipid metabolism.

CHTM1 regulates PPAR gamma coactivator-1 alpha (PGC-1a.)

Next, we investigated the possible mechanisms via which CHTM1 regulated genes involved
in fatty acid metabolism. Given that PGC-1a is a transcription coactivator that is known to
play a key role in regulation of glucose and fatty acid metabolism®, we investigated the
potential influence of CHTM1 on PGC-1a.. Our results indicated that CHTM1 knockdown
resulted in down-regulation of endogenous PGC-1a. levels in MCF-7 (Fig. 4A) and
UACC-62 (Fig. 4B) cells grown in complete culture medium or the glucose/glutamine-
deprived medium. We also performed the reverse experiments using RKO and MDA-231
cells that exhibit low levels of endogenous CHTML1 and noted that stable expression of
exogenous CHTML led to increased PGC-1a levels (Fig. 4C). Together, these results
indicate that CHTM1 regulates endogenous PGC-1a levels. To confirm that alterations in
PGC-1a levels were also reflected in changes in PGC-1a activity, the expression of PGC-1la
downstream target genes including Pyruvate dehydrogenase kinase 4 (PDK4) and Carnitine
palmitoyltransferase-1b (CPT-1b) were analyzed. Our results indicated that PGC-1a down-
regulation due to CHTM1 knockdown was also coupled with down-regulation of PDK4 and
CPT-1b mRNA levels (Fig. 4D); Western blotting confirmed that down-regulation of PDK4
mRNA was coupled with a decrease in PDK4 protein levels (Fig. 4E). Thus, CHTM1
deficiency affects both PGC-1a levels and function. We also investigated the effect of
CHTML1 overexpression on PGC-1a mRNA and its downstream target genes, and the results
showed that CHTM1 overexpression led to increased mRNA expression of PGC-1a and its
downstream target genes, CPT1b and PDK-4 (Fig. 4F). Because CHTM1 deficiency or
overexpression-mediated regulation of PGC-1a also occurred at the mRNA levels, next, we
investigated CHTML effect on PGC-1a promoter activity. We used PGC-1a promoter-
reporter construct co-expressed with CHTM1 or control vector in MCF-7 cells; results (Fig.
4G) showed exogenous CHTM1 to upregulate PGC-1a promoter activity. Thus, CHTM1
regulates PGC-1a at the transcriptional level and could also affect lipid metabolism, in part,
via its influence on PGC-1a expression.

CHTM1 regulates CREB phosphorylation via Protein Kinase C (PKC)

CREB transcription factor is known to be activated via phosphorylation on Ser133 and
regulates PGC-1a transcription under energy stress conditions. CREB transcriptionally
regulates PGC-1a gene expression via the CREB-binding element present within the
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promoter of PGC-1a gene!3. Next, we investigated whether CHTM1 was involved in CREB
activation. We noted that both MCF-7 and UACC-62 cells exhibited constitutive
phosphorylation of CREB at Ser133 in complete medium or glucose/glutamine-deprived
medium (Fig. 5A&B scrambled controls). Interestingly, CHTM1 knockdown in both cell
lines resulted in decreased CREB phosphorylation on Ser133; the effect was more
pronounced under glucose/glutamine-deprived conditions (Fig. 5A&B). CHTM1
knockdown also led to a significant reduction in the transactivation function of CREB from
its regulatory element (Fig. 5C). Thus, reduction in CREB phosphorylation due to CHTM1
deficiency was functionally relevant, as it was also reflected in decreased CREB
transactivation function. Our results indicate that CHTM1 regulates CREB activity and that
CHTML1 is expected to regulate PGC-1a (as shown in Fig. 4) at least in part via CREB.

Various kinases such as PKA, PKC PI3K and p38 have been implicated in phosphorylation
and activation of CREB. To identify the kinase(s) engaged by CHTM1 to regulate CREB
phosphorylation on Ser133, we investigated the effects of various kinase inhibitors on
CHTM1-mediated increase in CREB phosphorylation. Our results indicated that PKC
inhibitor abrogated CHTM1-mediated CREB phosphorylation (p=0.0844), whereas PKA,
PI3K and p38 inhibitors did not (Fig. 5D). Consistent with these results, phorbol 12-
myristate 13-acetate (PMA), known to activate PKC, rescued CHTM-1 deficiency-mediated
decreases in CREB phosphorylation, whereas the PKA activator forskolin, and oleic acid (an
unsaturated fatty acid) did not (Fig. 5E). These results suggest that CHTM1-mediated
increase in CREB phosphorylation involves PKC activity.

Glucose/glutamine deprivation increases cytosolic distribution of CHTM1

We also sought to investigate how CHTMZ1 affects cellular signaling during glucose/
glutamine deprivation. We found that while the total endogenous CHTML1 protein levels
were not significantly changed during glucose/glutamine-deprived conditions (Fig. 6A, lanes
1&2 and 5&6), the cytosolic levels of endogenous CHTM1 were increased (Fig. 6A, lanes
3&4 and 7&8). We also analyzed RKO cells stably expressing exogenous CHTM1 and noted
increased cytosolic accumulation of exogenous CHTM1 under glucose/glutamine-deprived
conditions (data not shown). Thus, cytosolic accumulation of both the endogenous and
exogenous CHTML1 is regulated in a similar manner under glucose/glutamine deprived
conditions. Furthermore, increased accumulation of cytosolic CHTM1 was specific to
glucose/glutamine deprivation because treatment with other agents such as H,O,, metformin
or oxamate did not have similar effect (Fig. 6B). We also examined the effect of exogenous
CHTML1 on the cytosolic levels of phospho-CREB under glucose/glutamine-deprived
conditions, and found that increased CHTMZ1 levels in cytosol were also coupled with
increased cytosolic phospho-CREB (Fig. 6C). Blots were also probed for cytosolic protein
a-tubulin, and mitochondrial protein Sam50 as positive and negative controls (Fig. 6A,
B&C). Together these results suggest that cytosolic accumulation of CHTM1 during nutrient
(glucose/glutamine) deprivation appears to be important for its effect on cellular signaling
events particularly in relation to its impact on CREB function.
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CHTML1 is overexpressed in patient samples of breast and colon cancers

Given that cancer can also be considered as a metabolic disease, therefore, we investigated
the expression of CHTM1 in human malignancy. To that end, we analyzed samples
representing matching normal and tumor tissues from patients with breast and colon cancers.
CHTML levels were determined by Western blot and immunohistochemical analyses. Fig.
7A depicts a representative Western blot showing results from 6 pairs of colon cancer
samples and as is shown, tumor samples from all patients exhibited increased levels of
CHTM1 when compared to their corresponding matched normal tissues. Overall, we
analyzed matched normal and tumor tissue from 53 colon cancer patients by Western
blotting and found 43 out of 53 (81.11%) tumors to show increased levels of CHTM1 when
compared to matched normal tissues (Fig. S4, Fig. S5A and Table S1). We also sought to
analyze CHTML1 status in tumors by immunohistochemical staining and to that end first
confirmed the specificity of anti-CHTM1 antibody using scrambled and CHTM1-
knockdown cells. Our results (Fig. S5B, left panel) confirmed that the anti-CHTM1 antibody
detected the immunohistochemistry-based signals in the scrambled cells but not in CHTM1-
knockdown cells. Furthermore, only the anti-CHTM1 antibody detected endogenous
CHTML signals, whereas isotype matched 1gG did not (Fig. S5B, right panel). After
confirming that the anti-CHTM1 antibody specifically detected CHTM1, we analyzed 44
colon cancer patient samples by immunohistochemical staining and our results indicated that
36 out of 44 (81.81%) tumors exhibited increased levels of CHTM1 (Table S2).
Representative results showing increased staining for CHTM1 in tumor tissues are depicted
in Fig. 7B.

In the case of breast cancer, samples from 10 patients were analyzed by Western blotting and
all 10 breast cancer samples showed increased levels of CHTM1 when compared to
corresponding matched normal tissues (Fig. S6 and Table S3). Representative results of 6
pairs of matched normal and tumor tissues are shown in Fig. 7C. In the case of
immunohistochemical analyses, out of 61 informative cases, 51 (about 83.60%) tumors had
increased staining for CHTML1 (Table S4). Representative results showing increased staining
for CHTML1 in tumor tissues are depicted in Fig. 7D. Overall results for colon and breast
cancer samples are summarized in Fig. 7E. We also investigate the CHTM1 expression
status in microarray data in the GEO database. CHTM1 expression data for 17 colorectal
cancer patients (GEO profile ID # GSD4382) were retrieved that indicated CHTM1 mRNA
expression to be higher in tumors compared to matching normal tissues (Fig. 7F). Together
these results indicate that CHTML is overexpressed in human colon and breast cancers.

Discussion

We report, for the first time, the experimental characterization of CHTM1. Database
searches revealed the presence of cDNAs corresponding to CHTM1 as experimentally
uncharacterized protein. We provide experimental evidence that CHTML1 is detected in both
mitochondria and cytosol, and in the case of mitochondria, predominantly in the inter-
membrane space (IMS). Furthermore, CHTM1deficiency affects mitochondrial function and
its levels alter cellular growth under nutrient (glucose/glutamine) deprivation. For example,
CHTML1 deficiency led to defective OXPHOS coupled with reduced ATP production
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indicating defects in mitochondrial function. We noted that CHTMZ1-deficient cells grown in
the complete medium exhibited enhanced glycolysis as was evident by increased lactate
production. Possibly, CHTMZ1-deficient cells with defective mitochondrial function grown in
the complete medium increasingly rely on enhanced glycolysis for proliferation and
survival. CHTM1-deficient cells, however, exhibited poor growth in the glucose/glutamine-
deprived conditions suggesting that CHTMZ1-deficient cells were unable to utilize alternative
sources to generate energy for their proliferation and survival. Because glucose/glutamine
deprivation leads to metabolic stress, these findings also suggest that CHTM1 appears to
function as an important modulator of cellular response to metabolic stress. In this context, it
is of note that metabolic stress induces fatty acid oxidation for ATP generation®. However,
the CHTM1-deficient cells exhibit defects in lipid metabolism. For example, CHTM1
deficiency under regular and nutrient (glucose/glutamine)-deprived conditions was
associated with increased intracellular lipid contents, while reverse was noted upon
overexpression of CHTML. Furthermore, CHTM1 knockdown was associated with
decreased expression of genes involved in fatty acid oxidation as well as those involved in
fatty acid synthesis. In the reverse experiments, overexpression of CHTM1 was also
associated with increased expression of genes involved in fatty acid oxidation and fatty acid
synthesis. Conceivably, alteration in fatty acid synthesis is a feedback response to changes in
fatty acid oxidation because both fatty acid synthesis and oxidation are coupled processes.
Thus, alterations in CHTML1 levels appear to regulate lipid metabolism affecting both
lipogenesis and lipolysis. Accordingly, due to defects in lipid metabolism, the CHTM1-
decifient cells would be compromised in generating ATP via fatty acid oxidation following
metabolic stress.

We also noted that CHTM1-deficient cells had an increased rate of protein catabolism under
glucose/glutamine deprived conditions as was evident by higher levels of urea production by
these cells (Fig. S7). These results coupled with the finding that CHTMZ1-deficient cells
exhibit increased glycolysis would be consistent with the notion that CHTM1-deficient cells,
unable to fully metabolize lipids, switch to increased utility of carbohydrates and proteins
for energy generation. This would also explain that despite defects in mitochondrial function
and lipid metabolism, the CHTM1-deficient cells are capable of growing in the regular
medium i.e. in the presence of glucose/glutamine. This scenario will be similar to that
reported for another mitochondrial protein namely, CHCHD4/MIA40 (Ref 28). CHCHD4/
MIA40-deficient cells have been reported to grow normally under normoxia, however, their
growth is affected under hypoxic conditions. It has also been reported that cancer cells
harboring PIK3CA mutations exhibit normal growth in complete medium but do not grow
optimally under glutamine-deprived conditions4.

Our results also indicate that CHTM1 regulates PGC-1a levels and activity. PGC-1a is a
transcriptional co-activator that regulates downstream targets that are linked to modulating
fatty acid metabolism. Our results further indicate that CHTM1 affects PGC-1a regulation at
the transcriptional level. CHTML1 is not predicted to function as a transcription factor and
thus, unlikely to directly affect transcription of PGC-1a.. In this context, involvement of
CREB appears to be more likely for the following reasons: (i) CREB has been known to
regulate PGC-1a transcription under metabolic stress, (ii) the PGC1 a promoter harbors
CREB binding site (CRE), (iii) alterations in CHTMZ1 levels lead to changes in CREB
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phosphorylation and activity that are coupled with changes in PGC-1a levels and (iv) CREB
phosphorylation at Ser133 is a critical step in its activation accordingly, CHTM1 appears to
engage PKC to induce CREB phosphorylation at Ser133. Although CREB is reported to
induce PGC-1 a and repress PPAR-y during FAOY, our results indicate that decreased
CREB activity was associated with a decrease in both PGC-1 a and PPAR-y in CHTM1
knockdown cells. PPAR-y down-regulation may conceivably reflect a feedback response to
changes in lipogenesis or is independent of CREB regulation. CREB has been reported to
positively regulate PGC-1 a expressionl’, which further positively regulates PPAR-y
expression2>, suggesting an indirect positive correlation between CREB activity and PPAR-
7 regulation.

In addition to mitochondria, CHTM1 was detected in cytosol. Interestingly, cytosolic
accumulation of CHTM1 was more pronounced under glucose/glutamine-deprived
conditions. Retrograde signaling from mitochondria to cytosol has been reported to be
linked to nutrient sensing and stress response®. Increased cytosolic CHTM1 may reflect
translocation from mitochondria to cytosol as a consequence of nutrient stress response.
Alternatively, increased cytosolic levels of CHTM1 may reflect de novo synthesis or
increased stability of CHTML in cytosol in response to nutrient stress. Although further
studies are needed to elucidate these alternatives, cytosolic accumulation of CHTML1 is
clearly indicative of an important and novel feature of metabolic stress response.
Furthermore, increased cytosolic accumulation of CHTM1 during nutrient (glucose/
glutamine) deprivation is coupled with increased cytosolic levels of phospho-CREB (active-
CREB). Thus, cytosolic accumulation of CHTM1 appears to be functionally relevant in
context to its effect on cellular signaling events particularly in relation to CREB.

We have also analyzed matched normal and tumor tissues from colon and breast cancer
patients. Our results indicate that the majority of tumors have increased levels of CHTM1
when compared to matching normal tissues. Given that cancer is also considered as a
metabolic disease, the significance of these findings is relevant to the process of
tumorigenesis and metastasis. For example, it is conceivable that increased levels of CHTM1
during transformation would promote the growth of tumorigenic cells particularly under
limiting nutrient supplies. Likewise, early in the process of tumorigenesis when
angiogenesis is not fully established, the increasing levels of CHTM1 would also enable the
transformed cells to better adapt to and survive under the limiting nutrient supplies.
Consistent with this notion, it has been reported that tumors in the advanced and metastatic
stages show increased dependency on mitochondrial respiration and fat

consumptionl8. 23. 26 Accordingly, our results are highly significant because CHTM1 is a
novel metabolic marker that appears to play an important role in promoting the growth of
tumorigenic cells under limiting nutrient supplies and thus, links cellular metabolism and
tumorigenesis. Therefore, targeting CHTM1 appears to be a viable approach to halt the
growth of advanced and metastatic tumors. Based on our collective results, we propose (Fig.
8) CHTML1 to be a novel and important modulator of cellular response to metabolic stress
that appears to mediate its effect, at least in part, via the PGC-1a, CREB and PKC signaling
axis. Furthermore, CHTML1 is deregulated in human malignancies and could potentially
serve as an important tumor marker that can also be developed as a target of novel anticancer
therapeutics.
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Materials and methods

Antibodies and reagents

Antibodies: anti-HA tag (clone 3F10) (Roche Applied Science), anti-B-actin and anti-alpha-
tubulin (Sigma-Aldrich), anti-Smac (Upstate Cell Signaling Solutions, Lake Placid, NY),
anti-Hsp60 (Enzo Life Sciences, Plymouth Meeting, PA), anti-VDAC1 (Calbiochem,
Darmstadt, Germany), anti-GAPDH, anti-PDK4 and anti-Vinculin (Santa Cruz), anti-
PGC-1a (a gift from Dr. Daniel P. Kelly, Sanford-Burnham Medical Research Institute, FL),
anti-pAMPK, anti-pCREB and anti-CREB (Cell Signaling Technologies, Boston, MA), anti-
CHCHD4 (Protein-Tech Group, IL), anti-Tim23 (BD Biosciences, San Diego, CA). The
peroxidase-conjugated goat anti-rat, goat anti-rabbit, goat anti-mouse and horse anti-goat
antibodies were from Vector Laboratories (Burlingame, CA). Rabbit polyclonal antibodies
specific for human CHTM1 were generated in our laboratory through ProSci Inc. (Poway,
CA) using full-length recombinant human CHTML1 protein purified from Escherichia coli.
For cell transfections, Mirus (Madison, WI) and Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) were used. Restriction endonucleases were from New England BioLabs (Ipswich, MA).
PKA inhibitor-H89, p38 inhibitor-SB203580, PI3K inhibitor-LY294002 and PKC inhibitor-
G06983 were from Sigma-Aldrich (St. Louis, MO). Other chemical reagents were from
Thermo Fisher Scientific and Sigma-Aldrich.

Cells and culture conditions

Human cell lines HEK293T (embryonic kidney cells from NIH), MCF-7 (breast cancer cells
from NIH), RKO (human colon cancer cells from NIH), MDA-MB-231 (breast cancer cells
from NIH), UACC-62 (melanoma cells from Dr. Markovitz, University of Michigan) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum (Gemini Bio-Products, West Sacramento, CA). For glucose/glutamine
deprivation experiments, cells were washed 3 times with PBS and incubated with DMEM
without glucose, glutamine and sodium pyruvate.

Expression constructs

pCMV6-CHTM1 construct was purchased from Origene, MD. ORF of CHTM1 was inserted
into pSRa-HA-S and pCEP4 expression vectors for transient and stable expression
respectively. GST-tagged CHTM1 was generated by inserting the PCR-amplified full-length
CHTM1 cDNA into pGEX6P-1 expression vector (GE Healthcare, Pittsburgh, PA). All
expression vectors were sequenced to validate their authenticity.

Luciferase assays

pGL3-PGC-1a promoter construct was a gift from Dr. Michael Shuen (York University,
Canada). pFA2-CREB and pFR-Luc (Agilent, Santa Clara, CA) were used to measure
CREB activity. Luciferase assays were performed as previously reported 22

Oxygen consumption rate, ATP and extracellular lactate measurement

Whole cell oxygen consumption rate was measured by an Oxygraph system (Hansatech
Instruments, Norfolk, UK) as described previously2. ATP and lactate levels were measured
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using kits from Promega (Madison, WI) and Enzo Life Sciences (Farmingdale, NY) per the
manufactures’ protocols.

Western blotting, immunostaining, immunohistochemistry and cell fractionation

Western blotting and immunostaining were done as previously described?. Band intensities
were measured using Image J program. Immunohistochemistry staining was performed
using Vector Vectastain kit per the manufacturer’s protocol. Photomicrographs were
captured using Olympus AX70 fluorescent microscope. Mitochondrial and cytosolic
fractionations were done as previously described?.

Human Biological samples

Samples for western blot analyses were from Cooperative Human Tissue Network, an NCI-
supported network. Frozen samples were shipped on dry-ice and kept at -80°C for long-term
storage. Samples for immunohistochemistry were purchased from Biomax (Rockville, MD)
as formalin-fixed, paraffin-embedded tissue array slides. Slides were shipped and stored at
room temperature. Quantification was performed by a pathologist.

Statistical analysis

All experiments represent at least three-independent repeats. Values are mean + S.E.
Statistical significance was determined by a 1-tailed or 2-tailed Student’s t test or ANOVA.
The value of p < 0.05 was considered as statistically significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
(A) Upper panel, nucleotide and amino acid sequence of CHTM1. Underlined sequences

indicate the targeted-sites for shRNA-based CHTM1 knockdown. Middle panel, genomic
organization of CHTML. Region between the arrows corresponds to CHTM1 open reading
frame (ORF). Bottom panel, structural organization of CHTM1 with predicted CHCH
domains. (B) Left panel, purified CHTM1 stained with Coomassie dye and then probed with
purified anti-CHTM1 antibody. Middle and right panels, the anti-CHTM1 antibody detect
exogenous and endogenous CHTM1 on Western blot analysis respectively. CHTML1 signals
are reduced in CHTM1-knocked down cells confirming antibody specificity. Endogenous
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CHTML1 expression was silenced by the lentivirus-mediated sShRNA approach. The scramble
shRNA construct was purchased from Addgene, Inc. (Cambridge, MA). All other shRNA
constructs were purchased from Origene, MD. The three different nucleotide sequences to
target the human CHTM1 used in this study were as follows: KD1, 5’-
CTTAAGGTAGTGACAGTCC-3'; KD2, 5’-TCTGTCGAAGACACTCCTC-3” and KD3,
5"-TGGAAGTCCTGATATCCAG-3". Virus production and infection were performed per
the protocol provided by Addgene. (C) Representative fluorescent photomicrographs show
subcellular distribution of endogenous CHTML1 (green) in MCF-7 human breast cancer cells;
cells were co-stained with mito-tracker (red) and DAPI (blue) to detect mitochondria and
nuclei respectively staining (Olympus AX70, Objective 60X). (D) Western blot analyses
showing subcellular distribution of endogenous CHTM1 in UACC-62 melanoma cells. (E)
Western blot analyses of sub-mitochondrial fractions predominantly detect CHTM1 in the
inter-membrane space of mitochondria in RKO colon cancer cells. MT : Mitochondria ;

OM : Outer Membrane ; IMS : Intermembrane space ; IM ; Inner-membrane and M : Matrix.
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Figure2.

CHTM1 knockdown affects mitochondrial (A) oxygen consumption. MCF-7 cells with
CHTML1 knockdown or scramble knockdown were harvested by trypsinization and subjected
to centrifugation at 2500 rpm. 1.5x108 cells were resuspended in 300 pl of growth medium
for each sample and injected into the polarographic chamber for the intact cell-coupled
oxygen consumption rate. and (B) ATP production in MCF-7 human breast cancer cells. (C)
Western blot showing CHTM1 knockdown increases phospho-AMPK in MCF-7 cells. (D)
CHTML increases oxidative stress in MCF-7 cells. Cells were stained with 1 yM DCF-DA a
ROS sensitive dye (Invitrogen, CA) for 45 minutes at 37°C followed by washing with
Hank’s balanced salt solution and fluorescence intensity measurement was done at
excitation: 485 nm and emission: 530 nm using Synergy 2 micro plate reader. (E & F)
CHTML1 knockdown and scrambled MCF-7 cells were grown in the absence of glucose/
glutamine (Glc/GIn) deprivation for 48h; CHTM1 knockdown cells are more sensitive to
Glc/GlIn deprivation compared to scramble cells. Panels E & F show phase contrast
microscopy, crystal violet staining & trypan blue exclusion assay respectively. (G & H)
CHTML1 overexpressing RKO colon cancer cells are less sensitive to Glc/GIn deprivation in
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comparison to vector-only expressing cells. Panels G & H show phase contrast microscopy,
crystal violet staining, & trypan blue exclusion assay respectively. CHTM1 overexpression
using pCEP4-CHTM1 construct in RKO cells (Lower Panel H). Values represent mean +
S.E. (error bars) of three independent experiments. *p < 0.05; ** p < 0.01; *** p < 0.001.
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Figure 3.
CHTML1 regulates lipid metabolism. Cells were cultured in the Lab-tek 1l chamber slides

and subjected to glucose/glutamine deprivation. Cells were then fixed with 4%
paraformaldehyde for 30 minutes. Fixed cells were stained with 0.1 mg/ml BODIPY for 10
minutes and washed twice with PBS. DAPI was used for nuclear staining and slides were
analyzed using a Zeiss LSM 780 confocal microscope that had the required filters. Images
were processed using Image J software. (A) CHTM1 knockdown causes increase in cellular
lipid content. Representative confocal images of scrambled and CHTM1 knockdown MCF-7
breast cancer cells (Olympus AX70, Objective 60X). and UACC-62 melanoma cells stained
with BODIPY and DAPI are shown (Zeiss LSM 780). Scale bar represents 20 pm. Left
panel, scrambled and CHTM1 knockdown MCF-7 breast cancer cells grown in complete
medium. Right Panel, scrambled and CHTM1 knockdown UACC-62, melanoma cells grown
in complete medium or glucose/glutamine (Glc/GIn)-deprived medium for 24h (B) Oil red O
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(ORO) staining in scramble and CHTM1 knockdown MCF-7 cells grown in complete
medium or in Glc/GlIn-deprived medium for 24h. ORO staining shows increased lipid
content in CHTM1 knockdown cells. (C) Left panel, representative confocal images of
control and CHTM1 overexpressing MCF-7 cells grown in Glc/GIn-deprived medium for
24h (Zeiss LSM 780). Scale bar represents 20 um. Right panel: Qil red O staining in
CHTML1 overexpressing MCF-7 cells grown in Glc/GlIn-deprived conditions for 24h show
decrease in lipid content. (D) CHTM1 knockdown decreases mRNA levels of genes involved
in fatty acid oxidation (CPT1b, MCAD AND PPARa). (E) CHTM1 knockdown decreases
mMRNA levels of genes involved in fatty acid synthesis (ACC1, FAS, SREBP1c, PPARY).
MRNA levels were analyzed by Q-PCR and the values represent SEM+ of three independent
experiments. Two-step quantitative real-time PCR was performed using the iScript cDNA
Synthesis Kit and iQ SYBR Green super mix from Bio-Rad (Hercules, CA, USA). Specific
gene values were normalized to the C(T) values of GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) MRNA within the same sample. The following primer sets were used:
ACC1 forward: 5"-ATC CCG TAC CTT CTT CTA CTG -3; reverse: 5'-CCC AAA CAT
AAG CCT TCA CTG -3’; FAS forward: 5'-CAG GGA CAA CCT GGA GTT CT -3;
reverse: 5'-CTG TGG TCC CAC TTG ATG AGT -3’; SREBP1c forward: 5'-GGA GGG
GTA GGG CCA ACG GCC T -3'; reverse: 5'-CAT GTC TTC GAA AGT GCAATC C -3';
PPAR’ forward: 5'-GGC TTC ATG ACA AGG GAG TTT C -3’; reverse: 5'-AAC TCA
AAC TTG GGC TCC ATA AAG -3"; CHTML1 forward: 5'-GAG CAG TAT GGC CAG
TGT GT -3'; reverse: 5'-ACT GGG CAA TGC TCA TCT TA -3”; MCAD forward: 5"-TAC
TTG TAG AGC ACC AAG CAA TAT CA -3’; reverse: 5'-TGC TCT CTG GTA ACT CAT
TCT AGC TAG T -3”; PPARa forward: 5'-GGC GAG GAT AGT TCT GGA AGC -3;
reverse: 5'-CAC AGG ATA AGT CAC CGA GGA G -3’; PGC-1a forward: 5'-TGC CCT
GGA TTG TTG ACA TGA -3'; reverse: 5'-TTT GTC AGG CTG GGG GTA GG -3/,
CPT1b: forward: GCGCTGGAGGTGGCTTT, reverse: TCGTGTTCTCGCCTGCAAT; *p <
0.05.
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Figure 4.

CHTML1 regulates PGC-1 alpha expression and activity. (A&B) Left panels, Western blot
analyses showing that CHTM1 knockdown decreases PGC-1 levels in MCF-7 cells (A) and
UACC-62 cells (B) grown in complete medium or under Glc/GIn-deprived conditions for
12h. Right panels, densitometric quantification of PGC-1 alpha signals normalized to -
actin. Values are mean +SEM of three independent experiments. (C) CHTML1 overexpression
in RKO colon cancer cells and MDA-MB-231 breast cancer cells increases PGC-1 alpha
levels. C1, C2 &C3 are three individual clones that exhibit stable overexpression of
exogenous CHTML1. (D) CHTM1 knockdown in MCF-7 breast cancer cells downregulates
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MRNA levels of PGC-1 alpha, CPT1b and PDK4. mRNA levels were analyzed by Q-PCR
and the values represent SEMx= of three independent experiments. The following primer sets
were used PDK4 forward: 5"-CCC GCTGTCCATGAAGCAGC-3’, reverse: 5'-
CCAATGTGGCTTGGGTTTCC. (E) CHTM1 knockdown downregulates PDK-4, protein
levels in MCF-7 breast cancer cells grown in complete medium or in Glc/GIn-deprived
medium for 12h. (F) PGC-1 alpha, CPT-1b and PDK4 mRNA levels are increased in
CHTML1 overexpressing MCF-7 cells. mRNA levels were analyzed by Q-PCR and the
values represent SEM+ of three independent experiments (G) Exogenous expression of
CHTML1 increases PGC-1 alpha promoter activity in complete medium or in Glc/GIn-
deprived medium for 12h. MCF-7 breast cancer cells were transiently transfected with the
indicated vectors for 24h by using TransIT-LT1 transfection reagent (Mirus, Madison, WI)
according to manufacturer’s protocol. Transfected cells were Glc/GIn-deprived medium for
12h. Cells were harvested, washed and lysed, followed by centrifugation at 16,000 g for 30
minutes. The luciferase activity was measured using 50ug of total protein corresponding to
each sample by a luminometer (LUMAT LB9507, Berthold Technologies, Germany).
MCEF-7 cells were co-transfected with PGC-1 alpha promoter luciferase construct either with
vector control or CHTM1 expression vector for 48h. *p < 0.05; ** p < 0.01; *** p < 0.001;
**** n <0.0001.
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Figure5.
CHTML1 regulates CREB phosphorylation via PKC. (A&B) Western blot analyses showing

decreases in CREB phosphorylation in CHTM1 knockdown MCF-7 cells (A) and UACC-62
cells (B) grown in complete medium or Glc/GIn-deprived medium for 12h. (C) CHTM1
knockdown reduces CREB activity. Scrambled or CHTM1 knockdown MCF-7 cells were
transfected with CREB DNA binding domain-luciferase construct for 48h. Promoter
luciferase analyses were performed as described in Materials and methods section. Results
shown are the relative luciferase amounts for CREB promoter activity and the values
represent SEM= of three independent experiments. (D) PKC inhibitor blocks CREB
phosphorylation in CHTM1 overexpressing MCF-7 cells. Cells were transiently transfected
with vector-only or CHTM1 expression construct and grown under Glc/GlIn-deprived
conditions for 12h followed by Glc/GlIn stimulation for 1h in the presence or absence of
various kinase inhibitors- 10uM PKI (PKA), 10uM G06983 (PKC), 50uM LY 294008 (PI3K)
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and 30uM SB203580 (p38). Left panel, Western blot analyses; right panel, densitometric
quantification showing that exogenous CHTM1 increases CREB phosphorylation (lanes
1&2) that is blocked by and PKC inhibitor (lanes 5&6). (E) PKC activation by 1 pM PMA
rescues prevents decreases in CREB phosphorylation in the CHTM1 knockdown MCF-7
cells, whereas PKA activator forskolin and oleic acid were unable to do so. *p < 0.05; ** p <
0.01; *** p< 0.001.
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Glc/GIn deprivation regulates cellular distribution of CHTML1. (A) Western blot analyses

showing increased cytosolic levels of CHTML1 in MCF-7 cells grown under Glc/GlIn-

deprived conditions for 12h (left panel) and 24h (right panel). (B) MCF-7 breast cancer cells
were grown in completed medium and treated with 25 pM hydrogen peroxide (H»05), 10
mM metformin and 80 mM oxamate for 24h, or grown in Glc/GIn-deprived conditions for
24h. Western blot analyses showing increase in cytosolic levels of CHTM1 only under Glc/
GlIn-deprived conditions for 24h. (C) Western blot analysis showing increase in cytosolic
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levels of CREB in CHTML1 overexpressing MCF-7 cells grown under Glc/GlIn-deprived
conditions for 12h.
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Figure7.
CHTML1 levels are deregulated in human cancers. (A) Representative Western blot showing

CHTML1 levels are increased in tumor (T) tissue samples from colon cancer patients
compared to corresponding matched normal (N) tissues. Samples were obtained from
Cooperative Human Tissue Network (CHTN), an NCI-supported network. Frozen tissue
samples were shipped on dry-ice and stored at -80°C. (B) Immunohistochemical staining of
CHTML in representative patient-derived matched normal and tumor tissues from colon
cancer patients. Brown color indicates CHTMZ1 specific staining and blue color indicates
hematoxylin (Olympus AX70, Objective 20X). Samples were purchased from Biomax
(Rockville, MD) as formalin-fixed, paraffin-embedded tissue array slides. Slides were
shipped and stored at room temperature. (C) Representative western blot showing CHTM1
levels are increased in tumor (T) tissue samples from breast cancer patients compared to
corresponding matched normal (N) tissues. Samples were obtained from CHTN. Frozen

Oncogene. Author manuscript; available in PMC 2018 July 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Babbar et al.

Page 27

tissue samples were shipped on dry-ice and stored at -80°C. (D) Immunohistochemical
staining of CHTML in representative patient-derived matched normal and tumor tissues from
breast cancer patients (Olympus AX70, Objective 20X). Samples were purchased from
Biomax as formalin-fixed, paraffin-embedded tissue array slides. Slides were shipped and
stored at room temperature. (E) Summary of results showing CHTML levels are increased in
colon and breast cancer samples when compared to corresponding matched normal tissues
from multiple patients. (F) Microarray data in GEO database showing that CHTM1 mRNA
levels are increased in colon cancers compare to normal tissues. Values represent 17 normal
and colon cancer tissue samples. GEO data ID: GDS4382. Each symbol represents an
individual sample. p=0.01156.
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Figure 8.
Proposed model depicting the function of CHTM1as a novel modulator of metabolic stress

(glucose/glutamine deprivation). Under glucose and glutamine-deprived condition, CHTM1
induces CREB-phosphorylation possibly via PKC. Phosphorylated-CREB enhances
transcription of downstream targets including PGC-1 alpha, which further modulates the
transcription of genes involved in lipogenesis and lipolysis. Under metabolic stress, CHTM1
regulates mitochondrial activity and induces fatty acid oxidation and therefore, generating
more ATP for cancer cell survival. As a feedback response to increased lipolysis, lipogenesis
is also increased. Overall, in CHTM1-proficient cancer cells, CHTM1 confers protection in
response to metabolic stress by regulating lipid metabolism and PGC-1a-CREB-PKC axis.
Conversely, CHTM1 deficiency increases cancer cell sensitivity to metabolic stress.
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